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Abstract

Air quality and climate change are influenced by atmospheric composition, which is
controlled by both the emissions and chemistry of trace species. Criegee intermediates (Cls)
are reactive zwitterionic species with the general formula R1R,COOQ that are produced in the
atmosphere following the ozonolysis of unsaturated volatile organic compounds (VOCs).
Bimolecular reactions of stabilised Criegee intermediates (SCIs) with NO», water vapour and
SO, are of particular interest as they have the potential to impact atmospheric budgets of NOy
(NOx = NO + NO), H2SO4, and secondary organic aerosols (SOA).

In this work, the reactions of CH,OO0 with SO,, NO, and water vapour, and the reactions of
CH3CHOO conformers with SO, have been investigated across a range of temperatures and
pressures relevant to the troposphere using laser flash photolysis coupled to time-resolved

broadband ultraviolet absorption spectroscopy.

At 298 K, results from this work indicate that the reactions of CH,OO have rate coefficients
of k = (356 = 0.11) x 10™ cm® molecule s* for the reaction with SO,
k=(1.24+0.16) x 10> cm® molecule® s* for the reaction with NO,
k=(9.8+5.9)x 10" cm® molecule® s* for the reaction with water monomers, and
k = (9.52 + 2.49) x 102 cm® molecule™ s for the reaction with water dimers. No significant
pressure dependence was observed for any of the CH.OO reactions investigated. The reactions
of CH,OO0 with SO,, NO,, and water dimers exhibited negative temperature dependence,
while the reaction of CH,OO with water monomers exhibited a positive temperature
dependence. Atmospheric modelling shows the reaction with water dimers dominates the
atmospheric loss of CH,OO under all conditions relevant to the troposphere, with sinks other

than water representing less than 1 % of the overall loss of CH,OO.

For the reaction of CH3CHOO conformers with SO,, results indicate a rate coefficient of
k = (4.80 + 0.46) x 10™* cm® molecule® s* for the reaction of syn-CHsCHOO with SO, at
298 K and 760 Torr. Significant collisional stabilisation of the secondary ozonide formed in
the reaction is expected under atmospheric conditions. Kinetics of anti-CH;CHOO + SO;
display no significant dependence on temperature or pressure over the ranges investigated,
with a mean rate coefficient of k = (1.18 + 0.21) x 10™° cm® molecule™ s* over all conditions.
Results indicate that the reaction of syn-CH;CHOO with SO, is competitive with unimolecular
decomposition and reaction with water vapour in areas of high SO, concentration and low
humidity, particularly at lower temperatures. The atmospheric importance of the reaction
between anti-CH3;CHOO and SO, remains uncertain due to the lack of literature regarding the
reactions between anti-CH;CHOO and water vapour, which should be the subject of future

experimental studies into Criegee intermediates.
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Figure 4.9. Dependence of k' on [SO>] at 298 K and 85 Torr obtained for a first-order
fit (red line) and a mixed-order fit (blue line). The first-order fit gave:
ka1 =(3.55 + 0.15) x 10™ cm® molecule® s* with an intercept of

ke = (321 + 42) s, The mixed-order fit gave:
ka1 =(3.53+0.12) x 10™ cm® molecule™s®  with an intercept of
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Figure 4.15. A plot of the bimolecular rate coefficients for CH.OO + SO from this
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R?=0.82. Previous literature studies are also shown. (PIMS = photo-
ionisation mass spectrometry). The inset shows rate coefficients obtained
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Figure 5.1. Potential energy surface for the reaction of CH,OO + NO; obtained from
the work of Vereecken and Nguyen, calculated at the CCSD(T)/aug-cc-
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Figure 5.3. Absorbance spectra obtained at a) 0.2 ms, b) 2 ms and ¢) 4ms post-
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residual of the fit is shown in grey. The fit gave: a) [CH,00] = 9.39 x 10*
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¢) [CH.00] = 1.60 x 10* molecule cm™, A[CHal;] = -2.59 x 10* molecule
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[NO2] = 4.0 x 10 molecule cm™ at T = 298 K and p = 100 Torr. The
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Figure 5.5. Absorbance spectra obtained at 2 ms post-photolysis in the presence of
[NO2] = 4.0 x 10 molecule cm™ at T = 298 K and p = 100 Torr. The
experimental absorbance is shown in black, CH,OO is shown in blue, CH2l,
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Figure 5.9. Absorbance spectra obtained at 2 ms post-photolysis in the presence of
[NO;] = 4.0 x 10* molecule cm™ at T = 298 K and p = 100 Torr. The
experimental absorbance is shown in black, CH,OO is shown in blue, CHzl,
in pink, 10 in purple, INO: in green, I, in yellow, the total fit in orange and
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fitting reference spectra for CHzl, (pink), CH,OO0 (blue), 10 (purple), I,
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Figure 5.16. Typical concentration-time profiles for a) CH,OO, b) 10, ¢) INO; and d)

I, obtained at p = 100 Torr and T = 298 K, with [NO,] = 9.8 x 10 molecule
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Figure 5.17. Concentration-time profile for 10 at 298 K and 100 Torr, for [NO;] =0

(black), [NO2] = 9.0 x 10" molecule cm (pink), [NO,] = 1.5 x 10 molecule

cm? (navy) and [NO;] = 6.5 x 10* molecule cm™ (red), for an experiment

with [CHal2] = 5.5 x 10 molecule cm™..........cccoovverveerieierennnn, 143
Figure 5.18. Concentration-time profile for INO, at 298 K and 100 Torr for

[NO2] = 9.0 x 10® molecule cm™ (pink), [NO2] = 5.0 x 10* molecule cm™

(green) and [NO2] = 1.1 x 10" molecule cm™ (blue), for an experiment with

[CHal2] = 5.5 % 102 mMOlecule CM™.......c.coooeeeceee et 144
Figure 5.19. Concentration —time profiles showing the CH,OO decay, in the presence

of NO,, at p =100 Torr and T = 298 K. Solid lines represent an unweighted

fit to Equation 5.1 convoluted with an instrument response function. For

[NO;] = 9.0 x 108 molecule cm?® the fit gave
[CH,00]o = (1.50 + 0.13) x 10" molecule cm™ and k' = (666 + 18) s™; for
[NO;] = 3.3 x 10* molecule cm™®, the fit gave
[CH,00]o = (1.38 £ 0.17) x 10" molecule cm®and k' = (885 * 27) s; for
[NO;] = 65 x 10 molecule cm?® the fit gave
[CH,00]o = (1.37 £ 0.24) x 10" molecule cm™ and k' = (1271 + 44) s™; and
for [NO;] = 1.1 x 10" molecule cm?, the fit gave

[CH,00]o = (1.55 + 0.40) x 10* molecule cm™and k' = (1853 + 70) s™. The

IRF parameters were: t. = - (1.05 £ 0.13) x 10° s, w = (4.05 + 0.90) x 10 s.
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Figure 5.20. Bimolecular plot for the reaction of CH,00 + NO; at 298 K and 100

Torr obtained by plotting the observed rate coefficient vs [NO,] where the

red line represents an unweighted linear fit to the data. The slope of the fit is

the bimolecular rate coefficient of ks1 = (1.24 + 0.07) x 10> cm™ molecule™

s with an intercept of (531 + 35) s™. Uncertainties are 16.........cocovovvvereevevnnen. 146
Figure 5.21. Comparison of fits to the first-order equation (solid red line) and the

mixed-order equation (dashed blue line) for CH,OO in the presence of

[NO2] = 6.5 x 10* molecule cm™®at 100 Torr and 298 K. The solid red line

gave:  t.=-(1.05+0.13)x10° s, w=(4.05+0.90)x10° s,

[CH,00]o = (1.37 + 0.24)x 10* molecule cm™ and k' = (1271 + 44) s*. The

dashed blue line gave: t; = -(1.18 £ 0.58) x 10°s, w = (3.27 £0.32) x 10° s,

[CH,00]o = (1.39 +0.29) x 10" molecule cm, k" = (9.99 + 0.25) x 10*cm?®

molecule™ stand k' = (1198 + 49) s. Uncertainties are 16........cocvveveveerrnnnae, 147
Figure 5.22. Dependence of k' on [NO;] at T = 298 K and p = 100 Torr obtained for

a first-order fit (solid red line) and mixed-order fit (solid blue line). The fits

gave: ks1 = (1.24 +0.07) x 10™2 cm®molecule™ s* and ky = (531 + 35) s for

the first-order fit and ks; = (1.30 + 0.07) x 10 cm® molecule® s* and

kx = (412 * 38) s* for the mixed-order fit. Uncertainties are 16.........c............ 148
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Figure 5.23. A plot of ks1 as a function of pressure, the plot includes the results
obtained in this work (black), the results of Stone et al. (blue), Luo et al.
(green), Qiu and Tonokura (orange) and Welz et al. (red). Error bars for this
work represent a combination of the statistical error and the systematic errors
resulting from uncertainties in gas flow rates and in the concentration of
N 2ttt sttt ettt ettt ettt h et r bttt nrere e 149

Figure 5.24. Pseudo-first-order rate coefficients as a function of NO, concentration
for experiments carried out at temperatures between 242 and 353 K, where
the solid lines represent an unweighted linear fit to the data............cc.cccevvnee. 150

Figure 5.25. Left: Pseudo-first-order losses for CH.OO as a function of NO;
concentration for experiments carried out at 242 K. Right: Pseudo-first-order
losses after the ky values for each data set have been subtracted. The red line
represents an unweighted linear fit to the data. 25 Torr (black):
ks1=(1.96+0.27) x 102 cm® molecule® s?, ke = (981 + 160) s,

50 Torr (pink): ks1 = (1.95 + 0.14) x 10™ cm?® molecule™ s™, kx = (787 + 76)
s', 200 Torr (blue): ks: =(2.03+0.24)x 10" cm® molecule® s?,
ke = (605 + 141) s*, combined data: ksi=(1.98+0.11) x 10 cm?
molecule™ s, ky = (-4 £ 63) . Uncertainties are 1G........cccoevvvveveveeseeesnnen, 151

Figure 5.26. Left: Pseudo-first-order losses for CH.OO as a function of NO;
concentration for experiments carried out at 254 K. Right: Pseudo-first-order
losses after the ky values for each data set have been subtracted. The red line
represents an unweighted linear fit to the data. 25 Torr (black):
ks1=(1.65+0.17) x 10" cm® molecule® s?, k¢ = (650 + 138) s,

50 Torr (pink): ks1 = (1.70 + 0.10) x 10™ cm?® molecule™ s, kx = (209 + 78)
s, 200 Torr (blue): ksi=(1.75+0.10) x 10" cm® molecule® s*,
kx = (620 + 49) s, combined data: ks1 = (1.66 + 0.06) x 10> cm® molecule™
S ke = (17 £46) 5. Uncertainties are 16........cvvoveeurierevereseeeesessssesissenessenens 151

Figure 5.27. A plot of the bimolecular rate coefficients for CH,OO + NO- as a
function of temperature for the results obtained in this work at pressures
between 25 and 200 Torr and temperatures between 242 and 353 K. Errors
represent a combination of the statistical error and the systematic errors
resulting from uncertainties in gas flow rates and in the concentration of NO..

The blue line represents a fit to the equation
ks1= ((1.07 £ 0.02) x 102 x (T/298) 2°*%2cm*® molecule® s?  with
R2=0.97 and the red line represents a fit to the equation
ks1=((7.71 £2.08) x 10™) x  exp(-784/T) cm® molecule® s? with
RZZ0.96....0cecveeeeeieee ettt ettt ettt 153

Figure 5.28. A plot of ks as a function of temperature for the results obtained in this
work and the theoretical results obtained in the work of Vereecken and
Nguyen using the equation k= 1.15 x 10 exp(-298/T) cm™ molecule™*s™..... 154
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Figure 5.29. Simplified potential energy surface for the reaction between CH,0O0 +

NO- based on the results reported by Vereecken and Nguyen. Solid lines and

values in black show the surface reported by Vereecken and Nguyen. Dashed

lines and values in red show the result obtained by fitting the barrier heights

for TS1 and TS2 to the experimental observations made in this work using

MESMER.......cooiitiee ettt sre et se et e r e 155
Figure 5.30. Comparison of MESMER fit results and observed values for ksi. The

best fit to the trend is given by Ks1mesmer = (0.34 + 0.03) X Ks 1,experimental +

(6.90 % 0.45) x 10 cm?® molecule™ s™* (r? = 0.87) and is shown by the solid

blue line. The 1:1 line is shown by the solid red line.............ccoceoiieniicineens 156
Figure 5.31. kit / ksi[NO2] Vs Kadduct-vcHo, Where [NO2] is equal to either

1 x 10" molecule cm™ (black) or 1.5 x 10" molecule cm™ (blue). The red

line represents a ratio of 0.67, which indicates the point where HCHO

formation from the adduct is fast enough to give the correct CH,OO + NO;

kinetics from observations of HCHO...........cccceoeiiiiinie i 159

Chapter 6
Figure 6.1. Observed absorbance (black), total fit (orange) and individual
contributions of CH,OO, CHal, and 10 obtained by performing a least
squares fit of reference cross-sections to the observed absorbance at t = 1 ms
after photolysis at p = 760 Torr, T = 298 K, and [CH2l;]o = 4.1 x 10" molecule
cm?, [CH200]: = 6.4 x 10** molecule cm™, A[CHal,]; = - 3.8 x 10** molecule
cm?and [10]; = 7.3 x 10 molecule CmM™.........oooooee e 167
Figure 6.2. Concentration-time profile for CHzl, for an experiment at 760 Torr and
298 K. For these data, [H.0] = 0, [CHalz] = 4.1 x 10* molecule cm™ and

A[CH2lz] = -3.5 % 10% molecule CM™........cccovooeveceeeeeeeeceeee e 168
Figure 6.3. Concentration-time profile for 10 for an experiment at 760 Torr and 298
K. For these data, [H20] = 0 and [CHal2] = 4.1 x 10* molecule cm™................ 168

Figure 6.4. Concentration — time profiles showing the CH.OO decay, in the presence
and absence of water vapour, at p = 760 Torr and T = 298 K. Solid lines
represent an unweighted fit to Equation 6.1 convoluted with the instrument
response function. For [H.0] = 0, the fit gave [CH.00], = 8.3 x 10"
molecule cm™ and &' = (313 + 7) s%; for [H.0] = 2.0 x 10'" molecule cm=,
the fit gave [CH200]o = 6.6 x 10* molecule cm™® and k' = (1247 + 37) s*;
for [H0] = 39 x 10" molecule cm?® the fit gave
[CH,00]o = 5.8 x 10" molecule cm™ and &’ = (2669 + 120) s* and for
[H20] = 4.4 x 10" molecule cm?, the fit gave [CH,O0], = 5.7 x 10%“
molecule cm™ and k' = (3722 + 245) s™. Instrument response parameters
were: t=—(8.80+0.32) x 10°sand w = (2.85 £ 0.45) X 10°S......cocvvvrvrnnnen. 169
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Figure 6.5. Comparison between a first-order fit (red) and mixed-order fit (blue) for
data at 324 K and 760 Torr. The first-order fit gave: k' = (728 + 14) s™,
[CH,00]o = (7.05 + 0.07) x 10* molecule cm™, t. = — (8.80 £ 0.32) x 10° s
and w = (2.85 + 0.45) x 10° s. The mixed-order fit gave: k' = (703 + 10) s™,

k" =(9.18 £0.33) x 10™* cm? molecule™ st
[CH,00]0 = (7.20 + 0.22) x 10" molecule cm™®, t. = — (1.10 £ 0.13) x 10* s
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Figure 6.6. Pseudo-first-order rate coefficients as a function of water monomer

concentration for experiments carried out at 298 K. The solid line represents

an unweighted fit to Equation 6.8. The error bars represent the error in the

exponential fit to Equation 6.1. The fit gave

Ke.2Keq = (1.69 + 0.07) x 10%2cm® molecule?s* and k= (51 £54) s™............. 171
Figure 6.7. Pseudo-first-order rate coefficients as a function of water dimer

concentration for experiments carried out at 298 K. The solid line represents

an unweighted fit to Equation 6.4. The error bars represent the error in the

exponential fit to Equation 6.1. The fit gave ke = (8.09 + 0.63) x 10?cm®

molecule® s and kx= (46 £ 148) S™......cocovoivieiereeeeeee et 172
Figure 6.8. Pseudo-first-order rate coefficients as a function of water monomer

concentration for experiments carried out at 760 Torr and temperatures

between 262 and 353 K. The solid lines represent an unweighted fit to

Equation 6.2, with ke3 set to zero. The error bars represent the error in the

exponential fit to Equation 6.1. The inset shows data from experiments

carried out at 262 K fOr CIarity..........cccovveievirice e 175
Figure 6.9. Experimental (a and b) and theoretical (c) results obtained by Wu et al.

The solid lines in (a) represent fits to Equation 6.2 and the solid lines in (b)

represent fits to EQUAtioN 6.11..........cccvvviiieie i 177
Figure 6.10. Dependence of (k’-k«)[H20] on [H20] for data obtained in this work at

a) 262 K, b) 298 K and c¢) 353 K. The blue dashed lines represent Equation

6.11, where Ks 1, ke.2 and kg3 were obtained from the work of Wu et al. Results

at all other temperatures investigated in this work are shown in

APPENAIX 8. et eres 178
Figure 6.11. ke1 as a function of temperature. The fit to results obtained in this work

are shown by the solid black line, with uncertainties determined from a

combination of the statistical error and the systematic errors resulting from

uncertainties in gas flow rates and in the concentration of [H,O] shown by

the shaded region. Stars represent the temperatures at which measurements

were made. Results from previous studies are also included, where filled

circles represent experimentally measured rate coefficients, hollow circles

represent experimentally determined upper limits, and triangles represent

rate coefficients calculated from theory. The solid grey line shows the data

reported by Wu et al., with the dashed grey line showing the extrapolation of

the data reported by Wu et al. over the temperature range investigated in this

work. The coral and light blue dashed lines are the parameterisations

calculated by Lin et al. and Long et al., respectively..........ccccoovineieiinnenn 179
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Figure 6.12. ks2Keq as a function of temperature obtained in this work. The fit to
results obtained in this work are shown by the solid black line, with
uncertainties determined from a combination of the statistical error and the
systematic errors resulting from uncertainties in gas flow rates and in the
concentration of [H-0] shown by the shaded region. Stars represent the
temperatures at which measurements were made. The solid grey line shows
the data reported by Wu et al., with the dashed grey line showing the
extrapolation of the data reported by Wu et al. over the temperature range
investigated in this work. The red solid line represents a fit to the data
reported by Smith et al., with the dashed red line showing the extrapolation
of the data reported by Smith et al. over the temperature range investigated
in this work. The blue dotted line represents the current IUPAC
recommendation, which is based on the data reported by Smith etal............... 181

Figure 6.13. Pseudo-first-order losses as a function of H»O concentration for
experiments at a) 262K, b) 298 K and ¢)353 K. Black points represent the
experimental data, the green and blue solid lines represent losses due to
reaction with the water monomer and the water dimer and the solid red line
represents the total loss. The results of Wu et al. are also included in the plot,
where the orange, pink and grey dashed lines represent reactions with the
water monomer, dimer and trimer, and the purple dashed line represents the
total loss. The light blue dotted line on b) represents [H.0] = 4.8 x 10
molecule cm™, the point at which Wu et al. report the reaction with the water
trimer becomes significant at 298 K...........cccocvvv i 183

Figure 6.14. Schematic potential energy surface for the reactions of CH,OO with H;0
(blue) and (H20): (red). PRC = pre-reaction complex, TS = transition state,
HMHP = hydroxymethyl hydroperoxide............ccooveveieiiiiiecie e 186

Chapter 7

Figure 7.1. Photo-ionisation spectrum for the m/z = 60 product following the reaction
of CH3CHI; + O in the presence (black solid circles) and absence (open
circles) of water. The addition of water preferentially removes signal
corresponding to the anti-conformer (between 9.3 and 9.4 eV).........ccccvcevenee. 193

Figure 7.2. Plots outlining how the experimental absorbance evolves as the reaction
progresses (shown for 1 ms, 2 ms, and 3 ms after photolysis). Observed
absorbance (black), total fit (orange) and the individual contributions from
syn-CHsCHOO (blue), anti-CH3;CHOO (green), CHsCHI; (red), and 10
(LT 0] =) TSRO S 198

Figure 7.3. Concentration-time profile for syn-CH;CHOO at 298 K and 50 Torr.
[CH3CHI,] = 1.9 x 10 molecule cm?, [SO] = 3.01 x 10* molecule cm™...... 199

Figure 7.4. Concentration-time profile for anti-CH;CHOO at 298 K and 50 Torr.
[CH3CHI,] = 1.9 x 10 molecule cm™, [SO,] = 3.01 x 10* molecule cm™...... 199

Figure 7.5. Concentration-time profile for CH;CHI, at 298 K and 50 Torr which
exhibits a negative absorbance owing to depletion on photolysis. [CH3CHI;]
=1.9 x 10" molecule cm?, [SO] = 3.01 x 10** moleculecm™........................ 200
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Figure 7.6. Concentration-time profile for 10 at 298 K and 50 Torr.
[CH3CHIZ] = 1.9 x 10" molecule cm™, [SO;] = 3.01 x 10" molecule cm?..... 200
Figure 7.7. A plot of syn-[CH3CHOQ] as a function of time for experiments at 298 K
and 50 Torr, for [CHsCHI;] = 1.9 x 10® molecule cm® and
[SO;] =3.01 x10"® molecule cm3 k'=(1586 + 89) s,
w=(409+086)x10° s, t = -(153 * 005 x 10* s,
[CH;CHOO]o = (8.13 £0.33) x 10™ molecule cm™® The solid red line
represents a fit to Equation 7.1 convoluted with the IRF. Uncertainties are
LGttt ettt bt a ettt e Rttt r e e b et nn e 201
Figure 7.8. A plot of the observed rate coefficient k' as a function of [SO,] for syn-
[CHsCHOO] at 298 K and 50 Torr, where the solid line represents an
unweighted linear fit to the data, with a gradient of (3.59 + 0.12) x 10™ cm?
molecule s' and intercept of (401 + 13) s' for
[CH3CHIZ] = 1.9 x 10" molecule cm, Uncertainties are 16..........ccceevevnene. 202
Figure 7.9. Example plots outlining how the baseline correction was applied to the
anti-data. The gradient -(8.1 + 0.4) x 10 molecule cm™ s and intercept
-(3.5+0.2) x 10* molecule cm™ were subtracted from the overall anti-
SIGNALL et 203
Figure 7.10. A plot of anti-[CH;CHOO] as a function of time for [SO2] = 9.10 x 10*
molecule cm™ and [CH3CHI;] = 1.9 x 10" molecule cm™ at 298 K and 50
Torr. The black points represent the data before the baseline correction was
applied and the red points represent the data after the baseline correction was
1 0] 0] 1= o TSRS 204
Figure 7.11. A plot of anti-[CH;CHOO] as a function of time for [SO] = 9.10 x 10
molecule cm®and [CH3CHI,] = 1.9 x 10* molecule cm™ at 298 K and 50
Torr, after the baseline correction was applied. k' = (1827 + 165) s™, anti-
[CH3CHOO]o= (1.83 + 0.28) x 10" molecule cm™.  Uncertainties are
s TSP PP UURRRPRROPPI 204
Figure 7.12. A plot of the observed rate coefficient, k', as a function of SO,
concentration for anti-CH3CHOO at 298 K and 50 Torr, where the black line
represents an unweighted linear fit to the data, giving a gradient of
(6.11 £ 2.64) x 10™ cm® molecule s and intercept of (779 + 336) s™.
UNCETtaINtIES AI€ 10 uuiirieiiiiiieiiitie st e s ste s sree e e sree e n e e e srae e saeennnee s 205
Figure 7.13. Observed absorbance (black), total fit (orange), and the individual
contributions from syn-CH3;CHOO, (blue) anti-CH;CHOO, (green)
CHsCHly, (red) and 10 (purple) determined by fitting reference spectra to the
observed absorbance using the Beer-Lambert law. For these data, T = 298 K,
p=50 Torr, t = 1, 3 and 4 ms post-photolysis, [CHsCHI,] = 1.7 x 10%®
MOIECUIE TN, ettt 206
Figure 7.14. Concentration-time profile for anti-CH;CHOO used to demonstrate a
low signal for the anti-conformer. [CHsCHI,] = 1.7 x 10** molecule cm™ and
[SO2]=0,at 298 Kand 50 TOIT......c.cccvviieeieiesieiie ettt s st 207
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Figure 7.15. Concentration-time profile for CH3CHI, following the photolysis of

CH3CHl,. [CH3CHIZ] = 1.7 x 10" molecule cm™ and [SO,] = 0, at 298 K and

S O o ¢ TR PP PR PSPPI 208
Figure 7.16. Concentration-time profile for CHsCHI., where the black line represents

the experimentally observed precursor concentration and the blue line

represents the pre- and post-photolysis precursor concentrations that have

been fixed. For these data, the change in concentration of CH3;CHI, was fixed

10 -1.92 X 102 MOIECUIE CIMT™......oo e 208
Figure 7.17. Comparison of concentration-time profiles for anti-CH3CHOO before

the precursor concentration was fixed (a) and after the precursor

concentration had been fixed (b) where the red line on the right plot

represents a fit to0 EQUALION 7.1.........cooiiiiiieiice e 209
Figure 7.18. A comparison of the bimolecular plots obtained for anti-CH3;CHOO +

SO, at 298 K and 50 Torr for data before the precursor concentration was

fixed (black) and after the precursor concentration was fixed (pink). The

black line represents an unweighted linear fit to the data before the precursor

was fixed, with a gradient of (6.11 + 2.64) x 10™° cm® molecule™ s* and

intercept of (779 + 336) s and the pink line represents an unweighted linear

fit to the data, with a gradient of (1.17 + 0.10) x 10™° cm® molecule™ s and

intercept of (1387 + 153) s™*. Uncertainties are 1G........ccccevveverrecesrrrecnsenenna. 210
Figure 7.19. Comparison of the bimolecular plots for the reaction of syn-CH;CHOO

with SO, before and after the precursor had been fixed. The black points

represent the values before the precursor was fixed, with a gradient of

(3.59 £ 0.12) x 10™ cm?® molecule™® s and intercept of (401 + 13) s™* and the

pink points represent the data after the precursor had been fixed, with a

gradient of (1.94 + 0.17) x 10 cm® molecule™ s* and intercept of (387 + 22)

S, UNCEItAINTES AT€ 16 ..uurvvieerieiieeiiecees e esseiss st es st 211
Figure 7.20. Absorption signals obtained by Sheps et al., where the data was averaged

between 320 and 400 nm. The thick black line shows a fit to the two

components in the model, which are outlined by the blue and pink shaded

BIBAS. ..t eete ettt ettt ettt et bbb h R Rt kbRt R kb e e e bbbt nr b ettt e 212
Figure 7.21. Biexponential decay for an experiment at 298 K and 50 Torr for (a)

[SO;] = 1.00 x 10" molecule cm™® and (b) [SO2] = 2.00 x 10 molecule

cm, where the red line represents a fit to Equation 7.2 convoluted with the

IRF. The fit gave: (a) Aosyn= (3.8 +2.5) x10°, K'yn=(629 * 65) s?,

Aoanti = (4.6 £ 0.8) X108, K'anti = (3432 £ 771) s, (b) Aosyn = (3.3 £ 0.9) x10°°,

K'syn = (788 % 135) s?, Apani = (4.6 % 3.2) x10°, K'ani = (3706 + 838) s™.

UNCETtAINtIES AIC 10 uuiiiieiiiiiieiiitieesiese e stie s stae e este s b e e srae e naeennee s 213
Figure 7.22. Bimolecular plot for anti-CH3;CHOOQO obtained after averaging the

absorbance data between 340 and 400 nm. The blue line represents an

unweighted linear fit to the data, with a gradient of (1.21 + 0.23) x 10" cm®

molecule™ s™ and intercept of (774 + 402) s™*. Uncertainties are lo.................. 213
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Figure 7.23. A comparison of the bimolecular plots obtained for anti-CH:CHOO +
SO;at 298 Kand 50 Torr for data when the baseline correction was applied
(black), after the precursor concentration was fixed (pink) and from
averaging the absorbance data between 340 and 400 nm (blue). The black
line represents an unweighted linear fit to the data before the precursor was
fixed, with a gradient of (6.11 + 2.64) x 10™° cm® molecule™ s* and intercept
of (779 + 336) s, the pink line represents an unweighted linear fit to the data,
with a gradient of (1.17 + 0.10) x 10™ cm?® molecule™ s and intercept of
(1387 + 153) s™ and the blue line represents an unweighted linear fit to the
data, with a gradient of (1.21 + 0.23) x 10"cm?® molecule™ s and intercept
of (774 +402) ™. UnCertainties are 16.........covevverveeureesverrecssessesesesesessene e, 214
Figure 7.24. Observed absorbance (black), total fit (orange), and the individual
contributions from syn-CHsCHOO (blue), anti-CHsCHOO (green),
CH3CHI; (red), and 10 (purple) determined by fitting reference spectra to the
observed absorbance using the Beer-Lambert law. For these data, T = 353 K|
p=10 Torr, t = 1, 2 and 4 ms post-photolysis, [CH3CHI,] = 6.0 x 10%
MOIECUIE M.t e 216
Figure 7.25. Concentration-time profile for CHsCHI,. T = 353 K, p = 10 Torr,
[CH3CHI2]o = 6.0 x 102 molecule cm™ and A[CH3CHI;] = 55 x 10%
MOLECUIE TN, 217
Figure 7.26. Concentration-time profile for CHsCHI,. T = 298 K, p = 10 Torr,
[CH3CHI2]o = 4.1 x 108 molecule cm™ and A[CH3CHI;] = 2.8 x 10%
MOIECUIE T2, 217
Figure 7.27. Time profiles for (a) syn-CH;CHOO, (b) anti-CH;CHOO and (c) the
averaged absorbance signal between 340 and 400 nm for experiments at
T=289 K and p = 10 Torr. Solid red lines represent fits to Equation 7.1
convoluted with the IRF for (a) and (b) and Equation 7.2 convoluted with the
IRF for (c). The fits to Equation 7.1 gave: (a) k sy, = (674 £ 11) st (b)
k.. = (1532 £ 63) s™ and fits to Equation 7.2 gave: (c) k syn = (708 + 66)
shand k L = (2639 1135) ST 218
Figure 7.28. Pseudo-first-order rate coefficients as a function of SO, concentration
obtained from experiments at T = 289 K and p = 10 Torr for (a) syn-
CH3CHOO and (b) anti-CH3CHOO for the regular analysis (black) and the
analysis where absorbance data is averaged between 340 — 400 nm (purple).
Solid lines represent an unweighted linear fit to the data. For syn-CH;CHOO,
the regular analysis gave: k71 = (3.02 + 0.12) x 10! cm® molecule™ s and
kk=(332 + 21) s' and the averaging analysis gave:
kz1=(2.90 = 0.24) x 10 cm®* molecule™ s and ky = (336 + 42) s™. For anti-
CHsCHOO, the regular analysis gave: ks> = (1.04 + 0.08) x 10" cm?
molecule® s and kx = (721 + 135) s and the averaging analysis gave:
kz2=(1.25 + 0.24) x 10" cm® molecule™ s* and ky = (1205 + 157)s™............ 219
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Figure 7.29. Observed concentration-time profiles for a) syn-CH;CHOO and b) anti-
CH3CHOO. For these data, T = 298 K, p = 50 Torr, [SO;] = 1.1 x 10%
molecule cm™ and [CH3CHI;] = 2.8 x 10 molecule cm™®. The fits to
Equation 7.1 (solid line) gave an initial concentration of (1.31 + 0.03) x 10*
molecule cm™ and k' = (765 + 15) s* for syn-CH;CHOO and an initial
concentration of (3.39 + 0.02) x 10* molecule cm™ and k' = (2280 + 218) s™
for anti-CHsCHOO. Instrument response parameters were: w = (2.99 + 0.10)

x 10° s and t = — (4.80 * 0.09) x 10° s for both conformers. Uncertainties
0 I o U 220

Figure 7.30. Dependence of k' on [SO;] at T = 298 K and p = 50 Torr for a) syn-
CH;CHOO and b) anti-CHsCHOO. Fits to the data gave
kz1=(3.67 £0.07) x 10 cm®*molecule® s*, with an intercept kx of
(326 + 18) s?, and k72 = (1.22 £0.10) x 10 cm® molecule™ s, with an
intercept ky of (934 + 70) s™*. Uncertainties are 1G......c..ceocevveverrecererecsseneea. 221

Figure 7.31. Comparison between first-order (solid red lines) and mixed-order
(dashed black lines) for typical concentration-time profiles for a) syn-
CH3;CHOO and b) anti-CH;CHOO. The first-order fit to the syn-CH;CHOO
data gave k' = (765 + 15) s* and [CH3CHOO], = (1.31 + 0.03) x 10%
molecule cm® and the mixed-order fit gave k’=(754+15) s,
k"= (7.66 +0.34) x 10" cm? molecule™ st and
[CH3CHOO]o = (1.35 + 0.07) x 10* molecule cm™. The first order fit to the
anti-CHsCHOO gave k' = (2280 + 220) s*and [CH3CHOO]o = (3.39 + 0.02)

x 10 molecule cm™ and the mixed-order fit gave k' = (2147 + 93) s,
k"=(255 + 016) x 10 cm® molecule? s?' and
[CHsCHOO]o = (3.47 £0.04) x 10* molecule cm?™. Uncertainties are
L Ottt ettt et Rt E et b et et n e et e 223

Figure 7.32. Dependence of k' on [SO2] at T = 298 K and p = 50 Torr obtained for
first-order fits (solid lines) and mixed-order fits (dashed lines) for a) syn-
CH3;CHOO and b) anti-CHsCHOO. Fits to the data for syn-CH;CHOO gave
k71 (first-order, blue data) = (3.67 + 0.07) x 10™** cm® molecule™s™, with an
intercept k of (326 + 18) s™and k7.1 (mixed-order, black data) = (3.58 +0.07)

x 10 cm®* molecule™ s, with an intercept ky of (330 + 9) s™. Fits to the data
for anti-CHsCHOO gave k7 (first-order, green data) = (1.22 + 0.10) x 10
cm?® molecule® s, with an intercept ky of (934 + 70) s* and kr, (mixed-order,
black data) = (1.17 + 0.06) x 10%°cm?® molecule™ s, with an intercept ky of
(974 £ 67) S UNCEraiNtIeS QI 16......vcveeeeereiecerete e e sseseetesseeeeens 224

Figure 7.33. Schematic potential energy surface for the reaction between CH;CHOO
and SO; to produce excited [CH3;CHOO-SO.]* and the possible reaction
pathways following excitation. A further description of the chemical
activation mechanism is given in Chapter 2, section 2.2.2.2......c..ccccceevevveneene. 225
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Figure 7.34. Comparison of the fit to Equations 7.3 and 7.4 for data at 298 K and

pressures between 10 and 600 Torr. Results from previous studies at ~ 298

K are also shown! 2 * % The fit result for Equation 7.3 gave:

Aine =(235+0.39) x 10 cm® molecule® s, n;, = (0.61 +0.79),

Ay =(329+1.30) x 10® cm® molecule® s*, n, = -(9.52 + 1.78),

A = (4.95 £ 0.51) x 10 cm® molecule™ s?, ny, =-(2.52 + 0.29) and the fit

result for Equation 7.4 gave: A, = (2.39 + 0.28) x 10™* cm® molecule™ s?,

Nine = (0.19 % 0.72), A, =(6.07 = 4.74) x 10® cm® molecule™ s?,

ny =-(10.13 + 1.81), A, = (8.98 + 7.22) x 10™ cm® molecule® s*,

Moo = =(3.34 £ 0.71) i e 226
Figure 7.35. Effects of pressure on k-1 at (a) 298 K and (b) all temperatures studied

in this work. Previous reports for k1 are also shown. Solid lines represent a

fit to Equation 7.3. Error bars represent a combination of the statistical error

and the systematic errors resulting from uncertainties in gas flow rates and in

the coNCentration OF SOg.......cice e 227
Figure 7.36. The structures of the secondary ozonide (SOZ) and the transition state

(TS) formed in the reaction between syn-CH3;CHOO and SOs.........ccccevvvnene 227
Figure 7.37. The yield of the SOZ and CH3CHO + SOs as a function of pressure,

calculated using Equations 7.3 and 7.5-7.7.......ccccooiieinieniience e 228
Figure 7.38. Comparison of rate coefficients as a function of temperature for a)

CH,00 + SO reported by Manonmani et al. and Onel et al., b) syn-

CH3;CHOO + SO, reported by Manonmani et al. and the results of this work

and c) (CHs),CHOO + SO; reported by Manonmani et al. and the IUPAC

recommended parameterisation. The solid lines represent the experimental

temperature range investigated in each study and the dotted lines are an

extrapolation of the data to temperatures between 200 and 400 K.................... 229
Figure 7.39. Effects of pressure on kr2 at 298 K. The solid line shows the mean value

for ks at 298 K ((1.15 + 0.16) x 10 cm® molecule™* s™). Previous results

reported for ks, are also shown. Error bars represent a combination of the

statistical error and the systematic errors resulting from uncertainties in gas

flow rates and in the concentration 0f SOz.........covievieviiencn e 231
Figure 7.40. Effect of pressure on k., at each temperature, where solid lines represent

the average value for the rate coefficient across each temperature. a) T = 242

K, kz2=(1.12+0.19) x 10 cm® molecule®s®; b) T = 254 K,

kz2=(0.98+0.16) x 10 cm® molecule® s% ¢) T = 273 K

kz2=(1.47+0.20) x 10 cm® molecule® s% d) T 298 K

kz2=(1.15+0.16) x 10 cm® molecule’s®; e T = 318 K,

kz2 = (1.23 £ 0.20) 10 cm® molecule? st and f) T = 353 K

k72 = (1.16 = 0.20) x 10%cm® molecule™®s™........coovivcveeceeee e, 232

X
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Figure 7.41. Mean value for kz» determined at each temperature. The solid line
represents the mean value for k7, over all conditions investigated in this work
is (1.18 £0.21) x 10 cm®molecule™ s™. Previous results reported for ks
and rate coefficients calculated using collision theory (kco, red dashed line)
and capture theory (Keap, blue dashed line) are also shown. Error bars
represent a combination of the statistical error and the systematic errors
resulting from uncertainties in gas flow rates and in the concentration of
31 SOOI 234

Chapter 8
Figure 8.1. Comparison of rate coefficients used in GEOS-Chem for reactions of
CH00 with (a) the water monomer and (b) the water dimer at temperatures
between 200 and 400 K. Parameterisations are given in Table 8.1................... 241
Figure 8.2. Impacts of changes made in the first set of GEOS-Chem updates,
compared to the base model run, on annual mean surface layer concentrations
for CH,0O and several key atmospheric species. The first set of model
updates incorporate current IUPAC recommendations for ke1 and ke 2Keq, as
well as updates to rate coefficients for reactions of CH,OO with O3, SO, and
NO: (see Table 8.1 fOr detailS)..........coveviiiriiiiereieeee e 244
Figure 8.3. Impacts of changes made in the second set of GEOS-Chem updates,
compared to the results obtained with the first set of updates, on annual mean
surface layer concentrations for CH.OO and several key atmospheric species.
The second set of model updates make use of the results obtained in this work

for Ke.1 and ke.2Keq (See Table 8.1 for details).........ccocevveviiencinineicsie 245
Figure 8.4. Temperature profile of the surface layer.......c.cccoovevvee i 246
Figure 8.5. Concentrations of a) water monomers, b) water dimers, ¢) SOz and d) NO;

INThE SUMTACE TAYEN.....cueciiee e e e 247

Figure 8.6. Percentage losses of CH,OO via reaction with a) water monomers and
dimers combined, b) water monomers, c¢) water dimers, d) SO, €) NO, and f)
thermal deCOMPOSILION. ......cceciiiiiice e 248

Figure 8.7. CH,OO surface and zonal distributions (top panel) and lifetime (bottom
panel) for GEOS-Chem simulations using the second set of model updates,
which make used of results obtained in this work for ks 1 and ke 2Keq (See Table

8.1 for details). The black dotted line represents the tropopause....................... 249
Figure 8.8. Percentage losses of syn-CH;CHOO via reaction with a) water monomers
b) SO, ¢) NOz and d) thermal decompoSItion...........cccocveieiiiiie s 250

Figure 8.9. Percentage losses of anti-CH;CHOO via reaction with a) water monomers
and dimers combined, b) water monomers, c) water dimers, d) SO €) NO;
and f) thermal decomMPOSITION............cccecviiiiiiiic e 251
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Appendices
Figure A.1. MFC calibration data for MFC 1 (@) — MFC 5 (e). Each fit gave: a)

intercept = (157.793 + 10.469), gradient = (3.231 + 0.016), R? = 0.9998. b)

Intercept = - (0.046 + 0.400), gradient = (0.112 + 0.006), R? = 0.9997. c)

Intercept = (14.279 + 3.512), gradient = (1.025 + 0.006), R? = 0.9997. d)

Intercept = (0.114 * 0.150), gradient = (0.075 + 0.002), R? = 0.9999. e)

Intercept = - (154.556 + 22.194), gradient = (12.085 + 0.096), R* =

0.9994......ce e b ettt 261
Figure A.2. Calibration plot of the relative humidity (RH) measured with the RH

probe used for experiments against the RH measured using a dew point

hygrometer. The red line represents a linear fit to the data and gave: gradient

=0.801 +0.005, intercept = 3.959 + 0.307 and R2=10.999..........ccoeerrrirerrrnnnn 263
Figure A.3. An example plot of the thermocouple position / cm against the measured

temperature from the thermocouple / °C for measurements taken at 328 °C

and 85 Torr. A position of 0 cm corresponds to the end of the cell where the

gas enters through an inlet tUDe. ... 264
Figure A.4. A typical profile of AJCH212] x | as a function of time for [CH2l>]o = 8.1

x 10* molecule cm™ at 298 K and 50 Torr. The data points at t<0 correspond

to pre-photolysis data POINTS..........ccoiriiriiiiii e e 268
Figure A.5. Bimolecular plot for the reaction between CH,OO and NO; at 277 K and

50 Torr. The solid line represents an unweighted linear fit and gives

ks1=(1.31 + 0.14) x 10" cm® molecule® s* and an intercept of

kx = (600 % 97) 5. UNcertainties are 16...........oveveeeeeesveeseneeeenseesesesenessenen, 269
Figure A.6. Bimolecular plot for the reaction between CH,OO and NO; at 298 K and

50 Torr. The solid line represents an unweighted linear fit and gives

ks1=(1.11 + 0.09) x 102 cm® molecule® s* and an intercept of

kx = (324 % 82) 5. Uncertainties are 16........c.cvuvveeverereereeseeeeessesesisseeesensssnens 269
Figure A.7. Bimolecular plot for the reaction between CH,OO and NO; at 318 K and

50 Torr. The solid line represents an unweighted linear fit and gives

ks1=(9.39 + 0.96) x 10" cm® molecule® s* and an intercept of

kx = (545 * 73) s, UNCertainties are 10.......coovvvivereieieiessiesesisss e enssenesanans 270
Figure A.8. Bimolecular plot for the reaction between CH,OO and NO; at 334 K and
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Chapter 1

Introduction

Throughout modern society, poor air quality and climate change have been widely accepted
to be important environmental and societal problems. Both air quality and climate change are
impacted by atmospheric composition, which is controlled by both the emissions and
chemistry of trace species, including nitrogen oxides (NOx = NO + NO,), volatile organic
compounds (VOCs) and sulfur dioxide (SO2). Understanding the chemistry that governs each
aspect of climate change and air quality is therefore crucial in overcoming today’s
environmental crisis, allowing for the development of accurate atmospheric models to inform

legislative measurements and policies.
1.1 The Earth’s Atmosphere and Climate System

The Earth’s atmosphere can be divided into distinct vertical layers: the lowest of which is the
troposphere, followed by the stratosphere, mesosphere and thermosphere. The position of each
layer is shown in Figure 1.1, with each layer being described by its characteristic temperature
profile.! The temperature throughout Earth’s atmosphere varies by less than a factor of 2 but
shows a rather complex temperature profile, while the pressure changes by nearly 6 orders of

magnitude,? but decreases exponentially with increasing altitude.
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(heated by oxygen absorption of solar UV)
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Mesosphere
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(heated by surface absorption of solar visible)

Figure 1.1. Vertical temperature and pressure profile of the Earth’s atmosphere ranging from

0 to 100 km in altitude. Copied from reference 3.3

The lowest layer of the atmosphere is the troposphere, which extends from the Earth’s surface
up to the tropopause at an altitude of approximately 15 km (depending on latitude). There is a

negative temperature gradient with increasing altitude in the troposphere as its primary heat



source is energy transfer from the Earth’s surface. The negative temperature profile promotes
the rapid vertical movement of gases throughout the layer, and, with nearly all of the
atmospheric water vapour residing within this region, it is where most of the Earth’s weather
occurs.' While the troposphere only extends to 15 km in altitude, it contains ~ 80 % of the
atmosphere’s mass,” and can be divided into distinct sub-layers. The atmospheric boundary
layer (ABL) is the lowest region of the troposphere, extending up to approximately 2 km in
altitude, and is in direct contact with the Earth’s surface. During the day, the ABL is well
mixed as a result of direct heat transfer from the Earth’s surface to the surface layer, followed
by the vertical transfer of heat. The region above the ABL is known as the free troposphere,
where the negative temperature gradient is decreased compared to the boundary layer due to
less significant interactions with the Earth’s surface. The presence of this stable layer above
the ABL can prevent further vertical mixing,* resulting in pollutants becoming trapped. During
the night, the Earth’s surface cools down and minimises heat transfer and thus mixing in the

boundary layer, reducing its height and confining pollutants to the surface layer.

The region above the troposphere is the stratosphere, which extends to approximately 50 km
in altitude. While the pressure continues to decrease throughout this region, the temperature
profile changes, with temperature increasing with increasing altitude. This temperature
gradient is a result of the absorption of solar ultraviolet (UV) light by molecular oxygen (O>)
and ozone (03),! in what is known as the Chapman cycle (R1.1-R1.4), resulting in a steady-

state concentration of stratospheric ozone.

0, + hv (A < 242 nm) — 20 (R1.1)
0+0;+M—-0;+M (R1.2)
0+ 03— 20; (R1.3)
Os+ hv — O + O3 (R1.4)

The majority of stratospheric ozone resides within the ozone layer, which is essential to human
health as it absorbs UV radiation at wavelengths below 290 nm, providing protection from
harmful solar UV radiation.> There is little mixing in the stratosphere due to the temperature
profile, which is a result of the ozone layer, and relatively no scavenging of pollutants by
precipitation* and therefore large influxes of particles into the stratosphere, such as the
eruption of a volcano, may result in layers of particles throughout the stratosphere. The
mesosphere is the region above the stratosphere which again, is characterised by a negative
temperature gradient, resulting in rapid vertical mixing. The temperature decreases to below
200 K at an altitude of ~ 85 km, which is due to decreasing O3z concentrations with increasing

altitude. Above the mesosphere is the thermosphere, a region where the positive temperature



gradient is solely due to the absorption of solar radiation by N», O, and O at wavelengths
below 200 nm.!

It should be noted that most of the chemistry described within this chapter, and the work
presented throughout this thesis, is concerned with the chemical processes taking place within
the troposphere.

1.1.1 Air Quality

The quality of air refers to the level of pollution in the air at a given time and in a particular
area. Pollutants such as Os, particulate matter, carbon monoxide (CO), SO, and NO; are
present in the atmosphere as a result of direct emissions and the chemical processing of
emissions derived from both anthropogenic sources, such as the production of CO from the
incomplete combustion of hydrocarbons,® and from biogenic sources, such as the production
from plants and phytoplankton/algae. Pollutants can also be released into the atmosphere via
natural sources, for example the emission of SO, into the atmosphere from volcanoes.’
Volatile organic compounds (VOCs) can directly impact the quality of air through
introduction to the atmosphere from both biogenic and anthropogenic sources® and play a
major role in atmospheric chemistry and so the mechanisms behind their reactions are at the
forefront of current atmospheric research. Large quantities of VOCs directly impact air quality
and climate change due to their likelihood to become oxidised in the atmosphere and result in
the formation of secondary pollutants, including Oz and secondary organic aerosol (SOA).**°
VOCs may also pose a significant threat to human health as some VOCs may be carcinogenic
in character, and so some VOCs require government regulations to be put in place to reduce
the health risk.

A significant number of studies have been carried out in order to determine the full effect air
pollution can have on human health, with many links being made between poor air quality and
a number of diseases, including dementia, respiratory illnesses and cardiovascular disease."
12 The European Environment Agency (EEA) report that there were ~21,400 premature deaths
as a result of enhanced ozone levels in 2000 across Europe.** Another study reported that air
pollution has the ability to decrease the average global life expectancy by approximately
2 years. It is thus of the utmost importance that governments are supplied with up to date,
accurate data on the emission rates, concentrations and chemistry of pollutants, which will
enable the preparation of well-informed air quality regulations in an effort to reduce the

number of premature deaths globally.



1.1.2 Climate Change

Climate change refers to a long-term change of the climate’s regular temperature and weather
patterns and can occur on both a regional and global scale. Climate change is understood to
lead to the unnatural, gradual warming of the Earth’s atmosphere due to the ‘greenhouse
effect’. The greenhouse effect refers to the increasing temperature of the Earth’s surface as a
result of high levels of radiatively active gases, such as carbon dioxide (CO), water vapour
(H20), and methane (CH4), which are often described as greenhouse gases. Such species
absorb a fraction of the IR radiation emitted from the Earth’s surface and become vibrationally
excited. Following excitation, energy can be released as thermal energy, with some of this
radiation becoming trapped within the atmosphere and creating a ‘heating effect’ at the Earth’s
surface.” The natural greenhouse effect is a result of the heating of the Earth’s atmosphere
due to naturally occurring greenhouse gases, which results in an average global temperature
of around 15 °C.** Without the natural greenhouse effect (i.e. if the atmosphere were
comprised solely of oxygen and nitrogen) the average surface temperature would be below
0 °C, making Earth uninhabitable as we know it.'® The enhanced greenhouse effect results in
further heating of the atmosphere due to increased concentrations of greenhouse gases
resulting from human activity, such as the burning of fossil fuels. Large concentrations of such
gases in the atmosphere could have detrimental effects on the quality of the air, and lead to

more rapid climate change.

Carbon dioxide plays a major role in climate change due to the significant increase in its
concentration since the industrial revolution, and a vast amount of research has been
conducted to map the patterns in changes to atmospheric CO, concentrations over the past
650,000 years through the analysis of the air bubbles present in ice cores obtained in
Antarctica.'” It is important to note that an increase in concentration of pollutants in the
atmosphere has the ability to alter the climate in ways other than increasing atmospheric

temperature, including heavy precipitation, drought and tropical cyclone activity.

The Intergovernmental Panel on Climate Change (IPCC) reports how changes in the
concentration of various greenhouse gases and aerosols influence the overall radiative forcing
in the atmosphere and hence how they influence climate change (Figure 1.2).2® Radiative
forcing measures the energy imbalance of the Earth-atmosphere system when an imposed
change takes place, such as a change in the concentration of a greenhouse gas, and allows
comparisons of the climate response to be made, such as changes to the mean global
temperature.’® A positive radiative forcing arises from species such as CO, and CH, absorbing

a fraction of the IR radiation emitted from the Earth’s surface, which in turn creates an overall



warming effect of the atmosphere. Conversely, a negative radiative forcing occurs as a result
of the Earth reflecting large amounts of radiation, creating an overall cooling effect.

Change in effective radiative forcing from 1750 to 2019 =
ERF (Wm™2)

2.16[1.90 to 2.41]
0.54 [0.43 to 0.65]

Carbon dioxide

Other well-mixed
greenhouse gases
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water vapour . .
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Figure 1.2. Bar chart for the radiative forcing / W m for various species reported between
1750 and 2019. Copied from reference 19.%°

From the plot shown in Figure 1.2, it is evident that greenhouse gases, such as CO2, N,O and
CH., have an overall large positive radiative forcing, whereas aerosol interactions have a
largely negative radiative forcing. The plot contains large error bars for the radiative forcing
of each of the species previously mentioned, which demonstrates the need to understand the
effects of these species at a fundamental level and the processes controlling their atmospheric
concentrations. To reduce the error associated with radiative forcing, the mechanisms for the
oxidation chemistry taking place within the troposphere, which impacts the concentrations of

greenhouse gases and the concentrations and nature of aerosol particles, need to be studied.
1.2 Atmospheric Oxidation Processes

The chemistry of the troposphere is dominated by oxidation processes, which can be initiated
by a number of oxidants, including hydroxyl radicals (OH), nitrate radicals (NOs) and Os. The
significance of each oxidant varies with location, time of day and season, with each oxidant
initiating a cascade of reactions that lead to the removal of primary pollutants from the

atmosphere, whilst potentially leading to the production of secondary pollutants.



1.2.1 OH-Initiated Oxidation

The hydroxyl radical (OH) is responsible for the removal of many trace gases from the
atmosphere, including VOCs. OH reacts rapidly following its formation?® and is the dominant
tropospheric oxidising species.?> As a result of the high reactivity of OH, the atmospheric
lifetime of OH is short (less than 1 second), particularly in polluted environments and so its

concentration within the troposphere is relatively low (~10° molecule cm®).%

OH radicals primarily are produced in the troposphere through the solar photolysis of ozone.
This produces an excited oxygen atom (O(*D)) with the release of molecular oxygen (R1.4).
The excited oxygen atom can react with water vapour in the troposphere to produce two
hydroxyl radicals (R1.5).%

O3+ hv (A <340 nm) — 02 + O (‘D) (R1.4)
O (‘D) + H,0 — 20H (R1.5)

As the above mechanism suggests, the production of OH will be highest during the day due
to its need for solar radiation, with limited production at night-time, when there is no sunlight.
Due to the competition between the reaction of O(*D) with water vapour or its stabilisation to
O(®P), higher concentrations of OH will be produced in areas with a higher water vapour

content.

The hydroxyl radical can react with carbon monoxide (CO) (R1.6) and volatile organic
compounds (VOCs) (R1.9) to produce peroxy radicals HO, and RO,. HO- is produced via the
reaction between OH and CO in the presence of O, (R1.6-R1.7). The HO; is then able to
reform the OH through its reaction with O3 (R1.8). HOx collectively refers to OH and the
hydroperoxy radical (HO,) as these species are closely coupled, HOx = OH + HO,.%

OH + CO — H + CO, (R1.6)
H+0,+M— HO, + M (R1.7)
HO, + Os — OH + 20, (R1.8)

Organic peroxy radicals (RO>) are formed when OH reacts with VOCs, with the mechanism
involving the abstraction of a hydrogen atom from the organic species (RH) to produce an
alkyl radical (R) (R1.9) followed by the reaction between the alkyl radical and O, (R1.10).

OH + RH — R + H,0 (R1.9)

R+0,+M— RO, +M (R1.10)



The removal mechanism of peroxy radicals in the atmosphere largely depends on the level of
pollution within a region. In regions with high concentrations of NO, HO, and RO> removal
will be dominated through reactions R1.11 and R1.12, leading to the production of NO; and,
subsequently Oz (R1.14 and R1.2).*

HO; + NO — OH + NO2 (R1.11)
RO; + NO — RO + NO2 (R1.12)
RO + O, — R’CHO + HO: (R1.13)
NO: + Av (A < 400 nm) — O + NO (R1.14)
O0+0:+M—03+M (R1.2)

In less polluted environments, the removal of peroxy radicals from the atmosphere tends to be
dominated by radical termination reactions involving the HO, self-reaction (R1.15) and HO,

+ RO cross-reactions (R1.16).
HO; + HO, (+M) — Hz0; + Oz (+M) (R1.15)
HO; + ROz — ROOH + O (R1.16)
1.2.2 NOs-Initiated Oxidation

During the night, when levels of solar radiation are low, atmospheric concentrations of OH
are typically low. However, concentrations of the nitrate radical (NO3) can be significant
(typically ranging between 0.01 and 10 ppt in the United Kingdom?), and oxidation by NO3;
can become important. NOs is produced by the reaction between NO, and O3 (R1.17), which
is rapidly followed by reaction with NO, (R1.18) (k = ~2 x 10 cm?® molecule™ s at 298 K
and 760 Torr?) to establish an equilibrium between NOs and dinitrogen pentoxide (N2Os).
During the day, the nitrate radical is rapidly photolysed (~ 0.2 s during the summer at

midday)? (R1.19) and so its concentration remains low.

NO; + O3 — NO; + O, (R1.17)

NO; + NO; + M — Nz0s + M (R1.18)

NO; + hy (1 < 590 nm) — NO, + O (R1.19a)
(A < 400 nm) — NO + O, (R1.19b)

At night, when concentrations of NO3 are not limited by removal through solar photolysis,
NOs radicals can be important oxidants for unsaturated VOCs, such as alkenes. NOs typically

reacts via an addition mechanism in which NO3z adds to C=C double bonds to create a carbon-



centred radical (R1.20) which reacts rapidly with O to produce a peroxy radical bearing a
nitrate group (R1.21):

NO; + CoHs — H2C(ONO2)C 'Ho (R1.20)
H2C(ONO,)C 'Hz2+ O2 — HC(ONO;)CH200" (R1.21)

The peroxy radicals formed in this way can then follow similar chemistry to that described
above for RO, radicals produced via OH-initiated oxidation, but they can also lead to the
formation of organic nitrates which contribute to the formation of secondary organic aerosols.
The formation of RO; radicals via NOs-initiated oxidation can also provide a pathway to the
production of HO, and OH at night (R1.22 — R1.25).

RO, + NO3 - RO+ NO; + O3 (R1.22)
RO + O, —» R’CHO + HO; (R1.13)
HO, + O3 — OH + 20 (R1.8)

HO2 + NO; — OH + NO + O2 (R1.23)

1.2.3 Os-Initiated Oxidation

Ozone is an important atmospheric oxidant that acts as an electrophilic agent, meaning it has
a high affinity for electron-rich compounds, and as such, Oz will oxidise unsaturated VOCs
that have been introduced to the atmosphere through both biogenic and anthropogenic routes.
Oxidation by Os represents a significant sink for monoterpenes and is responsible for
approximately 10 % of the global removal of isoprene (CsHs, 2-methyl-1,3-butadiene), the
dominant non-methane hydrocarbon emitted into the atmosphere.?® In contrast to OH or NO3,
oxidation by Os is significant during the day and night, and when solar radiation levels, and
thus OH concentrations, are low, the oxidation of unsaturated VOCs by O; can take

precedence.?’

The reactions of ozone with unsaturated VOCs, which are referred to as ozonolysis reactions,
involve a mechanism in the gas phase in which ozone adds across the carbon-carbon double
bond to produce a five-membered ring intermediate, known as a primary ozonide (POZ),
which rapidly decomposes into a carbonyl product (RC(O)R) and a carbonyl oxide (R.COOQ),

which is commonly referred to as a Criegee intermediate?® (Figure 1.3).
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Figure 1.3. The ozonolysis mechanism for the production of Criegee intermediates.?® Copied

from reference 30.%
1.3 Criegee Intermediates

Criegee intermediates are reactive species with the general formula R;R.COO, and are
currently the focus of many laboratory kinetic studies. Early studies suggested that Criegee
intermediates are best represented as biradical species.** However, more recently it was
concluded that the UV and infrared absorption spectra for Criegee intermediates are more
consistent with a zwitterionic structure.** Figure 1.4 shows the general resonance canonical
structures for a Criegee intermediate. For asymmetrically substituted Criegee intermediates,
there is the possibility of the existence of E/Z isomers or syn/anti conformers depending on
the orientation of the carbonyl substituent to that of the terminal oxygen atom since there is
restricted rotation around the C-O Criegee bond owing to its double bond nature.* Figure 1.4
shows the structures for the syn- and anti-conformers of the Criegee intermediate CH;CHOO,

I—l 34

which have been shown to have a barrier to interconversion of ~160 kJ mo and so can be

considered as distinct species under ambient atmospheric conditions.
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Figure 1.4. General resonance canonical structure for Criegee intermediates as well as the syn-

and anti-conformers of the CH;CHOO Criegee intermediate. Adapted from reference 31.3

Figure 1.5 shows a typical potential energy surface for an ozonolysis reaction. The initial
reaction releases large amounts of energy (~250-300 kJ mol™),* with the exothermicity of this

reaction leading to the production of Criegee intermediates with high internal energies.
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Figure 1.5. Typical potential energy surface diagram for the ozonolysis of alkenes to

produce Criegee intermediates. Copied from reference 35.%

The atmospheric fate of a Criegee intermediate is largely governed by the distribution of its
internal energy. The nascent excited Criegee intermediate can undergo unimolecular

decomposition to form important trace species such as OH, CO and HO,* and can represent
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a significant source of HOy in the winter and during the night, when the intensity of solar
radiation is low.” Prior to the PUMA (Pollution of the Urban Midlands Atmosphere)
campaigns held in 1999 & 2000, the oxidising capacity of the troposphere in winter was still
largely unknown, with few measurements of OH during the winter. Measurements from this
campaign showed that the concentrations of OH only decrease by a factor of 2 during the
winter, despite the OH production from the solar photolysis of ozone being reduced by a factor
of 15. After reproducing the high OH concentrations for the winter period using a detailed box
model, it was concluded that the production of radicals, such as OH, RO, and HO; are
sustained during the winter by their production from the decomposition of excited Criegee

intermediates following reactions between unsaturated VOCs and ozone.?®

Excited Criegee intermediates may also undergo collisional stabilisation with species such as
N2 and O, which removes some of the excess internal energy to produce a stabilised Criegee
intermediate (SCI). This is more likely to occur at higher pressures where the concentration
of bath gas species is much higher, and so the frequency of collisions is greater.*® As the
internal energies of SCls are much lower than those associated with nascent excited Criegee
intermediates, they have longer atmospheric lifetimes and as a result are able to participate in
a wider range of chemical reactions. SCls can undergo unimolecular decomposition but this
is in competition with bimolecular reactions with other atmospheric species such as water and

water dimers,*® SO,*** and NO,.***
1.3.1 Atmospheric Concentrations of Criegee Intermediates

The atmospheric concentration of Criegee intermediates is controlled by a combination of the
processes by which they are formed (see above) as well as the mechanisms by which they are
removed. The rate coefficients for ozonolysis reactions are typically low
(10%7- 10" cm®* molecule® s1),** whereas the bimolecular rate coefficients for Criegee
intermediates with atmospheric species, such as (H20), and SO, are often much higher (as
outlined in subsequent Chapters of this report). The slow formation rate, combined with the
fast removal rate, results in a relatively low atmospheric concentration of SCls, which
translates to difficulties in directly measuring Cls in the atmosphere, as well as in ozonolysis
studies carried out in atmospheric simulation chambers. Estimates for atmospheric SCI
concentrations are in the range of 10?- 10° molecule cm™, which come from atmospheric
measurements of Oz and VOCs alongside extensive atmospheric modelling® as well as
theoretical examinations of Cls to determine structure-activity relationships for dominant ClI
reaction pathways.** Figure 1.6 shows a plot of the modelled global annual mean distribution
of SCIs at the Earth’s surface using a numerical chemistry and climate system simulation

which describes tropospheric and middle atmosphere processes and their interactions with
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land, oceans and human influences.* The plots suggest that the annual mean concentration of
SCls never exceeds ~ 7 x 10° molecule cm™, with the highest concentrations being found over
forested regions, and the highest predicted peak concentration of SCIs being below

1 x 10°molecule cm.
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Figure 1.6. Global annual distributions of SClIs calculated using the ECHAM/MESSy
atmospheric chemistry model, where a) is the concentration over 1 simulation year and b)

shows the peak concentration of SCls predicted within that year. Taken from reference 44.%

To fully assess the atmospheric impact of SCI reactions, both the concentration of Criegee
intermediates and the rate of their bimolecular reactions need to be considered. This report
provides further details regarding the different bimolecular channels of Criegee intermediates,

their rate coefficients and hence relative importance in the atmosphere.
1.3.2 Indirect Measurements of Criegee Intermediates

Although the chemistry of Criegee intermediates in the troposphere has been of interest to
atmospheric scientists for decades, significant uncertainties exist in the mechanisms and rate
coefficients for Criegee intermediates owing to their high reactivity, and consequently short
lifetimes, which represent significant experimental challenges. Until recently, studies of

Criegee chemistry required the use of indirect methods that relied on the interpretation of
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observations of stable products in ozonolysis reactions which could be produced by multiple
pathways.*! Various chamber experiments have been conducted where the focus was to
investigate how the products of ozonolysis reactions will change upon the addition of different
reagents. To interpret the results of such systems, extensive modelling of the ozonolysis
reaction was required which involved the need for the production, stabilisation and reactions
of the Criegee intermediates to be modelled in order to acquire accurate results. In ozonolysis
reactions, there are often multiple pathways to produce the same product, so determining the
relative contribution of each reaction pathway is challenging, which led to large uncertainties

in Criegee intermediate Kinetics.*®

1.3.3 Direct Detection of Criegee Intermediates

Recent advances have led to an improved understanding of Criegee intermediates and the
realisation of a more significant role for SCIs in the atmosphere than previously expected.
These advances have resulted from developments that enabled the direct production of Criegee

intermediates in the laboratory using photolytic sources.

The simplest Criegee intermediate (formaldehyde oxide, CH,OO) was first observed in the
gas phase in a study by Taatjes et al.“® using the photolysis of (COCI)2/(CHs),SO/O, mixtures
to generate the Criegee intermediate (R1.24-R1.26) combined with tuneable synchrotron

photo-ionisation mass spectrometry (PIMS).

(COCI), + hv (4 = 248 nm) — COCI + CO + Cl (R1.24)
(CH3)2S0O + C1 — CH3SOCH; +HCI (R1.25)
CH3;SOCH, + O, — CH,00 + CHsSO (R1.26)

The PIMS technique employed by Taatjes et al. enabled identification of the m/z signal
corresponding to CH,OO as the Criegee intermediate through use of its photo-ionisation
efficiency (PIE) spectrum. However, the method used to generate CH.OO resulted in
significant secondary chemistry, resulting in the production of many by-products which
complicated the analysis of the experimental data. Yields of CH,OO were also low, and the
analysis of the m/z = 46 peak for CH,OO was complicated by the presence of large amounts
of CH,S produced in the system, which precluded further analysis beyond the identification

of the presence of the Criegee intermediate.

Subsequent work by the same group identified alternative methods to generate Criegee
intermediates using the photolysis of di-iodo precursors. Welz et al.* used the photolysis of
diiodomethane at a low pressure (4 Torr) to produce the simplest Criegee, CH,OO, via
reactions (R1.27) and (R1.28).
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CHal + hv (2 = 248 nm) — CH,l + | (R1.27)
CH,l + 0, — CH;00 + | (R1.28a)

Welz et al. used the PIMS technique to confirm that the peak seen at m/z = 46 arises from the
Criegee intermediate and not any other isomers of CH,OO such as formic acid (HCOOH) or
dioxirane (CH.0,). Photolysis of CH2l»/O, gas mixtures enabled the production of CH,0O in
sufficient concentration to make the first direct measurements of the kinetics of a number of
CH»00 reactions, representing the first direct measurements of any Criegee intermediate
kinetics. Reactions of CH,OO with SO, and NO- were found to be approximately 1000 times
faster than previous indirect estimates had suggested,®® indicating a more important role for

Criegee intermediates than previously assumed.

The reaction for the formation of CH,OO following the photolysis of CH.l»/O, proceeds via
the production of an excited intermediate species, CH,IO0" (R1.28b), which either
decomposes to produce the Criegee intermediate and an iodine atom (R1.29a), or is
collisionally stabilised by a bath gas, such as N, to produce the stabilised peroxy radical
CH:10; (R1.29b) and the yield of CH,OO therefore has a dependence on pressure.

CHzl + O, — CH,I00" (R1.28b)
CH2100" — CH,00 + | (R1.29a)
CH2I00" + M — CH,l0; + M (R1.29b)
Huang et al.*” reported the yield of CH,0O as a function of pressure (3 — 80 Torr) for N,, He

and O buffer at 298 K using infrared (IR) absorption spectroscopy to determine | atom yields.
The group identified a rapid production of | atoms, as a result of CHzl, photolysis, followed
by a slower production of | atoms, which was attributed to the reaction of CH.l with O;
(R1.28b-R1.29a), the slow production of | atoms can therefore be directly correlated to
CH,00 vyields. Huang et al. reported that the yield of CH,OO decreases with increasing
pressure, as a result of increased stabilisation of the peroxy radical (R1.29b) and initially
reported a yield of ~ 4 % at 760 Torr and found that the collision efficiency of O, was
approximately 13 times greater than N2. However, subsequent studies*® * disagreed with the
large collision efficiency of O, and Huang et al. later disregarded this finding as a result of
incorrect data processing. After reviewing their data, Huang et al. reported a new yield for
CH,00 of ~ 15 % at 760 Torr.

Stone et al.* investigated the yield of CH,OO between 25 and 450 Torr at 295 K using a
combination of resonance fluorescence to measure the yields of the iodine atoms produced in

reactions R1.27 and R1.28 and laser-induced fluorescence (LIF) to measure the yields of



15

formaldehyde (HCHO) produced by reactions of CH,OO and CH2lO.. Results indicated a
yield of CH,O0O of ~18 % at atmospheric pressure, in agreement with the revised work of
Huang et al.*’

Ting et al.* employed broadband UV absorption spectroscopy to obtain temporal profiles of
CH>00, CHal,, CHal and 10 following the photolysis of CH:l2/O, mixtures at 295 K and
pressures between 7.6 and 779 Torr. A detailed mechanism was used to model the observed
temporal profiles which used a value of (R1.28a + R1.28b) = 1.5 x 10" ¢cm® molecule™ s*
(taken as the average of previous literature values). Rate coefficients for R1.28a and R1.28b
were determined using: R1.28a = y(R1.28a + R1.28b) and R1.28b = (1-y)( R1.28a + R1.28b),
where y is equal to the yield of CH,00. The CH,00 vyield was equal to [CH200]o / [CH2l]o,
where [CH200], was determined from the temporal profile of CH,OO extrapolated back to
t=0, and [CH2l]o was equal to —A[CHal;]. Ting et al. report a yield for CH,OO of ~ 30 % at
atmospheric pressure, which is approximately twice the yields reported in previous studies.*”
*8 The discrepancy in results between Ting et al. and previous studies may be a result of the
difference in methods used to determine the yields. Ting et al. used a less direct method to
determine the CH,0O vyield than those used by both Stone et al. and Huang et al., where
Ting et al. relied on fits to time profiles of the different species, which requires absorption
cross-sections to be well known, and also requires rate coefficients for other reactions taking

place to be known.

.34 extended the technique used by Welz et al.* to successfully produce the larger

Taatjes et a
Criegee intermediate acetaldehyde oxide (CH3;CHOQ) using flash photolysis of 1,1-

diiodoethane (CH3CHI,) in the presence of O, at 298 K and 4 Torr (R1.30-R1.32¢).

CHsCHI; + hv (1 = 248 nm) — CHiCHI + | (R1.30)
CHsCHI + O, — CH;CHIOO" (R1.31)
CHsCHIOO" + M — CH;CHIO, + M (R1.32a)
CHsCHIOO" — syn-CHsCHOO + | (R1.32b)
CHsCHIOO" — anti-CHsCHOO + | (R1.32¢)

Using the PIMS technique, Taatjes et al. were able to identify the syn- and anti-conformers of
CH3CHOO from their individual photo-ionisation spectra, with the measurements showing
that the two conformers display significant differences in reactivity. Similar to the results of
Welz et al. for CH,00,* the direct measurements performed by Taatjes et al. demonstrated
that the reactions of syn-CH;CHOO and anti-CH;CHOO with SO, were more rapid than

previously expected, with the anti-conformer reacting more rapidly than the syn-conformer.
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The gas phase oxidation of SO by Criegee intermediates is of particular interest as it has the
potential to influence atmospheric composition and climate if the reactions involve the
production of sulfur trioxide (SOs), since SO3 can subsequently generate H.SO4 (R1.33) and
sulfate aerosol. Prior to the recent direct measurements of the kinetics of Criegee intermediate
reactions with SO, it was thought that the only gas phase oxidation mechanism for SO in the
atmosphere involved the reaction with OH (R1.34 and R1.35).

SOz + HO+M — H,SOs+ M (R1.33)
SO+ OH+ M — HOSO, + M (R1.34)
HOSO; + 0z — SOz + HO; (R1.35)

However, the rate coefficient for the reaction between OH and SO; is relatively low
(~ 10" cm® molecule™® s**°) and in areas of low sunlight or throughout the night, this route to
the production of SOs is limited owing to low concentrations of OH. The recent direct
measurements of Criegee intermediate kinetics, made possible through the discovery of
photolytic sources for use in the laboratory, have led to the suggestion that Criegee

intermediates provide additional important pathways for the atmospheric oxidation of SO-.

Field measurements have also suggested the presence of oxidants of SO other than OH, with
the measurements indicating an important role for Criegee intermediates. Mauldin et al.>
measured OH and H>SO4 concentrations at the SMEAR 11 station in a boreal forest in Finland.
The measurements showed typical diurnal behaviour for OH, but also showed profiles for an
unidentified oxidant with the capability of oxidising SO to H,SO. in the gas phase, similar to
OH. The concentration-time profiles for the unknown species showed no significant diurnal
cycle and that concentrations were typically higher than those of OH (i.e. exceeding 10°
molecule cm™®).5! The concentration of the unknown species and H,SO, appeared to remain
high during the night and periods of low light, suggesting that this species is a non-photolytic
source of HSO,. It was concluded that the H,SO4 produced through this non-OH pathway
could account for up to 50% of the total H,SO4 formed.>* Mauldin et al. suggested that the
non-OH species is likely to be linked with surface emissions and subsequent ozone
chemistry.® To determine the identity of the unknown species, laboratory experiments were
conducted using chemical ionisation mass spectrometry (CIMS) where SO, was combined
with different mixtures of ozone and an alkene, in the presence and absence of an OH
scavenger molecule. Observations showed that the production of H,SO4 was much greater
when the alkene used was a monoterpene. As the reaction between alkenes and ozone is known
to produce Criegee intermediates, and Criegee intermediates were shown to oxidise SO,
Mauldin et al. concluded that the unknown species is likely to be a Criegee intermediate

produced from the ozonolysis of alkenes, such as monoterpenes.™



17

The field measurements of OH and H,SO4, combined with the recent awareness of rapid
reactions of Criegee intermediates with SO, have indicated a potentially important role for
Criegee intermediates in the oxidation of SO,. Other recent direct studies have shown that the
reactions of Criegee intermediates with water and water dimers potentially dominate the
atmospheric chemistry of many Criegee intermediates, including CH,OO and anti-
CH3CHOO,® %3 % while decomposition reactions are also important for some Criegee
intermediates such as syn-CHsCHOO® and (CH5),CO0.*®

As a result of being able to produce Criegee intermediates directly from photolytic sources,
there have been a number of studies investigating the kinetics of the reactions that take place
between Criegee intermediates and atmospherically relevant species. These studies have
utilised a wide range of methods to monitor both the Criegee intermediate as well as the
reaction products, including laser-induced fluorescence (LIF),* > photo-ionisation mass
spectrometry (PIMS)* %8 and ultra-violet and infrared absorption spectroscopy.*® > However,
a number of uncertainties within the kinetics of these reactions remain, particularly regarding

the temperature and pressure dependence of SCI reaction kinetics.

There is still a need for temperature-dependent studies and further product analysis studies of
the reactions between Criegee intermediates and SO, NO, and water/water dimers to allow
for a greater understanding of the reaction mechanisms and their roles in the atmosphere. As
the concentration of water vapour in the atmosphere is significantly greater than that of other
trace species such as SO, and NO;, understanding the kinetics of Criegee reactions with each
of these species under atmospheric conditions is crucial in determining which reactions may

dominate.
1.4 Overview of this Thesis

This thesis provides an overview of Criegee intermediate reactions and discusses how they
influence atmospheric chemistry, therefore impacting air quality and climate change. The
Kinetics of the simplest Criegee intermediate, CH,00, with SO,, NO, and water vapour have
been investigated across a wide range of temperatures and pressures relevant to the
troposphere, and the results, along with atmospheric implications, will be summarised in
subsequent chapters. The Kinetics of both the syn- and anti-conformers of the second largest
Criegee intermediate, CH;CHOO, with SO, have also been measured as a function of
temperature and pressure, showing a distinct conformer-dependence. Each reaction was
investigated using laser flash photolysis at 4 = 248 nm combined with time resolved broadband

ultraviolet absorption spectroscopy, details of which are provided in Chapter 3.
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The Chapters presented in this thesis are as follows:

Chapter 2 provides an overview of the main theories used to explain the dependence of
reaction rates on temperature and pressure and also discusses the subject of photochemistry.

Chapter 3 summarises the main experimental techniques used within the literature to
investigate the kinetics of Criegee intermediate reactions and also describes the experimental
set-up and analysis procedure used to obtain the results presented within this thesis.

Chapter 4 gives details of previous investigations into the kinetics of the reaction between
CH>00 and SO, and discusses the kinetics of this reaction as determined in this work as a

function of temperature and pressure.

Chapter 5 gives details of previous investigations into the kinetics of the reaction between
CH00 and NO; and discusses the kinetics of this reaction as determined in this work as a

function of temperature and pressure.

Chapter 6 gives details of previous investigations into the kinetics of the reaction between
CH00 and water vapour and discusses the kinetics of this reaction as determined in this work

as a function of temperature.

Chapter 7 gives details of previous investigations into the kinetics of the reaction between
CH3CHOO conformers and SO; and discusses the kinetics of this reaction as determined in

this work as a function of temperature and pressure.

Chapter 8 summarises the results presented throughout this thesis, discusses the atmospheric

implications of the results and outlines possible areas for future work.
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Chapter 2

Theory of Gas Phase Kinetics and Photochemistry

The study of reaction kinetics refers to measuring and understanding the rate at which
reactions occur. Kinetics also provides information about the mechanisms of complex
reactions, which take place via a series of elementary processes to give the overall reaction.
This chapter provides an overview of the main theories used to explain the dependence of
reaction rates on temperature and pressure, such as those of Criegee intermediates that form
the basis of this thesis. The subject of photochemistry is also discussed within this chapter,

which studies the absorption of radiation and the subsequent processes that follow.
2.1 Rate Theory of Gas Phase Kinetics

A general chemical reaction can be described as:

aA+bB - cC+dD (R2.1)

where A, B, C and D are the chemical species and a, b, ¢ and d are the stoichiometric

coefficients for each species.

The rate of reaction, r, is defined as the change in concentration of a species as a function of

time, either the decrease of a reactant r = — %% or the increase of a product, r = + %%.
For the general reaction given above, the rate of reaction can be written as:
1d[A] - _
L P k[A]¥[B] (Equation 2.1)

where k is the rate coefficient, [A] and [B] are the concentrations of reactants A and B and «
and p represent the orders of the reaction with respect to A and B, which describe how the rate
of a reaction is dependent on the concentration of each reactant, with the overall order of a

reaction given by the sum of the individual orders.

The molecularity of an elementary reaction, a chemical reaction that occurs in a single step, is
determined by the number of species that are involved in the collision that subsequently leads
to a reaction.> A unimolecular reaction involves a single reactant which may undergo
rearrangement or dissociation, a bimolecular reaction involves two species, and a termolecular
reaction involves three species. The order of an elementary reaction is equivalent to its

stoichiometry i.e. the number of species involved in the reaction and is therefore equivalent to
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its molecularity, a unimolecular reaction is first-order, a bimolecular reaction is second-order

and a termolecular reaction is third-order.

The rate equation provides information about the rate of a reaction at a given instant during
the course of the reaction, whereas the integrated rate equation allows us to determine the
composition of a reacting mixture at a given time throughout the reaction.

For an elementary first-order reaction, A — B, the rate equation is written as Equation 2.2 and

integrated to give Equation 2.4.

Rate = k[A] = —% (Equation 2.2)
t dIA] t

ofﬁ ) of T (Equation 2.3)
[A]; = [A]o exp™™ (Equation 2.4)

For an elementary second-order reaction, A + A — B, the rate equation is written as Equation

2.5 and integrated to give Equation 2.7.

1d[A] 5 .
= = Equation 2.5
Rate S~ = KIA] (Eq )
[A]rd A t
f [ 2] = f —2kdt (Equation 2.6)
(a1, [Al 0
1 1
— = —+ 2kt Equation 2.7
Al AL, (g )

For an overall reaction that consists of an elementary first-order reaction and an elementary
second-order reaction, the rate equation can be written as a mixed-order rate equation
(Equation 2.8), which includes a first-order loss of reactant A and a second-order loss of

reactant A.

d|lA .
Rate = —% = k'[A] + 2Kk"'[A]? (Equation 2.8)

where k' is the first-order rate coefficient and &'’ is the second-order rate coefficient.
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Equation 2.8 can be integrated to give Equation 2.9:

(Al = [A]ok' _
© = K exp(k't) — 2k"[A], + 2k"[A], exp(k't) (Equation 2.9)

A large number of reactions have more complex mechanisms occurring across multiple steps,
where the rate law is no longer reflected by the stoichiometry of the reaction. In the study of
kinetics, these reactions are termed ‘complex reactions’, which simply means the mechanism
is made up from more than one elementary step. Consecutive reactions are an example of
complex reactions and play an important role in Kinetics and proceed via a mechanism that
involves the formation of intermediates. The reactions of Criegee intermediates presented
throughout this thesis are examples of complex reactions, which often proceed via the

formation of an intermediate addition product before forming the overall reaction products.

2.1.1 The Steady State Approximation

Most complex reactions are often more complicated than those described in the previous
section and therefore deriving the overall rate equations are more challenging. An
approximation for the rate equations can be made using the steady state approximation (SSA).
SSA assumes that, after an initial period of production of a reactive intermediate (C), its
concentration reaches a low and constant level and we can therefore approximate that the rate

of change of C is equal to zero:

— =0 (Equation 2.10)

For a reaction consisting of the following elementary reactions:

A+B—-C (R2.2)
C—>A+B (R2.3)
C—-D (R2.4)

The overall rate of product formation is given by:

d[D
+% = ky.4[C] (Equation 2.11)

C is the reactive intermediate, and using SSA we set the rate of change of C to zero.
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+% = kz2[A][B] = (k23[C] + k24[C]) (Equation 2.12)
+% = ky2[Al[B] = [C] (kp3 + kpa) =0 (Equation 2.13)

The rate of production of the reactive intermediate is equal to the rate of its loss:

k,2[A][B] = [C] (ko3 + ku4) (Equation 2.14)

This is then rearranged for the steady-state concentration of C:

_ ka,[Al[B]
[Clss = Kpa + Foa

(Equation 2.15)
Substituting into the equation for the overall rate of product formation gives:

d[D] _ kaako2[A][B]

ac k24lCl = kys+ kaa

(Equation 2.16)
Application of the SSA is beneficial as it allows data analysis to be simplified and enables
concentrations of reactive intermediates to be determined and expressions for rate laws to be

obtained.
2.2 Theory of Temperature and Pressure Dependence

The rate coefficients of many reactions, particularly those that take place in the atmosphere,
often show a dependence on the temperature and/or pressure of the system, examples of these
reactions are shown in Chapters 4-7 and are the focus of this thesis. While experiments
presented throughout this work span a wide range of temperatures and pressures, it is not
always possible to reach the conditions of interest experimentally and so theoretical
approaches are required to determine rate coefficients. The following section provides an
overview of the methods used to quantitatively rationalise temperature and pressure dependent

reactions.
2.2.1 Temperature Dependence

In 1889, Arrhenius suggested that the rate coefficient increases as the temperature is increased
for the majority of reactions, and that the positive temperature dependence can be described

using the Arrhenius equation:

Eq A
k=A exp(‘ﬁ) (Equation 2.17)
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where A is the pre-exponential factor, which represents the frequency of successful collisions
that lead to a reaction and Ex is the activation energy, which represents the minimum amount
of energy required to overcome the reaction barrier, R is the gas constant and T is the

temperature.

The exponential term increases with temperature and therefore the rate of reaction will
increase as the temperature increases, for a reaction that exhibits typical Arrhenius behaviour.

Simple Collision Theory and Transition State Theory have been developed to rationalise the

effects of temperature on reaction rates, and are described below.
2.2.1.1 Simple Collision Theory

Simple collision theory (SCT) is built upon the idea that elementary bimolecular reactions can
be considered as collisional processes and assumes that the reacting species behave as hard
spheres, which undergo elastic collisions, and that a reaction can only take place upon/during
a collision. When reactant species collide, only a portion of the collisions result in a reaction,
named successful collisions. These successful collisions must have enough energy to
overcome the energy barrier to the reaction (the activation energy). The overall rate of reaction
can be increased by either increasing the concentration of the reactant species, or increasing
the temperature of the system. Increasing the concentration increases the number of collisions
while increasing the temperature increases the kinetic energy of the reactant species and

therefore are more likely to have enough energy to overcome the barrier to reaction (E.).

SCT states that the rate of reaction, r, is equal to the collision frequency between the
reactants, Z,g, multiplied by the fraction of molecules that have sufficient energy to react

upon collision, F.

r = ZpgF (Equation 2.18)

where the collision frequency is given by:

Zyp = Veor[Al[B] (Equation 2.19)

where V¢ is the collision volume, which is the volume swept out by a moving molecule in

unit time, and [A] and [B] are the molecular concentrations of A and B respectively.

The collision volume is determined by the product of the collision cross-section, g4z, and the

mean relative speed of A and B, Crel.
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1

Voot = OagCia= 0ag (SZL)* (Equation 2.20)

THAB

where kg is the Boltzmann constant, T, is the temperature and pag is the reduced mass of
species A and B.

The collision cross-section is calculated using:

oup = (1 +1p)? (Equation 2.21)

where ra and rg are the radii of species A and B.

The reduced mass is calculated using:
mymp

Hap = m,+ mp (Equation 2.22)

where ma and mg are the masses of species A and B.

Substituting Equation 2.20 into Equation 2.19 gives:

1
8kp T)Z [A][B] (Equation 2.23)
TTUAB

Zpp = 0AB<

The fraction of collisions with sufficient energy to overcome an energy barrier, F, is given by
the fraction of species with a kinetic energy above a certain critical value, &, within a

Boltzmann distribution of kinetic energies, f(E).

1 (~-) _
f(E) = 7 &P kpT (Equation 2.24)
B

Integrating the distribution of kinetic energies between the critical energy of the reaction, e,

and infinity, oo, gives the fraction of species with sufficient energy to overcome the reaction

barrier, F.
E
F=f(E=E,= f—exp T> dE (Equation 2.25)
1 7 () _
=— fexp ksT/ dE (Equation 2.26)
kT

= exp(‘m) (Equation 2.27)
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The rate of a reaction can therefore be estimated from SCT using:

1
8kyT\2 La )

) [A][B] exp(_kBT (Equation 2.28)
TUAB

r = O-AB<

Considering an elementary reaction, SCT predicts the rate coefficient, k, is given by Equation
2.29, which compares well with the experimentally determined Arrhenius equation (Equation
2.17).

N[~

&)

exp(_kBT (Equation 2.29)

8kzT

k= OAB ( )
TTlap

Equation 2.29 can be used to calculate the hard-sphere collision limit of a reaction, that is, the

maximum rate at which a reaction can occur, by assuming 100 % of the collisions have

sufficient energy to overcome the barrier to reaction. Equation 2.29 is thus simplified to:

1
2

(Equation 2.30)

8kzT
k = O-AB< )

TTlap
The use of Equation 2.30 to obtain the collision-limited rate coefficient at different

temperatures is shown in Chapter 7.

When comparing calculated rate coefficients from SCT to experimentally determined rate
coefficients, SCT often overestimates the pre-exponential factor and therefore, the rate
coefficient. An explanation for this is that SCT assumes that all collisions between reacting
species will lead to a reaction and is therefore independent of the orientation of the reacting
molecules. The inclusion of a steric factor, P, is used to rectify the discrepancy between
calculated and observed rate coefficients, which is defined as the ratio between the

experimentally determined value for A and the calculated collision frequency.

p = Aexperimental
ZAB,calculated

(Equation 2.31)

The assumptions made by SCT, which ignore the significance of the structure of the reactant
molecule as well as the potential role of molecular forces (such as attraction and repulsion),
can result in a poor agreement between calculated and experimentally determined rate
coefficients. The orientation at which collisions occur will influence whether the collision
leads to a reaction as there are certain steric requirements that need to be met for a reaction to
take place i.e. the reactive sites of the molecule need to be involved in the collision. SCT also

assumes that collisions are instantaneous when in reality, following a successful collision,
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there is a change in the distribution of energy between molecules and a transient complex is
formed. A theory that considers the structure of the reacting molecules as well as
intermolecular forces is required to accurately characterise the temperature dependence
exhibited by reactions.

2.2.1.2 Transition State Theory

Transition State Theory (TST) builds on SCT and considers the reaction taking place as a
trajectory across a potential energy surface (PES) (Figure 2.1). As two reactant molecules
approach one another, their potential energy increases and reaches a maximum. This
maximum energy corresponds to an activated complex, which can be described as a cluster of
atoms that may proceed to produce the reaction products, or fall apart back to the reactants.
The peak in potential energy produces a cluster of atoms with a structure where any further
distortion will lead to product formation — this is termed the transition state. TST assumes the
activated complex is in quasi-equilibrium with the reactants and once the transition state has
been reached, it is impossible to re-form reactants and so will proceed towards the formation

of products.

Transition state, X ¥ (=ABC¥)

Energy

AB +C

A J

Reaction Co-ordinate

Figure 2.1. General schematic of a potential energy surface (PES) for a reaction described by

transition state theory.

For an overall reaction:

A+BC—>AB+C (R2.5)
We can apply TST and incorporate the presence of a transition state, ABC*:

A+ BC — ABC! (R2.6)
ABC!— A +BC (R2.7)

ABC! — AB + C (R2.8)
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The rate equations for the loss of reactants (r.s) and the formation of products (r..s) can be
written as:

d[A] d[BC] .

e = — i@ - ar - k, 6[A][BC] (Equation 2.32)
d[AB d[C .

T8 = + [dt I_ + Cgt] = ki ,[ABC#] (Equation 2.33)

where k? ., is the rate coefficient for the formation of the transition state.

The equilibrium constant for the quasi-equilibrium between reactants and the intermediate can
be defined as:

[ABC?]

K* = TAlBa)

(Equation 2.34)

where K* is the equilibrium constant.

Rearranging to give the concentration of the transition state, ABC*:

[ABC*] = K*[A][BC] (Equation 2.35)

Substituting into the equation for overall product formation:

rate = k*[ABC*] = k*K*[A][BC] = k[A][BC] (Equation 2.36)

To obtain the overall rate coefficient, the equilibrium constant for the formation of the
transition state, K*, and the rate coefficient for the formation of products from the transition

state, k¥, need to be defined. Using statistical thermodynamics, K* can be calculated as:

s _ dasct . (57) i
K* = exp ks (Equation 2.37)
daqs

where g represents the molecular partition functions of each species, made up of translational,
rotational, vibrational and electronic partition functions of each species
(Qtot = Cltrans X Qrot X Quib X Jetec). A second assumption of TST is that it is a single vibration, the
dissociation mode, that is independent from all other vibrations and rotations in the transition
state, responsible for product formation. We can therefore separate this single partition

function:

qleC,tot = quc X Qaiss (Equation 2.38)
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where q4;ss represents the partition function for dissociation and is equal to:

kgT .
Qaiss = % (Equation 2.39)
+ ¢ ksT .
9apc,tot = dapc X v (Equation 2.40)
qaqB hv qaqg q '

The rate coefficient, k¥, is equal to the imaginary frequency of the vibrational mode

responsible for converting the activated complex to products, v:

k¥ =v (Equation 2.42)
Substitution gives the overall rate coefficient, k:
kgT it
k = =8~ apct exp( BT) (Equation 2.43)
h qaqs

The calculation of partition functions can be difficult as the structure and vibrational

frequencies of the transition state are often not well known.
For a system at equilibrium, the change in Gibbs free energy is:

AG* = —RTInK# (Equation 2.44)

Equation 2.44 can be rearranged to give an expression for K*:

40 :
Kt = exp< RT (Equation 2.45)

where AG* can be defined as

AG* = AH* — TAS* (Equation 2.46)

where AH# is the change in the enthalpy of transition state formation, relating to the amount
of heat absorbed or released and AS¥ is the change in the entropy upon formation of the

transition state, describing the disorder of the system.

Substitution then gives:
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), () -
K* = exp< RT ) exp\ R (Equation 2.47)

The rate coefficient can therefore be described by:

k= kBTT exp(_}é?*)exp(%ﬁ) (Equation 2.48)

The enthalpy, AH*, and entropy, AS*, of the formation of the transition state complex can be
related to the activation energy, Ea, and the pre-exponential factor, A, in the Arrhenius
equation. The more negative the entropy, the more ordered the system and the smaller the

value for the steric factor, P.

When comparing to experimental observations, TST often gives rate coefficients that are too
low for reactions involving light atoms, particularly at low temperatures, as it ignores the
possibility of tunnelling. Quantum mechanics states that there is a hon-zero possibility of a
particle appearing on the other side of the reaction barrier, even if its energy is less than that
of the barrier height, which is referred to as tunnelling.® At ambient temperatures, the
‘classical’ rate of a reaction is likely to be much greater than the tunnelling rate, and tunnelling
is therefore often insignificant. As the temperature of the system is lowered, the amount of
energised particles is reduced and the classical rate becomes comparable to the tunnelling rate,

resulting in the rate of reaction proceeding much faster than that expected classically.

TST also assumes the rate of reaction corresponds to the rate of passage through the
‘bottleneck’ region, which is the lowest energy point on the PES. While this assumption may
be valid at lower temperatures, TST often fails to accurately predict the rate coefficient at
higher temperatures. This is because at higher temperatures, higher vibrational energy levels
can be reached within the transition state as the average energy of molecules is much higher.
This means that the harmonic oscillator approximation, used to calculate the vibrational

partition function, guin, is poor and more complex expressions are needed.

TST also works under the approximation that the reactants are in thermal equilibrium i.e. the
energy distribution is given by the Boltzmann distribution and therefore the concentration of
the activated complex can be calculated using the equilibrium constant (Equation 2.45). This
theory assumes that the activated complex has a long enough lifetime to reach equilibrium,
which is not always the case. More detailed versions of TST, such as variational transition
state theory (VTST) and canonical transition state theory (CTST) have been developed to
account for the limitations of TST and improve the comparison with experimentally observed

rate coefficients.
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2.2.1.3 Barrierless Reactions

SCT and TST both assume the presence of an energy barrier to reaction. For a chemical
reaction involving a barrier, the species within the system need sufficient translational energy
(equal to or in excess of the activation energy) for the reaction to proceed. As the temperature
is increased, the number of species with sufficient energy to react will increase thus increasing

the rate of reaction.

However, some reactions may exhibit a negative temperature dependence, where the rate of
reaction will decrease as the temperature is increased, examples of which are shown
throughout this thesis. When fit with an Arrhenius expression, the activation energy of these
reactions will be negative due to the lack of energy barrier (i.e. no bonds need to be broken
for the reaction to occur). These reactions are named barrierless reactions and a general

potential energy surface (PES) schematic is shown in Figure 2.2.

Reactants

Products

Potential Energy

Reaction Coordinate

Figure 2.2. General schematic representing a potential energy surface for a barrierless

reaction.

Barrierless reactions are often addition reactions, where the total potential energy is reduced
as the two reactants come together as there are no bonds to be broken. At lower temperatures,
the addition product has less vibrational energy and a longer lifetime, which provides more
opportunity to go on to produce the reaction products rather than re-dissociate back to
reactants. At higher temperatures, there are more vibrationally active modes within the
addition product, reducing its lifetime and making it more likely to dissociate back to the

reactants.

TST assumes that a transition state in a reaction is only crossed once, which may be a sufficient

prediction for reactions where the energy of the system is significantly lower than that of the
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activation energy. However, for barrierless reactions, or where the activation energy is small,
it is possible for the species to cross the transition state and turn around, or cross multiple
times, but only react once. Variational TST (VTST) is used to identify the position of the
transition state on the PES that leads to a successful reaction— for a barrierless reaction, the
transition state is determined from entropy rather than enthalpy as the enthalpy term is related
to activation energy (see Section 2.2.1.2) which becomes negligible for a barrierless reaction.

Reactions with large activation barriers may also demonstrate a negative temperature
dependence as a result of quantum mechanical tunnelling (QMT) —a species such as hydrogen
can penetrate through a reaction barrier that is higher in energy than the species own kinetic

energy.
2.2.1.3.1 Capture-Limited Rate Coefficients

Barrierless reactions are of particular importance within atmospheric chemistry because of the
type of reactions that occur without a barrier, i.e. radical-radical reactions, and their large rate
coefficients. When a reaction is governed by long-range attractive forces between two reactant
species, there is no reaction barrier, and the rate coefficient is described by the rate of capture
between reactants. A transient association complex is formed in an attractive potential energy
well, which can be either short-lived and subsequently form reaction products, or long-lived.
Capture theory assumes that, once the association complex is formed, the system can no longer
revert back to reactant species.® Capture theory was first proposed in the 1970s and 1980s* *
6 7 as a way to describe processes that did not follow simple Arrhenius behaviour, by taking

into account long-range interactions between reactant molecules.

Quantum capture theories take into account the contributions of individual rotational states to
determine the likelihood of a reaction occurring. Georgievskii and Klippenstein® modelled
long-range interactions using variational TST (VTST). This approach implemented the
conservation of total angular momentum and total energy, which had previously been
disregarded by canonical TST (C-VTST) and microcanonical TST (u-VTST), to yield pJ-
VTST. Inthis approach, only the reaction co-ordinate that is defined by the separation between
the centres of mass of the two reactants is considered and quantum effects are incorporated by
treating the rotations of each reactant quantum mechanically. The result of pJ-VTST is a
description of the capture rate coefficient with a power-law dependence on the distance

between the two reactants:
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Keapt = C ;(d1d2)3(kBT ) 6 (Equation 2.49)

where C is a constant that is specific for each type of interaction® (C = 4.08 for the case of
isotropic capture®), u is the reduced mass, di and d, represent the dipole moments of reactant
1 and 2, kg is the Boltzmann constant and T is the temperature.

Equation 2.49 is used in Chapter 7, alongside values obtained for the collision-limited rate
coefficient (Equation 2.30) to discuss the kinetics of the reaction between anti-CH;CHOO and
SO:. It should be noted that capture-limited rate coefficients work under the assumption that
once the reactants are ‘captured’ and the association complex is formed, there is no possibility
for the complex to dissociate back to the reactants. The theory also ignores any influence of
short-range interactions that can influence the possibility of the reaction proceeding and as a

result, are often treated as upper limits rather than absolute values.®
2.2.2 Pressure Dependence

As two atoms come together to form a new bond (association), an amount of energy is released
that is equal to the dissociation energy of that new bond. The reaction exothermicity is
contained within the newly formed bond and it is possible that the nascent molecule will
dissociate back to the reactants. However, the nascent molecule may also become stabilised
through collision with a bath gas molecule, M, where some of the reaction exothermicity is
transferred to translational excitation of the bath gas species, this process is known as

stabilisation and will depend on the concentration of M and thus pressure.
2.2.2.1 The Lindemann Mechanism

At high pressures, there are a number of reactions that follow first-order kinetics, such that
their rate of reaction is dependent only on a single reactant. The rate coefficient increased with
increasing temperature, suggesting the presence of an activation barrier, but the first-order

kinetics seemed to prevent collisional activation.

The Lindemann mechanism, first proposed in the 1920’s, provides the first model to describe
the pressure dependence of reactions and predicted that the rate coefficient should decrease

with decreasing pressure, and the reaction will eventually become second-order overall.

The overall unimolecular dissociation reaction (R2.9) can be split into elementary reactions
(R2.10-R2.12).
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AP (R2.9)

A+M > A*+M (R2.10)
A*+M > A+M (R2.11)
A* P (R2.12)

The first step involves a collision between A and M (usually a bath gas) where energy is
transferred from M to the reactants to produced energised A* (excitation). This energised A*
can either undergo deactivation (the reverse of the first step) to reform the reactant A, or it

may undergo a reaction to produce the products.
The rate of formation of reaction products is described as:

d[P .
Rate = +% =k, 12[A"] (Equation 2.50)

The steady state approximation states that after a period of time, the production and removal
of A* will become equal, and therefore A* reaches a steady state concentration (see Section
2.1.1 for further details):

Rate of production of A*:
d[A”]

Rate = + Tl ks 10[A][M] (Equation 2.51)
Rate of loss of A*:
d[A*] .
Rate = - k11 [A"][M] + kj12[A%] (Equation 2.52)

The rate of formation of A* is equal to the rate of loss of A*:

ky10[AlM] = ky 11 [A*][M] + Ky 15[A7] (Equation 2.53)

Equation 2.53 can be rearranged for A*;

o ka1o[A]IM]
A= kz11[M] + kz12

(Equation 2.54)

Substituting back into the equation for the formation of reaction products gives:

d[P] ky12k2.10[A][M]
Rate = +—— = ky 1,[A"] = 2122
e dt 212[A’] kz11[M] + k312

(Equation 2.55)
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When reactions are occurring at lower pressures, the rate of collisional deactivation is slow
compared to the unimolecular reaction and k2.11[M] << k.12, and the rate of product formation
is simplified from Equation 2.55 to Equation 2.57:

kz.12k2.10[A][M] (Equation 2.56)
Rate =
k212
Rate = k, 19[A][M] (Equation 2.57)

At low pressure, the observed rate coefficient, Kos, can be described as:

kobs = ko = kz10[A][M] (Equation 2.58)

where ko describes the low pressure limiting rate coefficient.

Kinetics are now described as being second-order as the rate is dependent on the
concentrations of both [A] and [M]. For the low-pressure regime, the rate coefficient increases

as the pressure is increased since Kos is directly proportional to [M].

When reactions take place at higher pressures, i.e. high [M], collisional deactivation is fast,
and the unimolecular reaction is relatively slow and therefore the rate determining step. Since
k212 << K2.11[M], the rate or product formation is simplified from Equation 2.55 to Equation
2.60:

k2.12k2.10[A] [M] ]
Rate = (Equation 2.59)
kZ.ll[M]
ko 12k .
Rate = —=2220[A] (Equation 2.60)
k2.11

The observed rate coefficient, koss, can be described as:

_ kaazka10

Kops = Koo = (Equation 2.61)

k2.11

where k. is the high pressure limiting rate coefficient.

The rate coefficient therefore becomes independent of total pressure, [M], and the kinetics are
first-order as the rate is only dependent on the concentration of [A]. The region in which the
observed rate coefficient, kons, transitions from the low-pressure regime to the high-pressure

regime is called the fall-off region, and it shown schematically in Figure 2.3.
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Figure 2.3. Schematic diagram of the rate coefficient, kous, as a function of pressure, [M],
where Kops is second-order at low pressures and first-order at high pressures. Adapted from
reference 10.%°

The unimolecular rate coefficient, kons, at any pressure can be defined in terms of both ko and
Keo:

k o Mlke (Equation 2.62)
= —— uation 2.
obs = T IM] + ko a

A similar mechanism to the one outlined above can be used to explain pressure dependence
in termolecular reactions, where two reactants, A+B, are excited by a bath gas molecule to
produce AB*, which can then dissociate back to reactants as before or produce a single

reaction product AB. For a generic termolecular reaction:

A+B+M—> AB+M (R2.13)

The elementary reactions are given as:

A+B — AB* (R2.14)
AB* > A+B (R2.15)
AB*+M — AB+M (R2.16)

Application of the steady state approximation gives:

d[AB] _ kareko14[AI[BIM]

+ 2 = ky 16 [AB*][M] =
dt 216[AB"1[M] ky1s + kz.16[M]

(Equation 2.63)
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The experimentally observed termolecular rate coefficient kiermor iS given by:

d[AB]
+ T Ktermot [A][B] (Equation 2.64)
where:
k _ ky16k214[M] ]

termol = Ky 16IM] + Kp1s (Equation 2.65)

In the same way as for unimolecular reactions, at low pressures, since k2.16[M] << kz.15the

rate of formation of AB can be simplified to:

AEP) _ oxclens gy = kola)BIM) (Equation 2.66)
dt ks 15

Resulting in a third-order rate equation where:

ke = kya6kz14 .
0= —kz.1s (Equation 2.67)

At high pressures where kz1s[M] >> k215 the rate of product formation is given by:

d[AB]
dt

= k,15[A][B] = ko [A][B] (Equation 2.68)

Resulting in a second-order rate equation where:

ke =ky1a (Equation 2.69)

When comparing the Lindemann mechanism to experimentally observed results for both

unimolecular and termolecular reactions, it provides a qualitative analysis of the kinetics, such

that it can explain the occurrence of the fall-off region. However, it predicts that kops decreases

with pressure and that its reciprocal is a linear function of the reciprocal of pressure, but this

is often observed to be a curved plot rather than linear.

There are two major failures of the Lindemann mechanism which explain why its predictions

do not align with experimental observations. These failures have been addressed by extensions

of the theory and are summarised in Sections 2.2.2.3 and 2.2.2.4.
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2.2.2.2 Chemical Activation

It will be seen in later chapters of this thesis that there may be competition between

association/dissociation reactions and chemical activation, where chemical activation is the

process by which reaction products are formed from the excited complex rather than becoming

stabilised through collisions with M or dissociating back to the reactants.

A

A+B == AB* \

Potential Energy

Reaction Coordinate

Figure 2.4. Schematic potential energy surface for a general reaction, A + B, to produce an

excited complex, AB*, and the possible reaction pathways following excitation.
For the general reaction:
A+B—P (R2.17)

The elementary reactions can be written as:

A+B — AB* (R2.18)
AB* > A+B (R2.19)
AB*+M — AB+M (R2.20)
AB* > P (R2.21)

The rate of formation for the two different product channels, association (kz.20) and chemical

activation (kz221) can be defined as:

d[AB .
+ % = ky0[AB*][M] (Equation 2.70)

d[pP .
LP] = ky,,1[AB*] (Equation 2.71)

dt
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Applying the steady state approximation for an expression for [AB"] gives:
k15[A][B] = [AB*](kz.10 + k2.20[M] + k221) (Equation 2.72)

k; 15[A][B] .
AB*] = (Equation 2.73)
[AB"] ko190 + ka20[M]+ ks

Substituting back in for the expressions for association and chemical activation gives:

d[AB] kz.18k2.20[Al[B][M] (Equation 2.74)

=k AB*|[M] =
dt 220[AB][M] ka1 + ka20[M]+ k221
d[P] k2.18k2.21[A][B] i
+——= k,,[AB*] = (Equation 2.75)
dt 221[AB] kz19 + kz20[M] + k321

The observed rate coefficient, kos, Will be a combination of association and chemical
activation:

k2.18k2.20[M] k2.18k2.21

k., = + Equation 2.76
obs k2.19 + kZ.ZO[M] + k2.21 k2.19 + k2.20 [M] + k2.21 ( q )

ky18k2 20[M] + ky 18k; 21 .
kops = — : ' ' Equation 2.77
obs kz19 + kz20[M] + k321 (Eq )

At any pressure, the observed rate coefficient can be described in terms of ko, k.. and kint, where

kin: represents the rate coefficient at zero pressure:

(koo - kint) + kO [M]

kobs = kine + ko[M] + k (Equation 2.78)
where:

ko = ky1s (Equation 2.79)
k3 18k2 20[M] .

kg = —M Equation 2.80

07 kaqo+ koo (Eq )
k2 18k221 .

Kipt = ———— (Equation 2.81)

M kgao + Koo

This mechanism has been used to explain the pressure dependence of the reaction between

syn-CH3sCHOO and SO, and determine the yield of the association product (CHsCHOO-S0O5)
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and the activation products (CH3CHO + SOs) as a function of pressure. More details are given
in Chapter 7.

2.2.2.3 The Hinshelwood Theory

The first failure of the Lindemann mechanism is that the description of the rates of activation
and deactivation are too simplistic and assumes they can be calculated directly from collision
theory and therefore neglects the internal degrees of freedom of the reactant species.
Hinshelwood theorised that excess energy can be stored within a number of combinations of
states within the excited molecule, A*, and that the number of states increases with energy.

The rate of excitation of A to A* will therefore increase as the number of states increases.
2.2.2.4 The Rice-Ramsperger-Kassel-Marcus Theory

The second failure of the Lindemann mechanism is that this mechanism assumes that the
unimolecular step is not energy dependent since it takes no account for the fact that a
unimolecular reaction specifically involves one particular form of molecular motion. A
minimum amount of energy must be in this form of motion i.e. rotation, for a reaction to occur.
Rice and Ramsperger,*! Kassel'?> and Marcus®® developed RRKM theory by considering the
conversion of the excited molecule, A*, to a molecule that has sufficient energy localised

within a particular motion, A*:

A+M—> A*+M (R2.22)
A*+M—>A+M (R2.23)
A* > At (R2.24)
AFp (R2.25)

The reaction is now thought to proceed via A*, which contains the same amount of energy as
A* but with an amount of energy stored within a specific reactive mode, whereas the energy
in A* is considered to be randomised. As the size of the reacting molecule is increased, the
number of modes will increase, which will decrease the probability of the energy being

localised within a specific mode, decreasing the rate coefficient for overall product formation.
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2.2.2.5 The Troe Fall-off Form

Troe' theorised a general description for fall-off curves by introducing a broadening factor,
F, to reflect the pressure dependence of experimentally determined rate coefficients, Kobs:

ko[M]koo .
kops = ko[ol\/l]—+kooF (Equation 2.82)

where
log F;
logF = >
1+ + (Equation 2.83)

where N is given by:

N =0.75 - 1.27 xlogF, (Equation 2.84)

F. depends on the reaction being investigated but the NASA/JPL™ and IUPAC®® panels
identified that using a value of 0.6 provides an accurate description for most atmospheric
reactions. The following equations provide a description of the broadening factor, which may

be suitable for reactions with broad fall-off curves.'*

(1 + —k‘;c[M]>
F = = . (Equation 2.85)
(55 ]
where
q
— ln(22) [0.8 +0.2 (@) ] (Equation 2.86)
In (Fc) «
where
(Fe—-1)
q= (Equation 2.87)
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2.2.3 Master Equation Calculations

Kinetic modelling is of particular interest as many reactions relevant to both industry and the
atmosphere take place under conditions that cannot be easily replicated within laboratories,
such as reactions relevant to combustion chemistry or atmospheric chemistry that occurs at

extreme temperatures.

The master equation (ME) is a theoretical tool that allows for the extrapolation of kinetics
obtained within the laboratory to predict kinetics under these extreme conditions. The master
equation is described by Equation 2.88:

% = Mi (Equation 2.88)
where n; is the population of species i and M is the transition matrix, which describes the
change in population as a function of time as a result of collisional energy transfer and

reactions.

A number of chemical reactions occur with non-Boltzmann energy distributions, where the
kinetics cannot be accurately described using equilibrium thermodynamics. In this regime,
thermal relaxation time scales are competitive with kinetic time scales. One theoretical
approach uses an energy grained master equation (EGME) to treat the competition between
the relaxation and kinetic time scales. The EGME partitions rovibrational energy states for all
species in the reaction (reactants, transition states, intermediates and products) into grains of
a defined number of states.™” Grains that correspond to the reactants are assigned populations
based on a Boltzmann distribution, with other species given a population of zero. The
population distribution can change through two processes. The first process is through
transformation of one species to another, which is controlled by the microcanonical rate
coefficients in the system and are described by RRKM theory. The second process is through
collisional energy transfer via interactions with a bath gas, a process which is described by an
exponential down model. The energy transfer from one grain to another upon collision is
determined by the parameter (AE)4own. The temperature and pressure dependent kinetics of
the system can be described by the energy barriers, well depths and (AE)gown. Figure 2.5

shows a schematic of the EGME for a typical association reaction.
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Products
(sink)

c2

Figure 2.5. Schematic of the Energy Grained Master Equation Model for an association

reaction with two wells; C1 and C2. Copied from reference 18.

The Master Equation Solver for Multi-Energy well Reactions (MESMER), developed at the
University of Leeds, uses a one-dimensional form of the EGME where the total rovibrational
energy of the system, E, is the independent variable.'®* MESMER uses (AE)4own and defined
potential energy surfaces to calculate rate coefficients but also allows potential energy surfaces

to be optimised by fitting barrier heights and (AE ) 4,wn t0 Observed experimental data.
2.3 Theory of Photochemistry

Photochemistry is a process initiated by the absorption of radiation and follows the chemistry
of excited species or dissociation products. As described throughout Chapter 1, absorption of
the sun’s radiation by a multitude of species forms the basis of nearly all atmospheric
processes,’ therefore controlling atmospheric composition and thus air quality. This section
will describe the process by which excited atoms and molecules are produced (absorption) as
well as summarise some of the processes that take place following excitation, as outlined in

Figure 2.6.
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Figure 2.6. Jablonski diagram summarising the processes that may occur following excitation
of a species. So is the ground singlet electronic state, S; and S; are excited singlet electronic
states and Ti, Toand T3 are the triplet states. Solid lines represent radiative processes and

dotted lines represent non-radiative processes. Copied from reference 19.%

2.3.1. The Beer-Lambert Law

The Beer-Lambert law (Equation 2.89) is used to define the absorbance of light at a particular
wavelength, 4, and is defined as the natural logarithm of the ratio between the incident (lo) and
transmitted (l;) radiation.

I
A; =1In (1—0> (Equation 2.89)
t

where A, is the absorbance at a particular wavelength, I, is the light intensity prior to its
interaction with the species at wavelength A and I; is the light intensity once it has passed

through the sample, at wavelength 2.

The total absorbance is also related to the concentration of the species [C], the absorption
cross-section of the species at a particular wavelength, o, and the total distance travelled by

the light, I, as shown in Equation 2.90.

~

=n

Ay = ) 0:,[Clil (Equation 2.90)

Determining the concentrations of atmospherically important species can therefore be
achieved using absorption spectroscopy, providing the absorption cross-section is known,

which is particularly important within the field of atmospheric chemistry. Further details about
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how absorption spectroscopy can be utilised for measurements of the atmospheric
concentrations of reactive species and provide information about their reactions are provided

in subsequent chapters of this report.
2.3.2 The Excitation of a Molecule

When species absorb electromagnetic radiation, there is a transition of the molecule from one
guantum state to another. The energy of a photon can be calculated by:

E=hv= % = hcV (Equation 2.91)

where v is the frequency of the radiation, h is Planck’s constant, ¢ is the speed of light, 1 is the
wavelength of light and ¥ is wavenumber. Since molecules have quantised energy levels, there
can only be discrete values of absorption/emission. To absorb a photon of light, the molecule

needs to have an allowed transition that is equal to the energy of the photon.

After a molecule has absorbed a photon of light, one of three types of excitation will occur,
which corresponds to transitions involving changes in either electronic, vibrational or
rotational energy levels, with AEeec >> AEvib >> AEq. Vibronic transitions involve the
simultaneous change in electronic and vibrational energy levels within a molecule, and
correspond to the UV/Visible region of the electromagnetic spectrum. Ro-vibrational
transitions involve changes in both the rotational and vibrational states in a molecule and
correspond to the IR region of the electromagnetic spectrum. Since AEyiy, >> AEq, changes in

the rotational state gives fine structure to the vibrational spectrum.

For electronic transitions, a new electronic state with higher energy is populated, with the fate
of this state depending on whether it is bound — the molecule is confined to a potential well
with quantised energies, or whether it is unbound — where there is a continuum of energies
with no quantisation. Electronic transitions to a bound state are ro-vibronic transitions, such
that there are changes to the electronic, vibrational and rotational states within the molecule.
Following an electronic transition to a bound state (Figure 2.7), the excited molecule will relax
back to the ground state via energy transfer processes outlined below. Transitions to a bound
electronic state occur at lower energies (longer wavelengths), with the discrete energy levels
resulting in vibronic structure. The Frank-Condon principle states that, for an electronic
transition, the probability of a transition between vibrational energy levels in the ground and
the upper state increases with the overlap between the two vibrational wavefunctions and
therefore the intensity of the vibronic lines in the spectra are governed by this overlap.” The
vibrational energy levels within a molecule become closer together at higher potential energies

until they become a continuum, the energy at which the continuum occurs is the dissociation
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limit (red lines on Figure 2.7). Transitions that occur at higher energies (shorter wavelengths)
may be above the dissociation limit, resulting in broad and featureless spectra. An example of
this is shown in Figure 2.8 for the UV cross-sections of CH,OO determined in the literature.?
Clear structure is observed at wavelengths greater than 360 nm whereas below 350 nm, the

spectrum is featureless.
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Figure 2.7. Schematic diagram showing transitions from the ground vibrational level in the

electronic ground state to excited vibrational levels in a bound electronic excited state.
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Figure 2.8. Absolute UV absorption cross-sections for CH,OO reported by Mir et al.
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When excitation occurs to an unbound state (Figure 2.9), at all wavelengths the excited
molecule will travel along the trajectory of the potential energy surface to form reaction
products, the structure of the molecule changes throughout this process often resulting in
dissociation of the molecule to two or more atoms/molecules. Excitation to an upper unbound

state result in broad and featureless absorbance spectra.
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Figure 2.9. Schematic showing the transition from the ground electronic state to an unbound

electronic excited state.
2.3.3 Fates of Excited Molecules

There are a number of processes that can occur following the excitation of a molecule from a
ground electronic state (So in Figure 2.6) to an excited electronic singlet state (S; or S; in
Figure 2.6). The emission of a photon may occur via fluorescence, where the molecule relaxes
down to its ground state either directly or via internal conversion to a lower lying singlet state
i.e. S; — Spor by phosphorescence, where relaxation occurs via intersystem crossing to an
excited triplet state followed by relaxation to the ground state i.e. T1 — So. If emission is the

only process occurring, then it is first-order and can be described as:

dEZP;:] = _K[A"] (Equation 2.92)

where A* represents the excited molecule and k' is the first-order rate coefficient.

Emission via fluorescence and phosphorescence are both spontaneous processes and are

represented as:
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A* > A+ hy (R2.26)

There is however, a second process known as stimulated emission. This is where the emission

of a photon is triggered by another photon:
A*+ hv — A+ 2hy (R2.27)

This process is particularly important for experimental studies since laser action depends on
stimulated emission (further details given in Chapter 3).

Relaxation may also occur via quenching, also known as collisional energy transfer, where a
molecule in an excited electronic state collides with a bath gas molecule, such as Oz or N,
and transfers its excess energy into the vibrational modes of the bath gas. Collisional energy

transfer occurs throughout atmospheric chemistry with many examples given in Chapter 1.
2.3.3.1 Photodissociation

Photodissociation is of particular interest within atmospheric chemistry as it is the driving
force behind many important processes occurring in both the troposphere and stratosphere,
such as the photodissociation of molecular oxygen and ozone in the Chapman cycle, or the
photodissociation of NO to NO (outlined in Chapter 1).

Photodissociation occurs when the total energy of the absorbed photon(s) is greater than the
bond energy within a molecule, causing it to fall apart. Photodissociation may occur directly,
where the molecule is excited into a repulsive state. Alternatively, the molecule may be excited
to a bound upper state and undergo internal conversion to a lower state. If the energy of the
lower electronic state is greater than the bond dissociation energy of the molecule then it may

dissociate.

The rate coefficient for photodissociation, J, at wavelength, A, can be calculated from Equation
2.93:

Ja= f Fy 03 ¢ dA (Equation 2.93)

where F, is the actinic flux (the amount of available light) at wavelength A, o, is the absorption

cross-section at wavelength 4, and ¢, is the quantum yield for dissociation at wavelength 4.
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2.4 Concluding Remarks

This chapter has provided a brief overview of the theoretical explanations to gas phase
Kinetics, i.e. the rationale behind temperature and pressure dependent reactions and the theory
of photochemistry, providing explanations of the processes that occur both during and
following the absorption of radiation. Experimental observations are crucial for testing the
validity of theoretical explanations, and this chapter has demonstrated that there are often
discrepancies between theory and experiment. The following chapter outlines some of the
experimental approaches used in the study of gas phase kinetics as well as the experimental

and data analysis method used throughout the work presented in this thesis.
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Chapter 3

Experimental Techniques for the Investigation of Criegee

Intermediates

This chapter provides an overview of the main experimental techniques used in laboratory
studies of gas phase kinetics relevant to the field of atmospheric chemistry. More specifically,
techniques that have previously been used for the detection of, and investigation into, Criegee
intermediates. A description of the experimental procedure and method of data analysis used
throughout the work presented in this thesis is also given. General information regarding the
experimental conditions will be given in this Chapter, with more details given in the

experimental sections of Chapters relevant to a single reaction.
3.1 Kinetic Techniques

The rate of a chemical reaction can either be measured in relation to a reaction where the
kinetics have already been well characterised, known as the relative rate method, or they can
be investigated independently via absolute methods. This section provides an overview of the
relative rate method along with an overview of flow and pump-probe methods, both of which

allow absolute kinetics to be obtained.
3.1.1 The Relative Rate Method

The relative rate method measures the loss of a reactant (A, R3.1) relative to a second reactant
(B, R3.2) in the presence of a reactive species (X).! Reactants A and B are added to a reaction
chamber or cell, and the concentrations of A and B subsequently decrease as they react with
X. The concentration of each reactant is measured at varying times after the mixing has

occurred, enabling a time-profile to be constructed.
X + A — Products (R3.1)
X + B — Products (R3.2)

With knowledge of the rate coefficient for the reactive species with reactant B, ks>, the rate

coefficient for the reactive species with A, ks 1, can be determined.
The rate equations can be written as follows:

_% = k3, [X][A] = kj,[A] (Equation 3.1)
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— —— = k3,[X][B] = ki,[B] (Equation 3.2)

where k5 ; = ksq[X]and ki, = kg,[X]

The rate equations can be integrated over time to give:

In (%) = kgt (Equation 3.3)
0
In (%) = kj,t (Equation 3.4)

Equations 3.3 and 3.4 can then be combined to give:

[Alo\  ks1. ([Blo (Equation 3.5)
i (fae) = e ()

Aplot of In (%) vs In (%) will therefore produce a straight line where the gradient is equal
t t

to %.2 Knowledge of the absolute rate coefficient for ks» allows an absolute value for ks to

3.2

be determined.*

A disadvantage of the relative rate method is the requirement of a well-known reference rate
coefficient, which relies on other experimental techniques. The relative rate method does not
require absolute concentrations to be known and is therefore advantageous for reactions where
the concentration of one or more reactants are difficult to measure and also proves to be
beneficial in situations where real-time analysis of a single reaction is not possible. Reactive
species are often present in low concentrations throughout the reaction, increasing their
lifetime and thus the overall reaction time, allowing detection techniques with relatively poor
time resolution to be utilised alongside this method. For reactions that occur over shorter
timescales, such as those discussed throughout this thesis, techniques with faster time

resolution are required, some of which are summarised below.
3.1.2 The Flow method

In the discharge flow method, the reactive species, typically generated through use of
microwave discharges,® are introduced into a flow tube. At a known point along the length of
the flow tube, the co-reactant is introduced to the system using a moveable injector. A
schematic showing the typical experimental set-up for microwave discharge is shown in
Figure 3.1. The point of reaction initiation is the tip of the moveable injector, where the

reactive species and co-reagent begin mixing, with detection occurring downstream from this



58

point. The time taken between initiation and detection (t) can be calculated using Equation
3.6, where X is the distance between initiation and detection and V is the linear flow velocity
of the gas mixture.*

t=X/V (Equation 3.6)

IMFCl IMFCII MFC| IMFCI

Microwave Discharge

NI
Flow velocity, V )\~

To Rotary < »> Moveable Injector
Pump |

Distance, X
Detector

Figure 3.1. Schematic of a typical experimental set-up for the microwave discharge flow

method. MFC = mass flow controller. Adapted from reference 4.

Varying the position of the moveable injector allows the composition of the gas mixture to be
measured at different time points after the reaction has been initiated, allowing a

concentration-time profile to be constructed and kinetic parameters to be obtained.

A major limitation of the discharge flow method is the time it takes for mixing to occur
between the reactant gases (typically a fraction of a millisecond at 1 x 10% Pa),* meaning a
uniform concentration will not be reached until downstream of the tip of the sliding injector.
Therefore, the timescale of reactions studied using the discharge flow method is limited to the
millisecond range. A second limitation of the traditional discharge flow method is that
experiments are generally restricted to low pressure conditions (below 10° Pa) in order to
maintain a uniform flow velocity throughout the flow tube.* However, advances have been
made to show that, by incorporating turbulent flow conditions, the pressure range achieved

using the flow tube method can be greatly extended (60 — 760 Torr).>®

The main advantage of the discharge flow technique is that it is widely applicable as it can be
coupled to a variety of sensitive detection techniques, such as laser-induced fluorescence (LIF)
and mass spectrometry. This advantage is a result of the time-resolution being achieved by
varying the distance between injection and detection using the sliding injector, and so

detection techniques do not need to have fast response times.
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3.1.3 Flash Photolysis

The limitations of flow systems are overcome by the kinetic technique of flash photolysis,
developed by Norrish and Porter in the late 1940s.” In this technique, precursor and reactant
gases are pre-mixed and then flowed into the photolysis cell under the desired experimental
conditions. A short pulse of light from either a flash lamp or laser (the pump) is used to initiate
the chemistry within the photolysis cell via production of an atom, radical or excited state.

The majority of flash photolysis experiments use lasers, such as excimer or Nd:YAG lasers,
to generate the desired reactive species and initiate a reaction. The reactive species can be
produced either directly by photolysis or as a result of further chemistry, such as the method
to produce Criegee intermediates from di-iodo precursors outlined in Chapter 1. The use of
lasers to produce the reactive species is particularly advantageous as they have high pulse
energies (typically millijoules to joules), high repetition rates and well-defined wavelength
outputs. A high pulse energy is particularly advantageous as it allows the transient species to
be produced from low precursor concentrations, reducing the potential for unwanted side
reactions taking place within the reaction cell and simplifying the overall kinetics. The reactive
species must be produced on a timescale that is shorter than the reaction of interest, which
must be taken into consideration when selecting an appropriate precursor to the reactive
species. Providing suitable precursors have been selected, lasers have the advantage of being
highly specific as they can be tuned to specific wavelengths to only photolyse the target
molecule. The timescale for flash photolysis experiments is dependent on the pulse duration
of the flash. Early flash photolysis experiments used a gas flash lamp, where the flash duration
was on the order of milliseconds however, the pulse duration of excimer and Nd:YAG lasers
is typically between 5 and 20 nanoseconds. The rapid production of the reactants can therefore
be separated from the kinetics describing the subsequent reactions which has enabled flash
photolysis experiments to investigate reactions on timescales between milliseconds and

nanoseconds.* 8

Reactants and/or products can be monitored as they are removed/formed within the reaction
cell through the use of various detection techniques. The main detection techniques used in

the study of kinetics are outlined in Section 3.2.
3.1.3.1 Excimer Lasers

Lasing action can only take place if there is a population inversion within the active medium
where stimulated emission can occur and if there is an optical cavity to amplify the emitted
light.* Within the lasing medium, a photon of a specific energy is absorbed and promoted to
an excited state, which subsequently relaxes to the ground state via spontaneous emission.

Stimulated emission also occurs as a result of interactions between electrons in the excited
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state and the incoming photon, resulting in a second photon that is in phase with and
propagates in the same direction as the incoming photon.*

Excimer lasers are commonly used in flash photolysis experiments and are based upon the
formation of an active medium, known as an excited diatomic complex or exciplex. Electric
discharge is pulsed through the gas mixture (e.g. Kr/F2/He) producing ions that combine to
give electronically excited species (e.g. KrF"), which undergo stimulated emission as
relaxation back to the ground state occurs, resulting in the emission of a photon. A population
inversion is achieved in excimer lasers since the excited species have bound upper electronic
states, but unbound ground states (Figure 3.2), meaning any population within the ground state

is removed via dissociation.*

Bound excited electronic state

Potential energy

Exciplex bond length

Figure 3.2. Schematic of an electronic transition from a bound upper electronic state to an

unbound ground state that occurs in excimer lasers. Reproduced from reference 4.

The wavelength of the laser depends on the exciplex formed, since the energy separation
between the ground and upper electronic states will vary between species. Table 3.1

summarises the typical gas mixtures used in excimer lasers.*
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Species mixture Exciplex Output / nm
ArlFJHe AFF 193
Kr/HCI/He KrCl 222
Kr/F,/He KrF 248
Xe/HCI/He XeCl 308
XelFa/He XeF 351

Table 3.1. Typical species mixtures used in excimer lasers, the exciplex formed and the

corresponding wavelength.*
3.1.3.2 Nd:YAG Lasers

The lasing source of an Nd:YAG laser is a crystal made of yttrium aluminium garnet doped
with neodymium (Nd:Y3AlsO1,).° Broadband light, typically from a flash lamp, enters the
laser medium and a small fraction is absorbed by Nd** ions that become electronically excited
and rapidly relax to the ground state.™® Stimulated emission occurs as the ions relax back down
to the ground state releasing photons, which results in lasing action if the photon passing
through the crystal is of the same frequency as the lasing transition. Short pulses of high
intensity laser light can be achieved using a Q-switch. The Q stands for quality factor (or Q-
factor), which is a measure of how well the cavity can store energy. A high Q-factor
corresponds to the cavity storing energy efficiently and a low Q-factor corresponds to
significant energy loss. The inclusion of a shutter prevents the laser cavity emitting a laser
beam, resulting in a build-up of energy within the cavity, creating a significant population

inversion. As the shutter is opened, the stored energy is released as a short, high energy pulse.

The system involves two mirrors at each end of the lasing medium, one of which has a partially
reflective surface, allowing a portion of the light to pass through. The Nd:YAG crystal gives
this laser a characteristic wavelength of 1064 nm however, a phenomenon known as frequency
mixing means that the laser is also able to emit wavelengths of 532 nm, 355 nm (via frequency
mixing of 1064 nm + 532 nm) and 266 nm (via frequency mixing of 1064 nm + 355 nm) as
the second, third and fourth harmonics respectively.* This is achieved by passing the 1064
nm laser light through non-linear optical crystals. The second harmonic, achieved by
frequency doubling, involves two photons of frequency v being absorbed by a molecule in its
ground state, resulting in the emission of a photon of frequency 2v, generating a wavelength
of 532 nm. The same process occurs for the third and fourth harmonics, but with the emission

of photons with frequency 3v and 4v respectively.
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3.2 Analytical Techniques

The following sections will provide an overview for some of the most common techniques
used to detect reactive species once they have been produced, namely mass spectrometry
(MS), laser-induced fluorescence (LIF), and absorption spectroscopy.

3.2.1 Mass Spectrometry

Mass spectrometry is an analytical technique that is used to identify and quantify molecules
based on the mass-to-charge ratio of charged particles.*? The process by which a mass
spectrum is produced involves four stages; ionisation, acceleration, separation and detection.
lonisation can occur using a variety of methods, including photo-ionisation, electron impact,
or proton transfer.* 2 lonisation may result in significant fragmentation leading to complicated
spectra, and therefore samples that contain mixtures of large or complex species may require
soft ionisation techniques, such as photo-ionisation, which result in less fragmentation. After
the ions are produced, they are accelerated towards the detector using an electric field so that
each ion has similar kinetic energy. The ions are then separated based on their mass-to-charge
(m/z) ratio, with the two most common methods to separate the ions are by use of either a
quadrupole mass analyser or a time-of-flight (ToF) mass analyser. The quadrupole mass
analyser only detects ions of a certain mass by applying a radio frequency voltage across two
pairs of metal rods. Only ions of a specific m/z will have a stable trajectory across the rods and
reach the detector, while the rest of the ions will be lost through collisions with the rods. The
ToF mass analyser is able to detect multiple species at once as the velocities at which the ions
are accelerated through the electric field will be dependent on their m/z ratio and so they can
be separated by the time taken for them to reach the detector.*® The ions are maintained under
a high vacuum to reduce the potential for collisions between ions, limiting the potential for

fragmentation.*?
3.2.1.1 Photo-lonisation Mass Spectrometry

Photo-ionisation mass spectrometry (PIMS) is an example of soft ionisation, which reduces
complications in both detection and analysis relating to fragmentation. The method involves
tuning the wavelength of the photo-ionisation source, such as a dye laser or synchrotron
radiation, to match the photo-ionisation energy (PIE) of the species of interest, such that only
one isomer is ionised, increasing the specificity of the method. The first study in which Criegee
intermediates were directly produced in the laboratory utilised photo-ionisation mass
spectrometry (PIMS) as a method to identify the production of CH,OO from a mixture of
(COCI),/(CH3),S0/0,* and later used by the same group to confirm the production of
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CH,00, and not any other isomer, from a di-iodo precursor.*® The PIMS technique was then
subsequently used to identify the production of both the syn- and anti- conformers of
CH3CHOO based on their individual photo-ionisation spectra.’ The use of this technique has
thus paved the way for subsequent laboratory studies of Criegee intermediates, which have
identified their reactions to be much more atmospherically relevant than had been previously
predicted (further details are given in Chapter 1).

3.2.2 Laser-Induced Fluorescence

Laser-induced fluorescence (LIF) spectroscopy is often used in conjunction with LFP and
operates by electronically exciting the target species, which subsequently relaxes back down
to its ground state via fluorescence. Dye lasers are commonly used as the light source as their
wavelength can be tuned to match a particular transition, meaning this is a very selective
detection technique.* Relaxation can occur through several processes, such as emission,

collisional stabilisation or dissociation, which are discussed in more detail in Chapter 2.

In a LIF experiment, photons emitted via fluorescence are detected. A photolysis laser (such
as an excimer or Nd:YAG laser) is first used to produce the radical species and setting time
t=0. At a known time after the photolysis pulse, the dye laser excites the radical species.
Following excitation, emission occurs via fluorescence, where the molecule relaxes down to
its ground state either directly or via internal conversion to a lower lying singlet state (more
details given in Chapter 2). The emitted photon may be of the same energy and thus
wavelength as the excitation photon, termed on-resonance fluorescence, or the excited species
may initially lose some of its vibrational energy via relaxation in the upper electronic state and
therefore the emitted photon will be at a lower energy and longer wavelength than the

excitation photon, termed off-resonance fluorescence® (Figure 3.3).
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Figure 3.3. Schematic diagram representing on-resonance fluorescence (left) and off-
resonance fluorescence (right). v* = 0 and v" = 1 represent the ground and first vibrational
energy levels of the ground electronic state and v' = 0 and v' = 1 represent the ground and first

vibrational energy levels of the excited electronic state. Edited from reference 17.%

A time profile can be constructed by altering the time between the photolysis laser and the dye
laser firing, and the magnitude of the fluorescence signal at that time is proportional to the
concentration of the radical species. LIF provides a relative measure of the concentration of
the species of interest, whereas other methods, such as absorption spectroscopy, are able to
provide absolute concentrations, but may be less sensitive. The fluorescence signal in a LIF
experiment is detected using a photomultiplier tube (PMT) for example, and care needs to be
taken when arranging the experimental apparatus to minimise the amount of laser light
detected by the PMT, as the intensity of laser light will be significantly higher than the
fluorescence.* This is often achieved by placing the probe laser orthogonal to the PMT or by
introducing a filter to minimise the intensity of scattered laser light. Figure 3.4 shows a
schematic diagram of the LFP-LIF apparatus used to measure OH reactivity at the University
of Leeds.*® When performing on-resonance fluorescence studies, as with the field work carried
out at the University of Leeds, rapid gating is used to separate the laser light and the OH
fluorescence signal. Using the fluorescence assay gas expansion (FAGE) technique increases

the fluorescence lifetime of OH, enabling the OH signal to be more easily separated from the

laser light.
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Figure 3.4. Schematic diagram of the LFP-LIF experimental apparatus used to detect OH
reactivity at the University of Leeds. FAGE = fluorescence assay gas expansion. Copied from

reference 18.%

The use of LIF in atmospheric field measurements is particularly beneficial as it is a highly
selective technique, meaning possible interferences from species other than the one of interest
will not affect results. The sensitivity also means it is a suitable technique for monitoring
species that are often present in lower concentrations than what may be used in the laboratory.
There is also the advantage of having a wide range of dyes available for the dye lasers used in
LIF experiments, with output ranging between 200 nm and 1 pum,'® meaning this technique
can be employed to monitor a range of atmospheric species. However, experiments are often
carried out under low pressure conditions to avoid competition with quenching, which may
limit its experimental applications. Research carried out at the University of Leeds has coupled

LFP to LIF for both field"® and laboratory®® 2 measurements of reactive species.

While Criegee intermediates themselves cannot be directly monitored using LIF as they do
not fluoresce,* LIF has previously been used to report the kinetics of CH,OO by monitoring

the production of OH,?* %

which occurs as a result of the decomposition of excited CH,OO0
(further details given in Chapter 4). LIF has also been used to report the Kinetics of CH,00
with SO2, NO, and CHsCHO by monitoring the formation of HCHO,?® which can be produced
from the reactions of CH,OO0 and CH2lO- with I or as a direct reaction product (further details

are given in Chapter 5).
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3.2.3 Absorption Spectroscopy

Absorption spectroscopy operates by measuring the absorbance of light by the species of
interest at a given wavelength or over a range of wavelengths and is commonly used to
measure fast reactions.* The amount of light absorbed by the species of interest is directly
proportional to the concentration, as defined by the Beer-Lambert Law (Equation 3.7).

1=n

I .
Ay =In <%> = oi1 [Cliel (Equation 3.7)
’ i=1

where A, is the absorbance of light at wavelength 4, I, ; is the incident light intensity at
wavelength 4, I, ; is the light intensity at time t after photolysis at wavelength 4, o; ; is the
absorption cross section of species i at wavelength 4, [C]; ¢ is the concentration of species i at

time t and | is the pathlength of light.

Upon production of the reactive species, the absorption of light will appear to increase
instantaneously on the timescale of the experiment, and then decrease as the reactive species
reacts. The absorption of light at a wavelength corresponding to a product of the reaction may
increase as the absorption owing to the reactive species decreases, allowing the formation of
reaction products to be monitored. The ratio of light before (lo) and after (I;) the photolysis
laser pulse allows the absorbance to be calculated (Equation 3.7) and from this a time profile

can be produced.

An advantage of the absorption technique is that it allows for direct measurements of the
concentration of the absorbing species, providing the pathlength (1) and the absorption cross-
section (o) are known (Equation 3.7). The concentrations of reactive species are often kept
relatively low to decrease the effects of unwanted side reactions, which in turn results in a
lower absorbance signal, increasing experimental difficulty. To overcome this, the absorbance

can be increased by increasing the pathlength (Equation 3.7).

Complications can arise when the reaction being studied contains more than one species
absorbing in the wavelength region of interest, particularly if the absorbance spectrum of one
or more of the species is broad and/or featureless. Improving the signal-to-noise ratio by
averaging multiple decay traces may allow for better separation of the absorbance spectra of
different species. The difficulties of separating the absorbance spectra for different species

within the same wavelength region are described in further detail in Chapter 7.
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3.2.3.1 Ultraviolet Absorption Spectroscopy

A multitude of species of interest within atmospheric chemistry absorb light in the ultraviolet
(UV) region of the electromagnetic spectrum and may undergo vibronic transitions, in which
electronic and vibrational transitions are coupled, where excitation occurs between vibrational
levels of the lower and upper electronic states (discussed in further detail in Chapter 2). The
major benefit of using UV absorption spectroscopy is that UV absorption cross-sections are
known for many species, making it a widely applicable technique and an ideal method for
monitoring reactions within atmospheric chemistry. However, UV absorption spectra are often
broad and contain minimal structure, making it harder to distinguish between species when
they absorb within the same wavelength region, a disadvantage which is highlighted in
Chapter 7.

The simplest Criegee intermediate, CH-0O, has relatively large absorption cross-sections,
with recent work at the University of Leeds reporting a peak absorption cross-section of
(1.37 £ 0.29) x 10 cm? at 340 nm.>* The absorption spectrum of CH,OO also shows
characteristic vibronic structure at wavelengths between 360 and 400 nm, making it easily
identifiable. Similarly, large absorption cross-sections have been reported for the conformers
of the larger Criegee intermediate, CH3CHOO.%?® As a result of these large cross-sections,
UV absorption spectroscopy has been widely used to investigate the reactions of Criegee

27,28,29

intermediates, particularly at the University of Leeds **31% and is also the method used

to measure the kinetics of the reactions presented in this thesis.
3.2.3.2 Cavity Ring-Down Spectroscopy

Cavity ring-down spectroscopy (CRDS) is a technique that has been used to measure the
kinetics of reactions relevant to the atmosphere due to its high sensitivity. The apparatus
consists of an optical cavity containing two highly reflective mirrors (R = >99.99%).* A short
pulse of the probe light (e.g. from a dye laser) is introduced into the cavity through one of the
mirrors and reflected back and forth between the mirrors resulting in large effective
pathlengths, often kilometres. A small amount of light (less than 0.01%) is transmitted at each
mirror, which is detected after it leaves the cavity. As light is transmitted, the intensity will
decay exponentially with a lifetime, z, known as the ring-down time. CRDS experiments
typically use LFP to initiate the reaction and produce the species of interest. After photolysis,
the reactive species will absorb a fraction of the probe light and so its intensity will decay at a
faster rate than when there is no absorbing species (before photolysis). The concentration of
the absorbing species is determined by measuring the ring-down time without the photolysis

laser 7o and with the photolysis laser zon (Equation 3.8) and a concentration-time profile can



68

be obtained by varying the time delay between the probe and the photolysis pulses. Figure 3.5.
shows a schematic of an experimental set-up where CRDS is coupled to LFP.*

1 1
a= o0, [Cl=c <— - > (Equation 3.8)
Ton Toff

where a is the absorption coefficient, o, is the absorption cross-section of the species at
wavelength 4, [C] is the concentration of the species, c is the speed of light and zon and zof are
the ring-down times with and without the photolysis laser.
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Figure 3.5. Schematic showing the experimental set-up where CRDS is coupled to LFP.

Copied from reference 34.3

CRDS has been shown to be a useful technique in studying the kinetics of CH,00* and
(CH3),CO0® as it is highly sensitive due to the large pathlength which means experiments
can be conducted under low precursor concentrations, reducing the risk of possible secondary
chemistry taking place. A disadvantage of this technique is that it operates at a single
wavelength, or across a very small range of wavelengths, only. This is because the reflectivity
of the mirrors is reduced significantly outside of their centre wavelength, meaning they cannot
be used in broadband absorption experiments. Complications may arise if there are more than
one species absorbing at the wavelength of interest, which means CRDS would not be a
suitable technique for studying asymmetric Criegee intermediates, such as CH;CHOO, as it
would not be able to distinguish between the two conformers that absorb within the same

wavelength region.
3.2.3.3 Cavity Enhanced Absorption Spectroscopy

Cavity enhanced absorption spectroscopy (CEAS) is an experimental technique that is also
used to increase the effective pathlength of light and thus absorbance, to improve the
sensitivity. CEAS consists of an off-axis arrangement of the optical cavity, with the probe

light repeatedly reflected back and forth by highly reflective broadband optical cavity
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mirrors.* The probe light sources for CEAS experiments are continuous, such as a continuous-
wave laser or broadband incoherent sources such as Xe arc lamps, and as with CRDS, a small
fraction of light is transmitted out of the cavity and can be detected. In CEAS experiments, it
is the intensity of light that is measured and used to determine the absorbance rather than a
decay time, as with CRDS. CEAS is again often coupled to LFP and the absorption of light is
measured before and after the photolysis pulse, and the concentration of the absorbing species
is calculated using the Beer-Lambert law, as with conventional absorption spectroscopy. A
schematic of the CEAS apparatus used in experiments to investigate the kinetics of Criegee
intermediates®”**3¢ is shown in Figure 3.6. In the experimental set-up shown in Figure 3.6, the
cavity output is wavelength resolved by a ruled optical grating and focussed onto a charge
coupled device (CCD) detector. There is also a rotating mirror that sweeps the cavity output
vertically across the CCD, enabling both spectral and temporal information to be mapped
across the CCD.

Photolysis laser High reflection

/ mirrors \

Rotating mirror

®

White-light source
(Xe arc lamp)

— e —

Ruled grating

Figure 3.6. Schematic of the CEAS apparatus used in the literature to investigate the kinetics

of Criegee intermediate reactions. CCD = charge coupled device. Copied from reference 37.%

The number of passes of light in a CEAS system depends on the reflectivity of the mirrors
which will vary significantly as a function of wavelength for broadband light sources. This
means that the pathlength is wavelength dependent and will need to be calibrated prior to
experiments. Despite the large pathlengths in CEAS experiments, the sensitivity may be
reduced due to the low intensity of the probe light reaching the detector. If the probe intensity

is low, it may be difficult to identify small changes in the absorbance.
3.2.3.4 Infrared Absorption Spectroscopy

There are also many relevant species that absorb light in the infrared (IR) region of the
electromagnetic spectrum, which involve transitions between the rotational levels within the
ground electronic state (Chapter 2). The ro-vibrational features present in many IR spectra
make this technique highly selective, particularly when compared to the more broad and

featureless UV spectra.
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Step-scan Fourier transform infrared (FTIR) spectroscopy allows time-resolved IR spectra to
be obtained and has been employed by both Su et al.® and Huang et al.* to obtain the IR
spectrum of CH,0O at resolutions of 1.0 cm™ and 0.25 cm™ respectively. Luo et al.*° utilised
a quantum cascade laser (QCL) to measure the IR absorption spectra of CH,0O at an
improved resolution of 0.0015 cm™ allowing the ro-vibrational lines of CH,OO to be resolved.
A comparison between the IR spectra of CH,OO obtained at different spectral resolutions can
be seen in Figure 3.7.
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Figure 3.7. Comparison of the IR spectra obtained for the OO-stretching mode (vs) of CH.00
at different resolutions between 880 and 932 cm™. (a) and (b) were obtained using step-scan
FTIR spectroscopy with resolutions of 1.0 cm™* and 0.25 cm™ * respectively and (c) obtained

using a continuous wave QCL with a resolution of 0.0015 cm™.%°

The reaction products of many Criegee intermediate reactions often have small UV absorption
cross-sections, making them difficult to detect in many UV systems. For example, SOs, a
product of the reaction between Criegee intermediates and SO, cannot be detected using UV
absorption. However, as SO3 exhibits absorption within the IR range of the electromagnetic
spectrum, IR absorption spectroscopy is a suitable technique for its detection. Wang et al.**
employed step-scan FTIR spectroscopy with a resolution of 4 cm™ to monitor the reaction
between CH,00 and SO and were able to monitor the formation of SO at 1391.5 cm™. More
recently, Mir et al.*> employed LFP coupled with mid-infrared QCL absorption spectroscopy
with a resolution of <0.004 cm™ to measure the IR spectrum of CH,0O as well as report
kinetics and product yields for the reaction between CH,0O0 and SO,. Mir et al. were able to
monitor the production of SOs at ~ 1388.7 cm™, demonstrating that SOs is a direct product
from the reaction between CH,OO and SO,. A schematic of the experimental apparatus used
by Mir et al. is shown in Figure 3.8. The experimental setup used by Mir et al. is similar to

that used in the experiments presented throughout this thesis (described in detail in subsequent
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sections) where the probe beam is a multi-pass arrangement to increase the total pathlength
and sensitivity.

1
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Figure 3.8. Schematic of an IR-QCL experimental set-up used to monitor the reaction of
CH00 with SO,. Copied from reference 42.%?

3.2.3.4.1 Quantum Cascade Lasers

Quantum cascade lasers (QCLs) are a tunable source of IR light invented in 1994* and have
been rapidly developing within infrared spectroscopy research. QCLs are made from
alternating layers of semiconductor material that create quantum wells, the thickness of the
layer will determine the depth of the quantum well and thus the energy of the photon emitted.
Each stage in the QCL is comprised of an active region alternated with a doped electron region
(Figure 3.9), and these stages give rise to an energy staircase, resulting in the cascading
emission of photons.* The active region contains three energy states (1, 2 and 3 in Figure 3.9)
with the energy difference between stages 2 and 3 defining the output of the laser. As stated
earlier, for lasing action to occur, a population inversion is required. In QCLs this is achieved
by the lifetime of level 3 being much longer than that of level 2, which results from the energy
separation between levels 3 and 2 being larger than that of levels 2 and 1. When a current is
applied, electrons are injected into the upper level of the active region by a process known as
resonant tunnelling, which ensures highly selective injection. The electrons release photons as
they relax from level 3 to level 2 and then from level 2 to level 1 and travel from one stage to
another via tunnelling from level 1 in the active region, across the injector region. The process
of tunnelling from level 3 directly across the injector region needs to be suppressed as this will
reduce the population inversion between levels 3 and 2. This is done by designing the adjacent
injector such that there is a region of low density of states at an energy corresponding to E;
and then a dense manifold of states adjacent to level 1 and 2 (grey shaded regions in Figure
3.9).4
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Figure 3.9. Diagram of a Quantum Cascade Laser, copied from reference 44.%

The output of the QCL is determined by the semi-conductor material used, and various QCLs
enable different spectral outputs to be attained. External cavity (EC) QCLs can be used to
obtain broadband emission, typically over several hundred cm™, or Fabry-Per6t (FP) QCLs to

achieve a range of ~ 50 cm™. Work carried out by Mir et al.*

at the University of Leeds
employed a distributed feedback (DFB) QCL to achieve single mode emission. In the mid-IR,
DFB QCLs can be operated at room temperature, and control of the temperature of the semi-
conductor material and the applied current results in fine tuning the laser output within

~5cmt

The earlier Sections of this Chapter have summarised various experimental techniques used
for the production and monitoring of reactive species within the field of atmospheric
chemistry, each with their own advantages and limitations. Since the development of the flash
photolysis technique, significant advances have been made in both optics and lasers which
have transformed the study of highly reactive species that otherwise could not be easily
produced within the laboratory. Flash photolysis has been pivotal in the study of Criegee
intermediates and has been coupled to PIMS,** LIF 222 and absorption spectroscopy 28342720
to report the Kinetics of their reactions. In this work, LFP has been coupled to time-resolved
broadband UV absorption spectroscopy to report the kinetics of CH,OO and CH;CHOO

reactions, and is described in more detail in the following sections.
3.3 Experimental Technique and Data Analysis of This Work
3.3.1 Instrumental Arrangement

The kinetics of the reactions between CH,OO with SO,, NO, and water/water dimers and
CH3CHOO conformers with SO, were studied using laser flash photolysis of either
CHoal2/02/N2/X or CH3CHIL/02/N2/SO; gas mixtures coupled with time-resolved broadband
UV absorption spectroscopy, where X = SO,, NO; or H,0.
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Known quantities of precursor gases (N2 (BOC, 99.998 %), O, (BOC, 99.5 %), and SO, or
NO: (Sigma Aldrich 99.9 %, prepared at known dilute concentrations in N2 and stored in glass
bulbs)) were introduced into a mixing chamber using calibrated mass flow controllers
(Appendix 1) and then passed into the reaction cell. For CH,O0 + H,O experiments, water
vapour was added to the system by passing a known flow of N, gas through a bubbler
containing deionised water held in a water bath at 70 °C. The concentration of water vapour
was measured at the exit of the reaction cell by a relative humidity (RH) probe (Michell
Instruments PCMini52) that was calibrated against a dew point hygrometer (Buck Research
Instruments, CR-4 chilled mirror hygrometer) (Appendix 2). Liquid precursors (i.e. CHal»
(Alfa Aesar 99 %) or CH3CHI, (Sigma-Aldrich 98 %, SynHet 95 %)) were introduced into the
reaction cell by flowing a small quantity of the gas mixture through a bubbler containing the
liquid at a fixed temperature in an ice bath. The concentration of the precursor could be altered
by a needle valve placed before the bubbler and was determined experimentally by measuring
the UV intensity transmitted through the cell in experiments with and without the precursor
flowing through the cell. All experiments were performed under pseudo-first-order conditions,
with SO,, NO; or water vapour present in excess over the Criegee intermediate. Specific
details of initial concentrations are given in chapters corresponding to each reaction. Gases

and chemicals were used as supplied (i.e. no further purification).

The reaction cell was a 100 cm long jacketed glass tube with an inner diameter of 3 cm and
fused silica windows at both ends. A diagram of the experimental set-up is given in Figure
3.10. The total pressure of the cell was controlled by throttling the exit of the cell to the pump
and measured by a capacitance manometer (MKS instruments). Experiments were carried out
at temperatures between 242 and 353 K with the temperature of the system controlled by
circulating a thermofluid (HUBE6479 DW-THERM) from a thermoregulator (Huber Unistat
360) through the outer jacket of the cell. Details of temperature calibrations are given in
Appendix 3. Specific details of flow rates and residence times are given in Sections 4.3, 5.3,
6.2 and 7.2.
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Figure 3.10. Schematic of the reaction cell used for these experiments. Adapted from
Lewis et al.*®

Reactions R3.3-R3.5 or R3.6-R3.8 were initiated within the reaction cell using an excimer
laser (KrF, Lambda-Physik CompEx 210) operating at a wavelength of 1 = 248 nm with a
laser fluence of 20 — 60 mJ cm™ The laser was aligned along the length of the cell using a
dichroic turning mirror (Edmund Optics). The pulse repetition rate was set to ensure there was
enough time for a fresh gas mixture to be introduced to the reaction cell before the laser fired

again — eliminating the risk of unwanted photolysis of the reaction products.

CHaly + hv (2 = 248 nm) — CHol + | (R3.3)
CHal + 0;— CH,I00" (R3.4)
CH2100" — CH,00 + 1 (R3.5a)
CHol00" + M — CH,IO; + M (R3.5h)
CH3CHI, + hv (1 = 248 nm) — CHCHI + | (R3.6)
CHsCHI + O; — CH3sCHIOO" (R3.7)
CH;CHIOO" + M — CHsCHIO; + M (R3.82)
CH;CHIOO" — syn-CH3sCHOO + | (R3.8b)
CH3CHIOO" — anti-CH3CHOO + | (R3.8¢)

Absorption of UV light was measured using a laser-driven light source (LDLS, Energetiq EQ-
99X) that provided ~10 mW cm™ of light at wavelengths between 200 and 800 nm. The light

was collimated using an off-axis parabolic mirror (ThorLabs MPD129-F01 UV enhanced
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aluminium) and multi-passed 7 or 9 times through the reaction cell by 8 or 10 Al mirrors
(reflectivity > 85 % in the UV), each of 12 mm diameter (Figure 3.11), which were positioned
outside the windows of the cell as shown in Figure 3.10 (above). Figure 3.11 shows a
schematic of the mirror mount for experiments where 8 mirrors were used (enabling the light
to be multi-passed 7 times through the cell), which enables the photolysis beam to pass through
the mirror mount and the centre of the reaction cell, with the mirrors for the mulitpass probe
arrangement positioned around the central hole for the photolysis beam. Each mirror in the
multipass arrangement could be adjusted to align the probe beam such that there is maximum
overlap with the 248 nm excimer beam, giving a total effective pathlength of 1= (471 £ 50)
cm™® for the 7 pass arrangement or | = (595 + 53) cm for the 9 pass arrangement (details for
measuring the effective pathlength are given in Appendix 4).

Hole for excimer
beam

| O
oo
O

O
o |

Figure 3.11. Schematic of the mirror mount containing 8 spectral mirrors (enabling the light

8 spectral
mirrors

to be multi-passed 7 times through the cell), positioned outside the windows at each end of
the reaction cell. The large rectangular hole is to allow for the excimer laser beam to pass

through the mirror mount into the reaction cell.*®

In order to reduce scattered light from the photolysis laser reaching the detector, the beam
exiting the cell was passed through a sharp cut-on filter (RazorEdge ultrasteep long-pass edge
filter 248 nm), which effectively blocks light at wavelengths below 250 nm, and focussed onto
a fibre optic. The fibre optic directed light through either a 25 or 100 um slit onto a
spectrograph with a diffraction grating of 300 (Princeton Instruments, FER-GRT-29.5-575)
or 600 (Princeton Instruments, FER-GRT-060-500) grooves / mm which imaged the light onto
a charge-coupled device (CCD) detector with a spectral resolution (full width half maximum
(FWHM)) of ~1 nm. Using a diffraction grating with a greater number of grooves / mm offers

the advantage of a higher dispersion of the incoming light, increasing the angular spread of
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light and enabling more spectral features to be distinguished from one another, thus increasing
the resolution of the detector. However, as the size of the detector is finite, increasing the
dispersion of light will decrease the spectral range of the detector, as less wavelengths are able
to fit onto the detector. Therefore, there is a trade-off in experiments between spectral
resolution and spectral range. In some experiments, reaction products that absorb light at a
higher wavelength (>600 nm) than the Criegee intermediates may also be monitored. In this
case, it would be beneficial to use a grating with fewer grooves / mm to increase the spectral
range so that all species can be monitored simultaneously. As the spectral resolution is also
dependent on the size of the slit that light travels through to get to the spectrograph, decreasing
the slit width would overcome the decrease in resolution associated with using a grating with
fewer grooves / mm. A brief description of how photo-charge is passed through the CCD is

outlined below.
3.3.2 Charge Coupled Device (CCD)

The detector used in these experiments was a Charge Coupled Device (CCD). CCDs are arrays
of light-sensitive pixels that convert incident radiation to charge — where the charge relates to
the number of photons on a given pixel after it has been exposed to a light source for a set

period of time. The camera used throughout the experiments was the FERGIE™

spectroscopy
camera (Princeton Instruments, FER-SCI-1024BRX), which is an integrated diffraction

grating/spectrometer and CCD detector.

The pixels in the CCD are arranged in a 2D array and the wavelength-resolved light exiting
the spectrograph is imaged across an illuminated region at the top of the CCD. The photo-
charge is shifted from the illuminated region of the CCD into a region shielded from the light
exiting the spectrograph (termed the storage region) at specified rates. Thus one dimension of
the CCD represents wavelength and the other represents time, as depicted schematically in
Figure 3.12. The CCD used in this work consisted of 1024 columns along the wavelength

axis and 265 rows in the time axis.



77

\ [lluminated region

[ D Rapid row-by-
1 row shifting
[~
Spectrograph ] -
= time
output B
—

/

PR
1024 ;’m Storage region

Figure 3.12. A diagram to outline how photo-charge is vertically shifted down the CCD array.
The output from the spectrograph is focused onto an illuminated region and then shifted to a

storage region (shown by the grey shading) at a given shift rate.

The CCD consisted of all 1024 columns on the wavelength axis (calibrated by measurements
of the well-known Hg emission spectrum) and 265 rows on the time axis, with the illuminated
region consisting of 10 rows. For measurements where time resolution was not required
(i.e. for measurements of the light intensity transmitted through stable gas mixtures, as is the
case for measurements of precursor gas concentrations), the CCD was simply exposed for a
set period of time before data are transferred to the PC for analysis. For time-resolved
measurements, the illuminated region of the CCD was exposed to incoming radiation for a set
time typically between 10 and 100 ps, after which photo-charge was shifted vertically down
the illuminated region of the CCD row-by-row at shift rates between 5.6 us per row and 35 s
per row into the storage region. As the photo-charge was shifted from the illuminated region
to the storage region, the photo-charge from all 10 rows of the illuminated region was binned
and summed, and shifted vertically into the adjacent row in the storage region at the same shift
rate at which the photo-charge was shifted in the illuminated region. This process was repeated
throughout the experiment until the storage region was full and is depicted in Figure 3.13.
Each row in the storage region therefore contained photo-charge from 10 illuminated rows,
impacting the time resolution of the experiments. The time resolution is given by a
combination of the number of rows exposed in the illuminated region and the shift rate of the
CCD, with typical time resolutions for the experiments reported in this work ranging between
70 and 485 ps.

The time delay between the operation of the camera and the firing of the excimer laser was
controlled by a delay generator (SRS model DG 535) allowing the intensity data to be
collected before (lo) and after (I)) photolysis, which enabled determination of the absorbance

and thus concentration from the Beer-Lambert law before, during, and after a reaction.
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Once all 265 frames in the storage region are filled with photo-charge, the output from the 2D
array was transferred to the PC for analysis.

Illuminated region

L
[ .
265 { { : D
frames
Storage il I — B
region
1024 pixels
* llluminated region of * Charge continues to * The first row in the * Once the charge has * The process repeats,
the CCD is exposed shift through the storage region been shifted down all filling the next row
for a specified period illuminated region. continues to be filled 10 rows in the in the storage
of time. * The charge is binned with the photo charge. illuminated region, region, until all 265
¢ Charge is shifted and summed into the the first row in the frames have been
vertically through the first row in the storage region is full. filled.
10 rows in the storage region. * This row therefore
illuminated region at contains photo
a given shift rate. charge from 10

illuminated rows that
have been binned
and summed.

Figure 3.13. A schematic outlining how photo-charge was vertically shifted through the CCD.
The illuminated region was a region of 10 rows where charge accumulates. Once all 10 rows

in the illuminated region were filled, the charge was shifted into the storage region.

The CCD detector can also generate charge owing to thermal excitation, which generates ‘dark
current’ on the CCD. In order to minimise such effects, the camera was cooled to -45 °C by a
Peltier device to reduce the amount of residual current within the CCD when there is no
illumination. Prior to the start of experiments, a background spectrum was also measured to

account for any remaining dark current on the device.

Figure 3.14 shows a flow chart summarising the experimental procedure and how the intensity
data was collected by the CCD.
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Figure 3.14. Flow chart summarising how the intensity data was collected throughout the

experiments.
3.3.3 Spectral Fitting

The raw data output from these experiments were 2D arrays of 265 time points with light
intensities recorded over 1024 wavelengths. The absorbance, 4, ., was determined for each
wavelength A and time point t from the measured intensities using the Beer-Lambert Law
(Equation 3.7), where the incident light intensity, 1,,, was defined by averaging the absorbance

spectra obtained at time points before the photolysis laser fired.

For experiments involving the CH,OO Criegee intermediate, the absorbance in the wavelength
region of interest (290 — 450 nm) contained contributions from the Criegee intermediate, the
CHoal; precursor (which exhibits a negative absorbance owing to depletion on photolysis), and
iodine monoxide (10) radicals which are produced in the system as a result of secondary
chemistry. For the species present in experiments involving CH,OO, the absorbance was thus

given by:
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Ayt = (ocu,1,0 X [CHoIR )5 X 1)

(Equation 3.9)
+ (0cu,002 X [CH00]5, X 1) + (010 X [10]2, X 1)

where ocy, 1,2 is the cross-section of CHal,*" at wavelength /4, [CHal2]... is the concentration
of CHzl2at wavelength A and time t, ocy, 00,2 is the cross-section of CH,00* at wavelength 4,
[CH200], is the concentration of CH.OO at wavelength A and time t, oy , is the cross-section

of 10* at wavelength 4 and [IO],.. is the concentration of 10 at wavelength 1 and time t.

The total absorbance in experiments involving CHsCHOO Criegee intermediates was
similarly determined from contributions of syn-CH;CHOO, anti-CHsCHOO, the CHs;CHI,

precursor, and 10.

In order to determine the concentration of each species in the reaction mixture at each time
point throughout the reaction, reference spectra for the absorbing species were interpolated
onto the experimental wavelength grid and a least squares fit of the reference spectra to the
total observed absorbance was performed for each time point. Figures 3.15 and 3.16 show
example fits which output the product of the concentration of each species with the effective
pathlength for each time point, which can be converted to concentration through knowledge
of the effective pathlength. However it is worth noting that for experiments described in this
work, which were performed under pseudo-first-order conditions, knowledge of the
pathlength is not strictly required and uncertainties in the determination of the pathlength do
not contribute to uncertainties in the kinetics reported (details for determining the effective

pathlength are given in Appendix 4).
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Figure 3.15. Plots outlining how the experimental absorbance evolves as a function of time

Absorbance

Absorbance

450

0.010
0008 ] Time=1ms " n i
0.006 4 .
0.004 [ | ‘
0.002 4
0.000
0.002 4 J‘th“m Experimental absorbance
0.004 4 |‘ff‘ gﬁzloo 1
— 212
0.006 '° 1
Total fit
0.008 T T
300 350 400 450
Wavelength / nm
0.010 T T
0008 ] Time =4 ms i
0.006 -
0.004 4
0.002 -
0.000
0.002 4 —— Experimental absorbance
0.004 4 E:ZIOO 1
(] - 22
0.006 qu 'l‘l '° 1
Total fit
0.008 + T T
300 350 400

Wavelength / nm

following the photolysis of CHl, at t = 0, 1, 3 and 4 ms. The black is the experimental

absorbance, the blue is the CH,0O reference spectra,® red is CHal»,*" purple is 10*® and orange

is the overall fit. Experiments were conducted at 298 K and 85 Torr, with [CH2l,]o= 1.3 x 10*

molecule cm™ and [SO;] = 1.5 x 10* molecule cm™,
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Figure 3.16. Plots outlining how the experimental absorbance evolves as a function of time
following the photolysis of CHsCHI.att =0, 1, 2 and 3 ms. The experimental absorbance is
shown in black, the CHsCHI; reference spectra is shown in red,* syn-CH3CHOO in blue,?
anti-CHsCHOO in green® and 10 in purple.”® The orange line represents the overall fit to the
observed absorbance. Experiments were conducted at 298 K and 50 Torr, with

[CHal2]o = 2.8 x 10* molecule cm™ and [SO;] = 1.1 x 10* molecule cm™®,
3.3.4 Kinetic Analysis

The reactions presented throughout this thesis were all studied under pseudo-first-order
conditions, where the concentration of the reactant, SO,, NO, or water vapour were used in

large excess over either CH,O0 or CH3;CHOO. For the general reaction:
A + B — Products (R3.9)

Using [B] in large excess over [A] allows the rate coefficient to be simplified from Equation
3.10 to Equation 3.11.

rate = k[A][B] (Equation 3.10)

rate = k'[A] (Equation 3.11)

where &' is an effective rate coefficient termed the pseudo-first-order rate coefficient:
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k' = k[B] (Equation 3.12)

The rate equation can now be integrated in the same way as the first-order rate equation (given
in Chapter 2) to give Equation 3.13:

[A], = [A], exp™X'¢ (Equation 3.13)

For the reaction of CH,OO with SO, the loss of CH,0O in the system occurs as a result of

several processes:

CH200 + SO; — HCHO + SO3 (R3.10)
CH,00 + X — Products (R3.11)
CH,00 — Products (R3.12)

where X = CH,00, I, 10.

The change in concentration of the Criegee intermediate can thus be described by Equation
3.14:

[CH,00]; = [CH,00], (exp™*'t) (Equation 3.14)

where [CH,00]; is the concentration of CH,OO at time t, [CH,00], is the initial Criegee
intermediate concentration and k' is the observed rate coefficient, which incorporates the rate
coefficient for the Criegee intermediate decay when there is no SO, in the system
(kx = ks.11 + k3.12) and the pseudo-first-order rate constant for the reaction between the Criegee

intermediates and SO; (k'3 10).

K'=kx + K's10 (Equation 3.15)
where
K'3.10= K3.10[SO2] (Equation 3.16)

3.3.4.1 Instrument Response Function

Concentration-time profiles observed in this work are given by a convolution of the ‘true’
Kinetic decay with an instrument response function (IRF) which results from the simultaneous
illumination of multiple rows on the CCD detector (section 3.2) and the row-by-row shifting

of photo-charge from the illuminated region of the CCD to a storage region. The IRF can be
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described by a Gaussian function with peak height a centred at tc and with width w (Equation
3.17):

w? (Equation 3.17)

_ 2
£ = aexp (— u)

Convolution of the IRF (Equation 3.17) with the first-order (or pseudo-first-order) kinetic
decay (Equation 3.14) gives Equation 3.18:

[CH,00]; =

! 2
[CHZZOO]O ex {(k ;V) —k'(t — tc)}

[ an(E )
erf\ —————
V2w

where erf is the error function obtained in the integration of the normalised form of the

(Equation 3.18)

Gaussian function.

Figures 3.17 and 3.18 show a comparison between fitting the data with Equation 3.14 (dashed
blue line) and Equation 3.18 (solid red line).
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Figure 3.17. Concentration — time profile for the reaction of CH,OO with NO, at 298 K and
50 Torr where [NO2] = 9.7 x 10** molecule cm™ and [CHal;]o = 5.9 x 10 molecule cm™. The
red solid line is fit using an equation for the convolution of the true decay with an instrument
response  function (Equation 3.18) and gave: k' = (1397 * 47) st
[CH,00]o = (1.73 £ 0.15) x 10** molecule cm® t = -(56 + 02) x 10° s and
w = (3.9 +0.1) x 10°s. The dashed blue line represents the fit to the data using an exponential
decay (Equation 3.14) and gave: k' = (1389 + 390 s' and
[CH,00]o = (1.71 £ 0.03) x 10** molecule cm™, Uncertainties are 1o.
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Figure 3.18. Concentration — time profile for the reaction of CH,OO with NO; at 298 K and
50 Torr where [NO,] = 6.7 x 10* molecule cm™ and [CH2l,]o = 5.9 x 10* molecule cm™. The
red solid line is fit using an equation for the convolution of the true decay with an instrument
response  function (Equation 3.18) and gave: k' = (1063 + 30) s
[CH,00]o = (1.90 £ 0.21) x 10" molecule cm3, t. = -(56 * 0.2) x 10® s and
w = (3.9 +0.1) x 10°s. The dashed blue line represents the fit to the data using an exponential
decay (Equation 3.14) and gave: k' = (1067 + 28 s' and

[CH,00]o = (1.90 + 0.03) x 10** molecule cm™, Uncertainties are 1o.

To obtain values for bimolecular rate coefficients, the pseudo-first-order rate coefficients,
obtained from fits of Equation 3.18 to concentration-time profiles, were plot as a function of
SO, concentration, where the intercept of such plot describes kx and ki1 is given by the
gradient. Figure 3.19 shows a comparison of a bimolecular plot for the reaction of CH,0O0 +

SO, at 298 K where the value for ky is included and where it has been subtracted from %"
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Figure 3.19. (a) Pseudo-first-order losses for CH,OO as a function of [SO2] for experiments
at 298 K and 85 Torr: (b) Pseudo-first-order losses after ky has been subtracted. The red lines
represent an  unweighted linear fit to the data and gave: (a)
k.10 = (3.55 + 0.15) x 10™ cm®molecule™ s with an intercept of ky = (321 + 42) s and (b)
ka0 = (3.55 * 0.15) x 10™ cm® molecule® s* with an intercept of k= (0.1 %59)s™

Uncertainties are 1o.

After subtracting the value for k¢ from &', the fit gave a new ky value of (0.1 +59) s. The
value for ky cannot be negative and is effectively zero however, there are some experimental

errors associated with its value.

The data from experiments of CH,OO with NO, and water/water dimers, as well as from
experiments involving the larger Criegee intermediate, CH;CHOO, can be described in a

similar manner.

The rate coefficient ky is dominated by the CH,0O self-reaction® and reactions with 10°* or
iodine atoms.?* Under the experimental conditions used in this work, the concentration of the
Criegee intermediate remains low enough to minimise the effects of unwanted side reactions,
and the concentration of the co-reactant is always in excess of the Criegee intermediate. As a
result of these two factors, kx is approximated to be first-order in this analysis. This has been
shown to be a valid approximation in a number of literature studies to investigate the reactions
of Criegee intermediates under conditions similar to those used in this work.>?%°! To
investigate the potential for mixed first- and second-order behaviour, and the validity of k
being approximated to be a first-order loss process, the kinetic decays obtained in this work

were also fit using a mixed first- and second-order rate equation (Equation 3.19). Comparisons
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between the first-order and mixed-order fits for each reaction investigated in this work are
given in the Chapter relevant to that reaction.

S [CH,00]K' _
[CH200]e = 4y (') — 2" [CH,00], + 2k"[CH,00], exp(i'y  (EQuation 3.19)

where [CH200]: is the concentration of CH,OO0 at time t, [CH,O0O]o is the initial concentration
of CH,OO0, k' represents the first-order (or pseudo-first-order) losses of the Criegee

intermediate and k" represents the second-order losses of the Criegee intermediate.

3.3.4.2 Mixed-Order Analysis

The potential for mixed first- and second-order behaviour described above was also

investigated, in which case the ‘true’ kinetic decays are described by Equation 3.19.

Convolution of the IRF (Equation 3.17) with the mixed first- and second-order kinetic decay

(Equation 3.19) gives Equation 3.20:

1 (k'w)?

(T ‘”‘p{ 2
[CH,00], = ¥

[CH,00]; = —k'(t— t.)

(Equation 3.20)

e 2

t—t,— k’wz)}
an} {1 + erf <—\/§ w
X
where [CH20Q]: is the concentration of the CH,OO at time t, [CH.0O], is the initial
concentration of CH,00, k' is the pseudo-first-order rate coefficient describing the loss of the
Criegee intermediate, k" represents the second-order losses of the Criegee intermediate and t;

and w are the centre time and width of the Gaussian function respectively.

Figure 3.20 shows a comparison between the first-order and mixed-order fits to typical
concentration-time profiles for CH,OO, which indicates there were no significant differences
between the first-order component obtained when describing the kinetics using a first-order
model and when describing the kinetics using a mixed-order model. For fits to the mixed-
order equation, the second-order component (k" in Equations 3.19 and 3.20) was treated as a

global parameter for each conformer at each temperature and pressure.
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Figure 3.20. Comparison of fits to the first-order rate equation (red, Equation 3.18) and the
mixed-order rate equation (black, Equation 3.19) for CH,OO in the presence of
[SO;] = 8.8 x 10" molecule cm™® at 85 Torr and 298 K. The solid red line gave:
to=-(6.67 £0.26) x 10° s, w = (3.73 = 0.15) x 10° s, [CH.00]o = (1.24 + 0.18) x 10"
molecule cm™ and k' = (551 * 6) s™. The dashed black line gave: t. = -(2.20 + 0.46) x 10® s,
w=(1.01+£0.39) x 10° s, [CH00], = (1.50 * 0.31) x 10 molecule cm?
k"= (1.09 £ 0.02) x 10"°cm® molecule™® s*and k' = (529 + 8) s. Uncertainties are 1o.

Figure 3.21 compares rate coefficients for the reaction of CH,OO with SO, obtained from the
first-order fits to those obtained from the mixed-order fits. Results show less than 5 %
difference between the rate coefficients obtained when kinetics were described using the first-
order and mixed-order models and values obtained for the intercept, ky, between the two fits
within their error limits. We therefore conclude that data are well described by pseudo-first-

order kinetics.
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Figure 3.21. Comparison between first-order and mixed-order rate coefficients for the reaction
of CH,00 + SO, at 298 K and 85 Torr. The red line represents an unweighted linear fit to the
data from the first-order fit, giving ks10 = (3.55 * 0.15) x 10 cm® molecule™ s™* with an
intercept of (321 * 42) st and the black line represents an unweighted linear fit to the data
from the mixed-order fit, giving ks 10 = (3.53 + 0.12) x 10 ¢cm® molecule™ s™ with an intercept

of (275 + 33) s™. Uncertainties are 1o.

A summary of the data analysis procedure used throughout this work is given in Figure 3.22
below.

s R
Interpolate reference spectra onto

experimental wavelength grid
\: J

l

e N
Fit observed spectra with reference

absorption cross-sections
N\ J

'

P
Divide by the pathlength to obtain

concentration-time profiles
\ J

}

= - - : )
Fit concentration-time profiles with

pseudo-first-order rate equation
\ J

Repeat analysis for each
experimental run to obtain kK’
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!

[ Fit of the data gives bimolecular ]

[Plot dependence of k” on reagent }
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Figure 3.22. Flow chart summarising the data analysis procedure used throughout this work.
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Chapter 4

Kinetics of the Reaction of CH,OO with SO as a Function of

Temperature

Direct studies, made possible as a result of developments in photolytic Criegee sources for
laboratory studies, have revealed significantly faster kinetics for the reaction of CH,OO with
SO, than have been indicated by previous indirect studies,™ ? suggesting a potentially
important role for Criegee intermediates in the atmospheric oxidation of SO. This chapter
provides an overview of previous direct studies of the kinetics of CH,OO and SO-, as well as
studies to investigate the products of the reaction and outlines the areas in which uncertainties
remain. Results are provided for a study of the temperature dependence of the reaction
between CH,OO and SO, which are required in order to determine the competition between

CH,00 and SO and other atmospherically important reactions.

The results shown throughout this chapter formed part of a larger study to investigate the
temperature dependence of the reaction of CH.00 + SO and have been published in Physical
Chemistry Chemical Physics: Onel, L., Lade, R., Mortiboy, J., Blitz, M.A., Seakins, P.W.,
Heard, D.E. and Stone, D. Kinetics of the gas phase reaction of the Criegee intermediate
CH,00 with SO, as a function of temperature. Physical Chemistry Chemical Physics. 2021,
23(35), pp.19415-194233

4.1 Previous Direct Studies

Welz et al.* performed the first direct study of the kinetics of the reaction between CH,00
and SO; (R4.1) using the photolysis of CH:l-/O, coupled with PIMS at 298 K and a total

pressure of 4 Torr in He.
CH200 + SO, — HCHO + SOs (R4.1)

Welz et al.* reported a rate coefficient for R4.1 of k1 = (3.9 + 0.7) x 10 cm® molecule s?,
a value which is significantly larger than the upper limit reported by Johnson et al.
(4 x 10" cm® molecule s?, based on measurements of OH vyields from the ozonolysis
reactions in the presence of SO,)." Welz et al. identified that, if the rate coefficients for the
reactions of larger Criegee intermediates, such as acetaldehyde oxide (CH;CHOO), with SO;
were of similar magnitude, these reactions could be just as important in the oxidation of SO,
as that involving OH,* which has been discussed in more detail in Chapter 1. Since Welz et al.
demonstrated that Criegee intermediates could be produced in sufficiently high concentrations

and in relative isolation under controlled conditions in the laboratory using the photolysis of
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CHoal,/O,, many direct experimental measurements of the reactions of Criegee intermediates
with SO, have been conducted using a range of different detection techniques.

Sheps et al.® utilised broadband UV absorption spectroscopy to investigate both the CH,00
UV absorption spectrum and the kinetics of CH.OO + SO, and reported a rate coefficient of
ka1 = (4.1 +£0.3) x 10™ cm® molecule™ s at 295 K and pressures between 2.7 and 7.1 Torr,
in agreement with the value of ks = (3.9 = 0.7) x 10™ cm® molecule™ s* reported by
Welz et al.*

A study carried out by Stone et al.® investigated the pressure dependence of CH,00 + SO,
kinetics between 1.5 and 450 Torr at 295 K, using a combination of PIMS to monitor CH,0O0
(for the experiments at 1.5 Torr) and laser-induced fluorescence (LIF) spectroscopy to monitor
the HCHO product of the reaction (for experiments between 50 and 450 Torr). For the PIMS
experiments, CH,OO was photo-ionised using vacuum ultraviolet radiation at a wavelength
of 118 nm generated by frequency tripling the 355 nm output from the third harmonic of an
Nd:YAG laser, in contrast to the PIMS experiments reported by Welz et al.* which used a
tuneable synchrotron VUV source. Stone et al. monitored the CH,OO ion signal at different
time delays following the photolysis of CHal,, with results giving a rate coefficient of
ks1= (3.6 £0.5) x 10™ cm?® molecule™ s*. The HCHO LIF experiments between 50 and 450
Torr gave an average rate coefficient of ka1 = (3.40 + 0.40) x 10 cm?®molecule™ s, with the
combined average of the PIMS and LIF experiments giving
ka1 = (3.42 £ 0.42) x 10 cm®* molecule™ s, agreeing with the rate coefficient reported by
Welz et al.* and indicating that there is no significant pressure dependence in the kinetics of

CH200 + SO, under atmospheric conditions.

LIF experiments to measure the kinetics of CH,OO + SO, have also been performed by
Liu et al.”at 295 K and pressures between 50 and 200 Torr, using observations of the hydroxy!l
radical (A = 308 nm). Liu et al. observed the formation of OH through two different processes,
separated by their time dependence. They reported an initial rapid formation of OH, which
was attributed to high energy CH.l* radicals reacting with O to directly produce OH (R4.2)

and a slower formation of OH which was attributed to the decomposition of CH,00 (R4.3).
CHal* + O, — OH + HCO +1 (R4.2)
CH>00 + M — OH + Products (R4.3)

An example plot showing the formation and loss of OH signal in experiments conducted by
Liu et al. is shown in Figure 4.1. Liu et al. suggest that, if CH,OO were to retain the excess
energy of CHal*, it is possible that the decomposition of CH,OO may result in the production

of OH + HCO, a process which has a reaction barrier ~ 40 kJ mol™ higher than its
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decomposition to dioxirane.® Rate coefficients were obtained by introducing reactants known
to react with CH>0O, such as SO, which will increase the decay rate of the OH signal.
Liu et al. reported a rate coefficient for R4.1 of ka1 = (3.53 £ 0.29) x 10™ cm?® molecule™ s*,’
which is in agreement with the values obtained in previous work.* ® The measurements by
Liu et al. also indicated that there were no effects of pressure on the Kinetics, in agreement
with the pressure independent results of Stone et al.®
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Figure 4.1. Laser-induced fluorescence signals for OH, outlining an initial fast production of
OH followed by a slower production. The three traces represent an increase in co-reagent
concentration, and outline how the OH signal decreases as the concentration is increased.

Adapted from reference 7.’

Cavity ring-down spectroscopy (CRDS) has been used by Chhantyal-Pun et al.® to investigate
the Kinetics of the reaction between CH,OO and SO; at 293 K and low pressure conditions
between 7 and 30 Torr. Photolysis of CH2lo/N2/O, gas mixtures was used to initiate the
chemistry, followed by the use of CRDS to probe temporal profiles of the Criegee intermediate
signal at 355 nm.® Chhantyal-Pun et al. identified the importance of considering the CH.00
self-reaction to obtain accurate rate coefficients for the reaction between CH,OO and SO; at
low concentrations of SO,. Chhantyal-Pun et al. suggested that the decay of CH,0O in the
presence of SO, includes contributions from both first- and second-order loss processes, where
the first-order loss processes were related to the pseudo-first-order reaction between CH,O0
and SO, (R4.1), where the concentration of SO; is in excess of the concentration of CH,0O0,
as well as CH>00 losses as a result of diffusion within the reaction cell. The second-order
loss mechanisms resulted from the bimolecular reactions of CH-0O, including the reaction
between CH,0O and | atoms (R4.4) as well as the contribution from the rapid CH,OO self-
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reaction (R4.5). Under high concentrations of SO, (2.0—21.6 x 10*molecule cm)
Chhantyal-Pun et al. reported a pressure independent rate coefficient of
ka1 = (3.80 = 0.04) x 10 cm?® molecule™ s* for the reaction of CH,00 and SO, which is in
agreement with the previously reported values.

CH00 + I — Products (R4.4)
CH200 + CH200 — 2 HCHO + O; (R4.5)

Chhantyal-Pun et al®  reported that, at  low SO, concentrations
(1.08 — 6.48 x 10 molecule cm™), where the loss of CH,0O is described by mixed first- and
second-order kinetics, an enhanced removal of CH,OO was observed compared to the
expected removal based on the rate coefficient obtained at higher SO, concentrations
((3.80 £ 0.04) x 10™cm® molecule® s*) and the CH,OO self-reaction (R4.5). A rate
coefficient of ks1 = (7.46 = 0.29) x 10™ cm® molecule™ s was reported for experiments
carried out under low SO, concentrations, suggesting a different reaction mechanism may be
contributing at lower concentrations of SO,. Chhantyal-Pun et al. suggested a mechanism by
which isomerisation or intersystem crossing (ISC) of the CH.0O is catalysed by the addition
of lower concentrations of SO,, which is in competition with the formation of HCHO + SO;
(R4.1). The group concluded that the bimolecular rate coefficient obtained at higher SO,
concentrations can be attributed to the reaction between CH,OO and SO, but the loss
processes shown by the intercept of the bimolecular plot includes contributions from an
unidentified intermediate isomer whose formation is likely to occur at lower SO

concentrations.

In subsequent experiments, Howes et al.*® employed both PIMS and time-resolved broadband
UV absorption spectroscopy techniques to investigate the kinetics of the reaction between
CH,00 and SO; for different SO, concentration ranges to investigate the effects reported by
Chhantyal-Pun et al.® The chemistry was initiated using LFP of CHal2/N2/O2/SO, gas
mixtures, with the concentration of SO, maintained high enough to ensure pseudo-first-order
conditions. Both sets of data were analysed using the first-order rate equation (given in
Chapter 3) and gave bimolecular rate coefficients of
ks1=(3.87 £ 0.22) x 10 cm?® molecule™ s for the time-resolved broadband UV absorption

experiments and ks1 = (3.73 £ 0.13) x 10™ cm?® molecule™ s for the PIMS experiments.

As the concentration of sulfur dioxide in the atmosphere is similar to the concentrations used
in the low SO region of the study from Chhantyal-Pun et al., Howes et al.*° conducted PIMS
experiments at low concentrations of SO, (0.5 - 7.5 x 10" molecule cm™) to investigate the
formation of an intermediate product through isomerisation or ISC. Howes et al. reported a

bimolecular rate coefficient of ks1 = (3.73 + 0.13) x 10 cm® molecule™ s, which is in good
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agreement with that of previous literature and report no variation in the rate coefficient with
SO, concentration. Howes et al.”® reported a mean pressure independent value for R4.1 of
ka1 =(3.76 + 0.14) x 10™ cm?® molecule™ s™ at 295 K.

To reconcile the difference in the rate coefficients obtained for the low and high SO regimes
reported by Chhantyal-Pun et al.,’ Howes et al.® used a model to simulate variations in the
CH,00 decay as a function of SO, concentration using the data reported by Chhantyal-
Pun et al.’ Table 4.1 below summarises the reactions and the rate coefficients used in the
model by Howes et al.*® All rate coefficients used were obtained from the report by Chhantyal-
Pun et al., except for the CH,OO self-reaction where the IUPAC recommended value was

used.?
Reaction Rate coefficient
CHal + O, — CH,00 + | 1.82 x 10 cm® molecule? s?
CH;00 + CH,00 — 2HCHO + O, (7.35 £ 0.63) x 10™ cm?® molecule™ s*
CH,00 + | — Products 1.00 x 10"t cm® molecule? s?

(7.46 £0.29) x 10™ cm® molecule™ s*
(3.80 £ 0.04) x 10™ cm® molecule™ s
CH,00 — Products 11.6 +85s*

Table 4.1. Summary of the reactions and rate coefficients used by Howes et al.*® to simulate

CH,00 + SO, — Products

the data of Chhantyal-Pun et al. All rate coefficients were obtained from the report of
Chhantyal-Pun et al.® except for the reaction between CH,l and O, which was taken from
Sheps et al.® The rate coefficient for CH.00 + | is an upper limited estimated by Chhantyal-

Pun et al. and no error value was provided.

Howes et al.’® ran the model with no SO, and then with an SO, concentration of
1 x 10" molecule cm™ and found that the concentration of CH.OO changed by less than 7 %
upon the addition of SO, and only exceeds a change of ~ 15 % at longer times, where most
of the initial CH-OO has been consumed and the loss is dominated by secondary chemistry.
The CH,0O0 decay was then simulated for the two rate coefficients for CH,OO0 + SO reported
by Chhantyal-Pun et al. ® ((7.46 + 0.29) x 10™ cm® molecule™ s*and (3.80 + 0.04) x 10
cm?® molecule s) with the concentration of SO, varied within a range that covered 1 -5 x

10%? molecule cm™. Howes et al.*°

reported that the simulation suggested that pseudo-first-
order conditions were maintained down to an SO, concentration of 4.5 x 10 molecule cm™
and that the change in the concentration of CH.OO observed as a result of the reaction between
CH,00 + SO, was relatively small for the majority of the decay and so the loss of CH,OO at
low SO; concentrations can be attributed to the Criegee self-reaction (R4.5) and under these

conditions, the study is insensitive to the reaction taking place between CH,00 and SO,.%°
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Liu et al.*? also performed experiments at relatively low concentrations of SO
(0.5 —2.5 x 10" molecule cm™) at 300 K and a total pressure of 10 Torr, using measurements
of OH to determine CH,0O Kinetics, similar to the previous study by Liu et al.” The reduction
in the OH signal with increasing SO, concentration was attributed to R4.1 as well as other
first-order loss processes that occur within the system, such as diffusion and unimolecular
decomposition. The data were fit using a rate equation that accounted for both the first- and
second-order loss processes of CH,0O following from the report of Chhantyal-Pun et al.? that
suggested second-order processes should be accounted for within the analysis. A value of
ks1=(3.88 +0.13) x 10™** cm® molecule™ s for the bimolecular rate coefficient was reported,
which agrees with the previous literature. In contrast to the report from Chhantyal-Pun et al.,°
Liu et al. found no evidence to support the theory of a competing isomerisation or ISC reaction

at low concentrations of SO..

More recently, Qiu and Tonokura®® reported the detection of CH,OO with a mid-infrared
continuous-wave quantum cascade laser (cw-QCL) coupled with LFP, to investigate the
reaction between CH,OO and SO». The group first measured the infrared absorption spectrum
of CH,00 in the region v = 1273.0 — 1277.5 cm™ which was in agreement with a simulated
spectra also reported within the same study. Qiu and Tonokura® then measured the rate
coefficient for the reaction between CH,OO by monitoring the concentration of CH,0O as a
function of time upon the addition of wvarying concentrations of SO;
(0.4 — 4.2 x 10" molecule cm™) and obtained a rate coefficient of ky1 = (3.6 £ 0.1) x 10 cm®
molecule™ s*at 295 K and 10.4 Torr, which is in good agreement with previous literature. A

summary of previous results is given in Table 4.2.
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Technique Photolysis 4 / T/K [CH2l]/ [SO.] /10" Kea /10 cm®
nm molecule cm®  molecule cm®  molecule™ s*

Welz et al.* LFP /PIMS 248 298 4 5.7 x 10% 0.4-45 39£0.7)

Sheps et al.® LFP / UV absorption 266 295 27-7.1 0.5-3.0 (41+0.3)
Liuetal.’ LFP/LIF OH 351 295 50 — 200 3.85 x 10 0.1-0.9 (3.53 £0.29)
Stone et al.® LFP / LIF HCHO 355 295 50 — 450 20— 120 (3.42 +0.42)
Chhantyal-Pun et al.® LFP/ CRDS 355 293 30 2-12 (3.80 + 0.04)
Liu et al.” LFP/ LIF OH 355 300 10 6.32 x 10* 0.5-25 (3.88 +0.13)
Howes et al.™ LFP / PIMS 248 295 2 - 0.5-17 (3.74 £ 0.43)
LFP / UV absorption 248 295 50 01-11 (3.87 £ 0.45)

Qiu and Tonokura.™ LFP / IR absorption 266 295 10.4 1-10 x 10 4.2-42.0 (3.6 £0.1)

Table 4.2. Values for the rate coefficient for CH.OO0 + SO determined in previous experiments, utilising a range of techniques. LFP = laser flash photolysis,

PIMS = photo-ionisation mass spectrometry, LIF = laser-induced fluorescence and CRDS = cavity ring-down spectroscopy.
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4.2 Product Studies

The products of R4.1 have been investigated in a number of studies. Theoretical studies have
predicted the production of HCHO + SO;,* ** with the LIF measurements by Stone et al.’
confirming the production of HCHO in ~ 100 % vyield. The co-production of SOz has been
demonstrated by Wang et al.*® using infrared (IR) absorption spectroscopy to identify that the
formation of SOs from the reaction between CH,OO and SO; is the dominant product channel.
A step-scan Fourier Transform IR spectrometer was coupled to a multi-pass absorption cell to
record the evolution of the IR spectra during the reaction. Figure 4.2 shows the observed IR
spectra obtained following the photolysis of a CHI2/N2/O2/SO; gas mixture at 308 nm.
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Figure 4.2. IR absorption spectra obtained upon the photolysis of a CHal2/N2/O2/SO, mixture.
Adapted from reference 16.%° The red circles show the absorption band at v = 1391.5 cm™

which correspond to the stretching mode of SOs.

The spectra show an intense absorption band at v = ~ 1114 cm™ corresponding to CHal; as
well as a weaker band at v = 1361 cm™ corresponding to SO,. The SO, absorption peak is
much weaker as the concentration of SO used throughout the experiments remained low
enough to ensure SO; could be identified with little interference from SO,. Figure (4.2b)
indicates the initial formation of bands at v = 1435, 1286, 1234, 1213, 908 and 848 cm™, owing
to the formation of CH,0O0 as well as weaker bands at v = 1234, 1224, 1087 and 923 cm™
owing to the formation of CH2100. The CH2100 bands are represented as grey areas on the
spectra as they overlap with both the CHal, and CH,OO bands. The disappearance of the
CH,00 bands was accompanied by the formation of an intense band at v = 1391.5 cm™ that
increased as the reaction progresses, as seen in Figure 4.2c-e. Figures 4.2f-h show the spectra
after the CH,OO and HCHO bands were removed and the CH-l, band had been added, the
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band at 1391.5 cm™ is illustrated to be the most prominent band and is associated with the
stretching-mode of SOs.

The band at v =1391.5 cm™ agrees well with the literature,'” but to further confirm that this
corresponds to SOs, Wang et al.** compared the observed spectra with the line spectrum of
the stretching mode of SO; compiled in the HITRAN database® and were able to conclude
that the dominant product of the reaction between CH,OO and SO; is SOz as shown by the
absorption band at v = 1391.5 cm™,

More recently, the kinetics of the production of SO; from R4.1 were investigated by
Mir et al.*® using mid-infrared quantum cascade laser (QCL) absorption spectroscopy at a
wavenumber of ~ 1390 cm™. The absorbance of SO; obtained in these experiments was well
described by a pseudo-first-order growth combined with a first-order loss. A bimolecular rate
coefficient of ks1 = (3.55 + 0.35) x 10 cm® molecule™ s* was obtained for R4.1 at 50 Torr
from a plot of the pseudo-first-order growth of SO3 as a function of SO concentration, in
excellent agreement with rate coefficients obtained by directly monitoring the loss of CH.00

(described above), providing further evidence for the direct production of SO; from R4.1.

The room temperature kinetics of the reaction between CH,OO and SO have now been well
established with a rate coefficient of ka1 = (3.715:43) x 10™ cm® molecule™ s as the current
IUPAC recommendation at 298 K™ and has been shown to be independent of pressure.
However, there has been no previous study into the temperature dependence of this reaction,

which is required to gain a complete understanding of its atmospheric implications.

The major competitor for this reaction is that of Criegee intermediates with water dimers due
to large concentrations of water vapour in the atmosphere. Understanding how the reaction
with SO, changes with temperature will allow the major reaction route to be determined for

areas of both low and high humidity.

The remainder of this chapter will summarise the results of the investigation of the kinetics of

CH00 with SO; as a function of temperature.



105

4.3 Experimental

The kinetics of R4.1 were measured at 85 Torr and temperatures between 298 and 340 K using
the experimental set-up described in Chapter 3, where reactions R4.1, R4.4, R4.5 and R4.7 —
R4.9 were initiated within the reaction cell using LFP and the concentration of CH,OO
monitored using time-resolved broadband ultraviolet absorption spectroscopy.

CHalz + hv (2 =248 nm) — CHal + | (R4.6)
CH,l + 0, — CH,I00" (R4.7)
CH;100" — CH,00 + | (R4.8a)
CH2I00"+ M — CH210, + M (R4.8b)
CH,00 + SO, — HCHO + SO (R4.1)
CH200 + I — Products (R4.4)
CH,00 + CH,00 — 2HCHO + O, (R4.5)
CH200 — Products (R4.9)

Experiments were carried out under pseudo-first-order conditions with SO, in excess over
CH,00. Typical initial concentrations used for these experiments were as follows:
[SO;] = (0.7 — 5) x 10** molecule cm?, [CHal;] = (1.0 - 8.0) x 10* molecule cm™ and
[O2] = 3.0 x 10'" molecule cm™. The total flow rate remained at 2000 standard cm?® per minute
(sccm) for a residence time within the cell of ~ 3 s. The pulse repetition rate was fixed at 0.33
Hz to ensure a fresh gas mixture entered the reaction cell after each laser pulse, to avoid any
unwanted secondary chemistry, with intensity data typically averaged over 300 laser shots.
The effective pathlength for these experiments was (471 + 50) cm. More details of the

experimental procedure are given in Chapter 3.

The measurements presented throughout this chapter at temperatures between 298 and 340 K
were carried out as part of this thesis, and formed part of a larger study to investigate the
temperature dependence of R4.1 between 223 and 344 K at 85 Torr. Results for measurements
made at 223-296 K, 316 K and 344 K were carried out by Dr Lavinia Onel and are also shown
within this chapter. The experiments by Dr Onel were conducted under similar experimental
conditions to those described above, with: [SO2] = (0.6 —5.6) x 10** molecule cm,
[CH2l2] = (1.0 — 7.4) x 10® molecule cm™ and [O,] = 7.5 x 10* molecule cm™. A more
detailed description regarding the experimental conditions used for measurements made by

Dr Onel can be found in reference 3.2
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4.4 Results and Discussion

As described in Chapter 3, the absorbance in the wavelength region of interest (290 — 450 nm
for these experiments) contains contributions from CH,OO, CHzl, and 10. Concentrations for
each species were determined from a least squares fit of reference absorption cross-sections
to the total observed absorbance at each time point (more details given in Chapter 3). Figure
4.3 shows the typical absorbance measured following the photolysis of CHl, and
concentration — time profiles for CHzl,, CH.0O and IO are shown in Figures 4.4 — 4.6.
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Figure 4.3. Typical absorbance measured following the photolysis of CH.l2, where the black
line represents the observed absorbance, the blue is the CH,OO reference spectra,® red is
CHal2,%* purple is 10?% and orange is the overall fit. Experiments were conducted at 298 K and

85 Torr, with [CH2l2]o = 4.6 x 10" molecule cm™ and [SO;] = 0.
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Figure 4.4. Concentration-time profile for CHl, for an experiment at 85 Torr and 298 K.
For these data, [SO2] = 0, [CHao = 4.6 x 10® molecule cm?
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Figure 4.5. Concentration-time profile for CH,OO for an experiment at 85 Torr and 298 K.
For these data, [SO;] = 0, [CHal2]o = 4.6 x 10** molecule cm™.
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Figure 4.6. Concentration-time profile for 10 for an experiment at 85 Torr and 298 K. For
these data, [SO,] = 0 and [CH2l2]o = 4.6 x 10" molecule cm™,

As experiments were conducted under pseudo-first-order conditions with SO, present in

excess, the change in the concentration of CH.OO can be described using Equation 4.1.

[CH,00]; = [CH,00], X (exp™**t) (Equation 4.1)
where [CH,00]; is the concentration of CH,OO at time t, [CH,00], is the initial Criegee
intermediate concentration and k' is the observed rate coefficient, which incorporates the rate
coefficient for the Criegee intermediate decay when there is no SO; in the system (kx, R4.4,
R4.5 and R4.9) and the pseudo-first-order rate coefficient for the reaction between the Criegee
intermediate and SO, (K's1 = Ka1[SO2]), i.€. k' = kx + k'a1.

The data were fit with Equation 4.1 convoluted with an instrument response function (IRF) to
account for the simultaneous illumination of multiple rows on the CCD followed by row-by

row shifting (further details regarding the IRF are provided in Chapter 3).

The potential for the contribution of second-order behaviour was also investigated, where the
decay of CH,0O is described by a mixed first- and second-order model (further details given

in Chapter 3).

Figures 4.7 and 4.8 compare fitting typical concentration-time profiles for CH,OO with the

first-order model and the mixed first- and second-order model.
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Figure 4.7. Comparison between a first-order fit (red) and mixed-order fit (blue) for data at

298 K and 85 Torr. The first-order fit gave: & = (551 + 6) s7
[CH.00]o = (1.24 £ 0.12) x 10 molecule cm?, t.=-(6.7 * 03) x 10° s and
w=(3.7+02)x10° s. The mixed-order fit gave: k' = (529 =+ 8) s7

k" = (7.46 +0.10) x 10™ cm® molecule™ s, [CH,00]o = (1.30 % 0.22) x 102 molecule cm™®,
te=-(7.1+0.7) x 10° s and w = (3.9 £ 0.4) x 10”° s. Uncertainties are lo.
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Figure 4.8. Comparison between a first-order fit (red) and mixed-order fit (blue) for data at
298 K and 85 Torr. The first-order fit gave: k' = (1425 + 23) s,
[CH200]o = (1.18 + 0.45) x 10** molecule cm?® t. = -(6.7 * 0.3) x 10° s and
w=(3.7+02)x10° s. The mixed-order fit gave: k' = (1385 + 33) s
kK" = (7.46 +0.10) x 10 cm® molecule™ s, [CH,00]o = (1.15 + 0.22) x 10> molecule cm™,

te=-(7.1+0.7) x 10° s and w = (3.9 + 0.4) x 10" s. Uncertainties are lo.



110

Figure 4.9 shows an example of results obtained for the pseudo-first-order losses of CH,OO
obtained from the fits to the first-order and mixed first- and second-order models, with results
showing that the data are well described by pseudo-first-order kinetics.
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Figure 4.9. Dependence of k' on [SO;] at 298 K and 85 Torr obtained for a first-order fit (red
line) and a mixed-order fit (blue line). The first-order fit gave: ka1 = (3.55 +0.15) x 10 cm?®

molecule? s*

with an intercept of k«= (321 + 42) s™. The mixed-order fit gave:
ka1 =(3.53+0.12) x 10™ cm® molecule™s™ with an intercept of k«= (275 * 33) s™.

Uncertainties are 1o.

Figure 4.10 shows concentration-time profiles for CH,OO, fit with Equation 4.1 convoluted
with the IRF, where it is evident the decay of CH,OO becomes more rapid as the concentration

of SO; is increased.
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Figure 4.10. Concentration-time profiles showing how the CH,OO decay changes with
increasing [SOz] at 85 Torr and 298 K. For [SO;] = 0, the fit gave
[CH,00]o = 1.44 x 10" molecule cm®and k' = (369 + 4) s*, for [SO,] = 4.91 x 10" molecule
cm?, the fit gave [CH,OO]o = 1.22 x 10" molecule cm® and k' = (2054 + 42) s?, for
[SO;] = 8.77 x 10% molecule cm™, the fit gave [CH,00]o = 1.24 x 10" molecule cm™ and
k= (551 + 6) s! and for [SO.]=1.96 x 10®¥molecule cm?® the fit gave
[CH,00]o = 1.20 x 10™ molecule cm™ and k' = (1024 + 14) s*. The IRF parameters were:
te=-(6.7+0.3) x 10°sand w = (3.7 £ 0.2) x 10”° s. Uncertainties are lo.

A value for the bimolecular rate coefficient, ka1, was obtained by plotting the pseudo-first-
order rate coefficients, obtained from the concentration-time profiles, against the
concentration of SO,. An example bimolecular plot is shown in Figure 4.11, where the
gradient is equivalent to kq1 and the intercept describes kx (the parameter describing other loss

processes of the Criegee intermediate, described in Chapter 3).
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Figure 4.11. Bimolecular plot for the reaction of CH,OO + SO- at 298 K and 85 Torr, where
the red line represents an unweighted linear fit to the data. The gradient is equal to
ka1 =(3.56 + 0.11) x 10 cm?® molecule™ s and the intercept is equal to kx = (365 * 42) s™.

The error bars represent the error in the exponential fit to Equation 4.1. Uncertainties are 1oc.

The reaction between CH,OO and SO, was investigated as a function of temperature
(324 — 340 K) at 85 Torr, with all other reaction conditions remaining the same as experiments
carried out at 298 K. The data were analysed in the same way as described above. Bimolecular
plots obtained for experiments at 324 K, 331 K and 340 K are shown in Figures 4.12-4.14,

with results summarised in Table 4.3.
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Figure 4.12. Bimolecular plot for the reaction of CH,OO + SO, at 324 K and 85 Torr, where
the red line represents an unweighted linear fit to the data. The gradient is equal to
ka1 = (3.56 = 0.15) x 10 cm?® molecule™ s and the intercept is equal to kx = (281 + 31) s

The error bars represent the error in the exponential fit to Equation 4.1. Uncertainties are lc.
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Figure 4.13. Bimolecular plot for the reaction of CH,OO + SO, at 331 K and 85 Torr, where
the red line represents an unweighted linear fit to the data. The gradient is equal to
ka1 = (3.39 = 0.13) x 10 cm?® molecule™ s and the intercept is equal to kx = (228 + 39) s™.

The error bars represent the error in the exponential fit to Equation 4.1. Uncertainties are lo.
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Figure 4.14. Bimolecular plot for the reaction of CH,OO + SO, at 340 K and 85 Torr, where
the red line represents an unweighted linear fit to the data. The gradient is equal to
ka1 =(2.15+0.12) x 10 cm?® molecule™ s and the intercept is equal to kx = (304 + 23) s

The error bars represent the error in the exponential fit to Equation 4.1. Uncertainties are 1c.

Temperature/ K ka1 /10 cm® molecule™ s

298 3.6+0.1
324 3.6+0.2
331 3.4+0.1
340 22+0.1

Table 4.3. Summary table of the rate coefficients obtained in these experiments for R4.1 at
temperatures between 298 and 340 K at 85 Torr.

The bimolecular rate coefficient for the reaction between CH,OO and SO, was determined to
be ka1 = (3.56 + 0.11) x 10™ cm?® molecule™ s* at 298 K and 85 Torr, which is in agreement
with previous reports of the rate coefficient by Welz et al.,* Stone et al.® and Howes et al.,*°
with results showing the reaction exhibits a negative temperature dependence between 298 K

and 340 K.

The values for the rate coefficients for R4.1 at temperatures above 298 K formed part of a
larger study to investigate the temperature dependence of R4.1between 223 and 344 K. Table
4.4 summaries the rate coefficients obtained in the work presented here at temperatures
between 298 and 340 K and the work carried out by Dr Lavinia Onel at temperatures of 223-
296 K, 316 K and 344 K, all rate coefficients are reported in Onel et al.’
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Temperature / K ka1 /10™ cm® molecule™ s™
223P 6.4+£0.3
259P 55+0.3
266" 4.4+0.3
270P 5.3+0.3
275° 41+05
281° 41+0.1
296" 40+0.1
298° 3.6+0.1
316° 42+0.1
3242 3.6+0.2
331° 3.4+0.1
340° 22+0.1
344° 3.3:0.1

Table 4.4. Summary of the rate coefficients / 10™** cm® molecule™ s™ for the reaction of CH,00
and SO, for temperatures between 223-344 K at 85 Torr where (a) represents the high
temperature data obtained as part of this thesis and (b) represents the measurements by

Dr Lavinia Onel.

Results show that the reaction between CH,OO and SO, exhibits a negative temperature
dependence between 223 and 344 K. Figure 4.15 compares fitting all of the data with the
Arrhenius equation (further details in Chapter 2) and fitting the data using the power law form,

AT", where A is a constant, T is the temperature and n is an empirical exponent.

Figure 4.15 also shows a comparison between the temperature dependent rate expressions
obtained by only fitting to the data obtained by myself at temperatures between 298 and 340
K and fitting to all of the data obtained by myself and Dr. Onel at temperatures between 223
and 344 K (as described in Table 4.4).
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Figure 4.15. A plot of the bimolecular rate coefficients for CH,OO + SO, from this work (solid
and open black circles) as a function of temperature between 223 and 344 K. The black line
represents a fit to the equation ka1 = (7.85 + 1.95) x 10 x exp((476 * 68) /T) cm® molecule™
s' with R* = 0.80 and the dashed blue line represents a fit to the equation
ks1=(3.91 £ 0.15) x 10" x (T/298) % £°2 cm® molecule® s* with R? = 0.82. The dashed
pink line represents a fit to the data obtained by myself at temperatures between 298 and 340
K and gave: ks1= (3.76 + 0.63) x 10™* x (T/298) 219 cm? molecule® s with R? = 0.40.
Previous literature studies are also shown.*” ® 10 1213 (p|MS = photo-ionisation mass

spectrometry). The inset shows rate coefficients obtained between 293 and 300 K for clarity.

The fit to the data using the Arrhenius equation gave:
ka1 = (7.85 % 1.95) x 102 x exp((476 + 68) /T) cm® molecule™® s* with R? = 0.80 and the fit
using AT" gave ka1 = (3.91 £ 0.15) x 10 x (T/298)™# %2 cm® molecule™ s* with R? = 0.82.
As shown in Figure 4.15, there were only minor differences between the two fits to the data
however, the fit using AT" gave an R?value closer to 1 and so it was concluded that this was
the best description of the data. Fitting only the data obtained by myself between 298 and 340
K using the AT" expression gave: ka1 = (3.76 = 0.63) x 10! x (T/298)? £19 cm* molecule™
s’ with R? = 0.40. Values for A and n obtained from the fit to only the data between 298 and
340 K are within the error range of the values obtained when fitting to all data points however,
the lower R? value obtained when fitting only to the data obtained by myself at temperatures
between 298 and 340 K suggests that this fit is of poorer quality when compared to fitting to
all of the data. This is likely due to the fact that there are only four data points contributing to

this fit making it less accurate compared to the fit that includes 13 data points.

The negative temperature dependence is indicative of the barrierless addition of SO, to the

Criegee intermediate, producing a secondary ozonide (SOZ). The most recent computational
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study of R4.1, by Kuwata et al.,”® provided a detailed description of the potential energy
surface (PES) for R4.1 and predicted that ~ 90-91 % of the reaction occurs via a closed-shell
transition structure to form HCHO + SOz with a small contribution (~ 6 - 7 %) from an open-
shell mechanism leading to HCHO + SOsa.

Figure 4.16 shows a summary of the initial steps of the reaction mechanism reported by
Kuwata et al.™® The reaction proceeds via the formation of a dipole-dipole pre-reaction
complex that can exist as either an endo or exo conformer (Figure 4.16, structure 3a or 3b),
which is determined by the position of the oxo-substituent. The mechanism then follows a
cycloaddition of the Criegee intermediate 1,3 dipole across the sulfur-oxygen bond, resulting
in a cyclic transition state (Figure 4.16, structure TS-4a or TS-4b), which subsequently leads
to the formation of a SOZ (Figure 4.16, structure 5a or 5b), which can again exist as either an
endo (5a) or exo (5b) conformer. The SOZ then decomposes to produce HCHO + SOs.

O----CH f H
O----CH, --=-CH, |
/ P
endo ?I{/---o\(‘) — ?l'/"-0~o —= Oo Cl:\H
S 0 0 I ~¢
3 TS-4 - 5
a -3a a
CHZ?O . 8202 -9.15 -8.68 -35.21
+
w b O----CH 0----CH 3 '?
0. O----CH, 0. 0----CH;
/ e / e —C
exo \\s-/—--o\(\) \é-/---o\(‘-) Og.;/° C\:H
S—0-~¢
3b TS-4b 5b
-10.56 -10.49 -34.32

Figure 4.16. Summary of the initial steps of the mechanism for the reaction between CH,OO

and SO,, reported by Kuwata et al. copied from reference 15.

Figure 4.17 shows the PES for R4.1 obtained by reducing the PES determined by Kuwata et al.
to the closed-shell mechanism, which proceeds through either endo or exo conformers,

described above.
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CH,00 + S0, (0)

Energy / kJ mol™!

HCHO + SO,

-312.0

Figure 4.17. PES for the reaction between CH,OO and SO, showing the endo reaction pathway
(light blue) and the exo reaction pathway (dark blue) copied from reference 3.° Relative
energies for 5a, 5b, TS-7a, TS-7b and HCHO+SOs were taken from reference 15 and relative
energies for 3a, 3b, TS-4a and TS-4b were generated by MESMER calculations.® Values for
3a, 3b, TS-4a and TS-4b shown in red were also taken from reference 15™ for comparison.
All energies are reported in kJ mol™. The notations for intermediates and transition states are

the same as in the work of Kuwata et al.®

MESMER (described in Chapter 2) was used by Onel et al. to fit the potential energy surface
(shown in Figure 4.17) to the experimentally determined rate coefficients obtained in this work
for R4.1at T=223 — 344 K and p = 85 Torr and the IUPAC recommendation for R4.1 of
ko1 = (3.71343) x 10™ cm® molecule™ s*at T = 298 K and p = 2-760 Torr. The energies of
the pre-reaction complexes, (3a and 3b) were linked to the energies of the transition states
(TS-4a and TS-4b) to ensure the same relative differences as those reported by Kuwata et al.
The relative energies of 3a, 3b, TS-4a and TS-4b were floated during simulations and the
energies used for 5a, 5b, TS-7a, TS-7b and HCHO + SO3; were obtained from the work of
Kuwata et al.*® Values for of 3a, 3b, TS-4a and TS-4b from the MESMER fit are included in
Figure 4.17, which show an agreement of ~ 98 % with the energies predicted by
Kuwata et al.™ The observed negative temperature dependence is characteristic of the
barrierless formation of the pre-reaction complexes (3a or 3b), which subsequently leads to

the formation of secondary ozonides (SOZ) (5a or 5b) through low energy barriers.

The fit result for ksy is parameterised by ka1 = (3.72 + 0.01) x 10 (T/298)2%5+ 002 cm?3
molecule® s and is shown in Figure 4.18 along with the experimental results obtained

throughout this study.®
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Figure 4.18. A plot of the rate coefficients obtained for the reaction between CH,OO and SO>
from this work (solid and open black circles) and from previous literature studies.*" % 101213
(PIMS = photo-ionisation mass spectrometry). The dashed blue line represents a fit to the
equation ka1 = (3.91 +£ 0.15) x 10 x (T/298) 2 *°2cm3 molecule™ s with R? = 0.82 and the
red line represents the  parameterisation of the MESMER  result:

ka1 = (3.72 £ 0.01) x 10 (T/298)(1#£002 cm® molecule? 5.3

The final fit to the data is given by the parameterisation of the MESMER result:
ka1 =(3.72 £ 0.01) x 10 (T/298)(18 * 092 cm® molecule? s*. Using MESMER to obtain a
description of the negative temperature dependence results in a fit that can be more reliably
extrapolated to temperatures beyond those used within experiments as the fit is based on a

potential energy surface.
4.5 Concluding Remarks

The kinetics of the reaction between CH,OO + SO, have now been well established with an
IUPAC recommended value of ka1 = (3.75:33) x 10™ cm® molecule™ s* at 298 K.** Previous
studies have shown that the reaction exerts no pressure dependence between 1.5 and 450 Torr®
with the results of this report showing that the reaction exerts a negative temperature
dependence that is well described by ka1 =(3.72 +£0.01) x 10 (T/298)(205+002) cpy3

molecule™ s, The atmospheric implications of this result will be discussed in Chapter 8.
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Chapter 5

Kinetics of the Reaction of CH,OO with NO; as a Function of

Temperature and Pressure

The reaction of CH,OO with NO; has been the subject of a number of studies, but there are
significant discrepancies in the kinetics at room temperature, uncertainties relating to the
nature of products, and thus far there have been no experimental measurements of the
temperature dependence of the kinetics. This chapter provides an overview of previous direct
studies of the Kkinetics of the reaction between CH,OO and NO- at room temperature and
highlights the areas in which uncertainties remain. Results are provided for a study of the
temperature and pressure dependence of CH200 + NO: kinetics, which are required in order
to determine the competition between the reaction of CH,OO with NO, and other
atmospherically important reactions, such as CH,O0O + SO, and CHOO + water/water

dimers.
5.1 Previous Experimental Studies

The first direct measurements of the reaction between CH,OO0 and NO; (R5.1) were made by
Welz et al.* at 4 Torr and 298 K using laser flash photolysis of CH.l. in the presence of O, to
generate CH,OO, with detection of the Criegee intermediate using tunable VUV synchrotron
PIMS. Experiments were performed using **CH,00 to enable separation of the CH,OO signal
from that of 'NO.. Welz et al. reported a rate coefficient of
ks1 = (713) x 10" cm*®molecule™ s, a value that is an order of magnitude greater than
previous estimates (7.0 x 10" cm® molecule™® s ) based on investigations of the products of

ozonolysis reactions.
CH200 + NO; — Products (R5.1)

Following the work of Welz et al., there have been a limited number of studies to investigate
the kinetics of R5.1 at room temperature, which all utilise the same Criegee production
technique of Welz et al. (outlined in Chapter 1) but differ in the techniques used to monitor

the kinetics.

The potential for pressure dependence of ks was investigated by Stone et al.® at 295 K and
pressures between 25 and 300 Torr. The kinetics of R5.1 were determined using LIF
spectroscopy to monitor HCHO production in the system, which was produced from both
CH,00 and CH2lO; in the absence of NO,. In the presence of NO;, HCHO was produced in

a yield that was consistent with ~ 100 % production from CH,OO only, with inhibition of
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HCHO production from CH:IO; attributed to production of the peroxy nitrate CH210;NO5.
Experiments gave a mean value of ks1= (1.5 + 0.5) x 10™?¢cm?® molecule™ s™* which displayed
no significant dependence on pressure over the range investigated, and yields of CH,OO and
CH:I0; from R5.3 determined from measurements of HCHO in experiments using
CHoal,/02/N2/NO; were in agreement with those determined via other methods.

More recently, Qiu and Tonokura® utilised LFP coupled with mid-IR absorption spectroscopy
atv =1273.0 — 1277.5 cm™ to monitor the loss of CH,0O occurring due to R5.1 and reported
a rate coefficient for R5.10f ks 1 = (4.4 £ 0.2) x 10" cm® molecule™ s at 10.4 Torr and 295 K,
a value that is of the same order of magnitude than previous measurements.> * Qiu and
Tonokura reported a detection limit for the Criegee intermediate of approximately
2 x 102 molecule cm™ and highlight that their experimental set-up only used a single pass of
the probe beam through the reaction cell, resulting in a pathlength of 40 cm. As a result of the
relatively poor sensitivity, experiments were carried out at initial CH>OO concentrations
of ~ 10 molecule cm™ (approximately 10 times greater than that used by Stone et al.) leading
to intercepts greater than 2000 s™ on their bimolecular plots. The fit quality to the decay
profiles of CH,0O also look relatively poor in the work of Qiu and Tonokura, suggesting that
there is a missing second-order component that should be included in their fits to the data. As
a result of this, Criegee intermediate loss processes other than R5.1 may be significant under

the conditions studied in their work.

Similar to the work of Qiu and Tonokura, Luo et al.® monitored R5.1 using LFP coupled with
IR absorption spectroscopy of CH,00 at v = 880 — 932 cm™. In contrast to the work of Qiu
and Tonokura, the experimental set-up utilised by Luo et al. had an optical pathlength of
16.2 m, leading to greater sensitivity and a much lower limit of detection for the Criegee
intermediate (1 — 5 x 10 molecule cm™). The greater sensitivity allowed the group to perform
experiments at a lower initial concentration of CH,OO (~10* molecule cm™®), resulting in
smaller intercepts on their bimolecular plots (~ 105 s compared with ~ 2000 s™ from Qiu and
Tonokura) and therefore less influence from secondary chemistry. Luo et al. reported a rate
coefficient of ks1 = (1.0 + 0.2) x 10™2cm® molecule™ s* at a total pressure of 5.7 - 9.7 Torr at
298 K, which is approximately one-seventh the value reported by Welz et al.! but lies within

the error range of that reported by Stone et al.®

The reaction between CH,OO0 and NOx is not well characterised, with discrepancies of a factor
of seven in the kinetics reported from direct studies and inconsistencies remaining in the
literature regarding the reaction products. It was previously suggested that NO3 could be a

major product of R5.1, formed via terminal oxygen atom transfer from the Criegee
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intermediate to NO,°® which would influence the oxidising capacity of the troposphere at
night-time and periods of low sunlight.

The formation of the NOs radical following R5.1 has only been observed in the work of
Ouyang et al.” at 760 Torr and 297 K. CH,00 was produced via LFP of CH:l; in the presence
of O, and the production of NOsz and the sum of NOs; and N2Os (produced by R5.2) were
measured using a dual channel broadband cavity enhanced absorption spectrometer between
652 and 672 nm. Experiments were performed under pseudo-first-order conditions with
respect to NO, resulting in the rapid production of N.Os by R5.2.

NO; + NO3+ M — N,Os+ M (R52)

The sum of NO3z and N,Os was determined by heating the detection cell to 358 K in order to
promote thermal dissociation of N,Os to NOs, which allowed the total optical absorption due
to NOs to be obtained. The group performed multiple experiments under varying reaction
conditions to confirm the precursor to the NOs signal was the Criegee intermediate. However,
due to the nature of the experimental apparatus used, the time resolution of the experiments
was on the order of seconds, and it is possible that the NO3 observed may be a result of

secondary iodine chemistry (R5.3) rather than a direct product of R5.1.
INO; + IONO,; — I, + NOs;+ NO» (R5.3)

Caravan et al.’ carried out experiments using multiplexed photo-ionisation mass spectrometry
(MPIMS) at 10 and 40 Torr and 298 K, and reported that, following the reaction of CH,0O0
with NO2, no signal corresponding to NOs was observed, but do however, report the presence
of a signal at m/z = 92 that is dependent on the concentration of NO,, which they attribute to
the formation of a CH,OO-NO; adduct. Using the rate coefficient obtained in their study for
the reaction of acetaldehyde oxide (CHsCHOO) with NO:
((1.7 £ 0.3) x 10™2cm?® molecule™ s?) and the acetaldehyde signal obtained when no NO is
present, Caravan et al.® estimated an upper limit of ~ 30% for the production of NO3 and
HCHO from R5.1. The group estimated that, under their reaction conditions, the limit of
detection for NOs is approximately 3 x 10 molecule cm, which is comparable to the 30 %
yield suggested, however, they note that NO; may elude detection as a result of secondary
chemistry taking place within the reaction cell, significantly reducing the concentration of
NOs formed. Following the report of Ouyang et al.,” Caravan et al. also investigated the
presence of N»Os as a reaction product however, no time-resolved signal was observed. To
further explore the potential secondary products of NOs, Caravan et al. monitored the
production of 10 in both the presence and absence of NO.. A previous study by
Chambers et al.’® reported that the reaction of NOs with | occurs rapidly (4.5 x 10%° cm?

molecule™ s) to produce 10 + NO; and so an increase in the 10 signal with NO concentration
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may be indicative of the presence of NOs. However, Caravan et al. reported a decrease in 10
concentration with increasing NO2 and highlight that as a result of other sources of 10 in the
system (i.e. R5.4, measured by Mir et al.'), an increase in 10 signal with increasing NO;
would not be sufficient evidence for the formation of NOs.

CH,00 + 1 — HCHO + IO (R5.4)

A summary of previous studies of the kinetics of R5.1 is shown in Table 5.1.
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Reference Technique PhotolysisA/  Temperature/ K  Pressure/ Torr  Bath gas [CH00]o / ksi /10" cm?
nm molecule cm™ molecule™ s™
Welz et al. LFP / PIMS 248 298 4 He ~10% 7
Stone et al.® LFP/LIF 248 295 25 - 300 N2 ~10% 1.5+05
Qiu & Tonokura®  LFP/ IR abs 266 295 10.4 N> ~10% 4.4+0.2
Luoetal.® LFP /IR abs 248 298 59-9.7 N2 2.8-9.6 x 10% 1.0+£0.2

Table 5.1. Summary table of the previous Kinetic data reported for R5.1. LFP = laser flash photolysis, PIMS = photo-ionisation mass spectrometry and

LIF = laser-induced fluorescence.
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5.2 Previous Theoretical Work

To date, there is currently only one theoretical study to investigate the reaction between
CH,00 and NO,, reported by Vereecken and Nguyen.!? The authors utilised quantum
chemical and theoretical kinetic methodologies to obtain a rate coefficient for R5.1 of
ks1 = 4.4 x 10*?cm® molecule™ s* at 298 K at the high-pressure limit, in excellent agreement
with the rate coefficient reported by Qiu and Tonokura.® The potential energy surface
produced by Vereecken and Nguyen (Figure 5.1) suggests that the two most likely reaction
pathways for R5.1 proceed via the production of a Criegee-NO, adduct, via the addition of
either the nitrogen atom or the oxygen atom to the Criegee intermediate chain, denoted as
INT1 and INT2 respectively on the potential energy surface shown in Figure 5.1. Their
calculations found no low-lying isomerisation channel or dissociation transition state for
INT1, suggesting that this reaction pathway produces a stable radical species that would
follow RO-type chemistry in the atmosphere. They predict multiple reaction pathways from
INT2, with the lowest energy pathway leading to the production of HCHO, O, and NO.
However, Vereecken and Nguyen state that characterising the entrance transition states for
this reaction is extremely difficult owing to multi-reference effects (where the molecule cannot
be described by a single electronic configuration) and predicted that the reported barrier
heights may be overestimated by more than 20 kJ mol™. The reaction was also predicted to
exhibit a positive temperature dependence between 200 — 400 K that can be characterised by
k(T) = 1.15 x 10™ exp(-298/T) cm® molecule™ s*. However, there have been no experimental

studies of the temperature dependence of R5.1.
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Figure 5.1. Potential energy surface for the reaction of CH,OO + NO; obtained from the work
of Vereecken and Nguyen,*? calculated at the CCSD(T)/aug-cc-pVTZ/M06-2X level of
theory. Energies marked with an asterisk used NEVPT2/aug-cc-pVTZ energy estimates.

5.3 Experimental

The Kinetics of the reaction between CH,OO and NO, were studied as a function of
temperature (242 — 353 K) and pressure (25 — 300 Torr) using the experimental set-up
described in Chapter 3.

Experiments were performed under pseudo-first-order conditions, with NO; present in large
excess over CH,0O. The initial concentrations were: [NO2] = (0.09— 1.5) x 10" molecule
cm?, [CH2l] = (4 — 7.5) x 10** molecule cm™®, and [O2] = (0.4 — 1.5) x 10" molecule cm™.
The chemistry was initiated within the cell using an excimer laser operating at a wavelength
of A = 248 nm with an average laser fluence of 20 — 30 mJ cm™. For experiments performed at
50 Torr, the total flow rate in the cell was 1200 standard cm® per minute (sccm), giving a
residence time in the cell of ~ 3 s. The total flow rate was adjusted with pressure to maintain
a constant residence time. The pulse repetition rate was fixed at 0.27 Hz to ensure a fresh gas
mixture entered the reaction cell after each laser pulse, to avoid any unwanted secondary
chemistry, with intensity data typically averaged over 300 laser shots. The effective pathlength
for these experiments was determined to be (471 £ 50) cm. More details of the experimental

procedure are given in Chapter 3.
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5.4 Analysis of Absorbance Spectra

Absorbance spectra were obtained in the same way as described in Chapter 3. Figure 5.2 shows
an example absorbance spectrum obtained for experiments performed in the presence of NO..

0.010

0.005 -

Absorbance

0.000 -

- Experimental absorbance
—— CH,00
= CHjl,

-0.005 — 10 -
Total fit

L] L] L]
300 350 400 450
Wavelength / nm

Figure 5.2. Absorbance spectra obtained at 0.3 ms post-photolysis in the presence of
[NO2] = 4.0 x 10" molecule cm=at T = 298 K and p = 100 Torr. The experimental absorbance
is shown in black, CH,0O0 is shown in blue,** CHal, in pink,® 10 in purple* and the total fit
in orange. For these data: [CH,00];=1.89x 10" molecule cm?

A[CHal;] = -2.74 x 102 molecule cm™ and [10]; = 3.22 x 10* molecule cm=.

Lewis et al.® suggested the possibility of secondary iodine chemistry from the reaction
between CH,O0 and NO,, which included the potential formation of IONO2, INO2, and I,
and if both iodine and oxygen atoms are present, then the formation of OIO would also be
possible. Figure 5.3 shows example absorbance spectra obtained following the addition of
NO; at various time points after photolysis, along with reference spectra for CH,OO, CHal;
and 10. Immediately following photolysis, the residual shows a good fit between the observed
absorbance and the total fit. However, as the reaction progressed, the characteristic structure
belonging to 10 was no longer observed and two unknown novel peaks appeared in the ranges
of 280-295 nm and 465-530 nm.



130

Experimental absorbance
—— CH,00

——CHjyl, J 0.005 4 = CH,l,

—0 —I0

Total fit

Offset difference

"™
""LI-MW%W

-0.005 4

—— Experimental absorbance b)
—— CH,00

0.005 4

Total fit
Offset difference

0.000 4

3
3
=
3
Absorbance

Absorbance

-0.005 4

-0.010 T T T T T -0.010 T T T T T
300 350 400 450 500 300 350 400 450 500

Wavelength / nm Wavelength / nm

T
Experimental absorbance
c) —— CH,00

—— CH,l,

—10
Total fit
Offset difference

i,
0.000 4 ) l‘t‘w u%%hw

-0.005

0.005

Absorbance

-0.010

Figure 5.3. Absorbance spectra obtained at a) 0.2 ms, b) 2 ms and ¢) 4 ms post-photolysis in
the presence of [NO2] = 4.0 x 10* molecule cm® at T = 298 K and p = 100 Torr. The
experimental absorbance is shown in black, CH,0O is shown in blue,** CHal, in pink,? 10 in
purple,** the total fit in orange and the residual of the fit is shown in grey. The fit gave:
a) [CH200]: = 9.39 x 10" molecule cm™® A[CH:l;] = -2.61 x 10% molecule cm?,
[10]i=2.12 x 10** molecule cm?® b) [CH,00]: = 3.78 x 10 molecule cm?
A[CHal;] =-2.47 x 102 molecule cm?®, [l10]y = 1.35 x 10 molecule cm® and
¢) [CH200]:=1.60 x 10" molecule cm?® A[CH:l] = -2.59 x 10 molecule cm?
[10]: = 7.66 x 10° molecule cm.

To determine which species were present, modelled absorbance spectra were constructed
using the Beer-Lambert law, which included a combination of reference absorption cross-
sections for CHzl2,> CH200,™ INO,,* IONO,,* 10,** 010 and I..*" Least-squares fits were
performed between the experimentally observed absorbance and the modelled absorbance to

obtain the residual of the fit.
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The wavelength region of 280 — 430 nm was first probed for the potential presence of IONO;
and INO,. Absorbance spectra shown throughout the remainder of this section were taken at
2 ms post-photolysis. At this time point, the formation of the two novel peaks could be clearly
observed and peaks corresponding to CH>OO0, CH:l, and 10 can still be seen.

Figure 5.4 shows a fit to the observed absorbance using reference absorption cross-sections
for CH,00, CHoal,, 10 and IONO,. The residual of the plot between 280 and 300 nm showed
no significant improvement compared to the corresponding time point in the fit where IONO;
was not included (Figure 5.3 b), indicating that IONO, was not significantly contributing to

the absorbance seen within this region.
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Figure 5.4. Absorbance spectra obtained at 2 ms post-photolysis in the presence of
[NO2] = 4.0 x 10* molecule cm™® at T = 298 K and p = 100 Torr. The experimental absorbance
is shown in black, CH,0O is shown in blue,** CHal in pink,? 10 in purple,** IONO in bright
blue,*® the total fit in orange and the residual of the fit is shown in grey. For these data:
[CH,00] =2.74 x 10" molecule cm?® A[CHal;] = -3.20 x 10% molecule cm?,
[10]: = 1.47 x 10" molecule cm™ and [IONO;]; = 6.51 x 10° molecule cm’,

The data were then analysed in the same way as above with INO2. Figure 5.5 shows a fit to
the observed absorbance using reference absorption cross-sections for CH,00, CHal,, 10 and
INO,. The residual of the fit between 280 and 300 nm shows noticeable improvement when
compared to the fits with no additional reference spectra (Figure 5.3 b) and from the fit where
IONO; was included (Figure 5.4). We therefore concluded that INO; is responsible for the
absorbance seen at wavelengths below 300 nm for experiments carried out in the presence of
NO:..
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Figure 5.5. Absorbance spectra obtained at 2 ms post-photolysis in the presence of
[NO;] = 4.0 x 10" molecule cm™at T = 298 K and p = 100 Torr. The experimental absorbance
is shown in black, CH,0O is shown in blue,** CHl, in pink,? 10 in purple,** INO; in green,®
the total fit in orange and the residual of the fit is shown in grey. For these data:
[CH,00]; = 3.42 x 10" molecule cm?® A[CH:l;] = -2.96 x 10% molecule cm?,
[10]: = 1.02 x 10" molecule cm™®, [INO;]; = 1.46 x 10" molecule cm,

To assess whether IONO; should also be included in the analysis, the modelled absorbance
was constructed which included both IONO; and INO, as shown in Figure 5.6. The addition
of IONO; showed no improvement in the residual fit, with the fit also suggestion that IONO;
was present in significantly lower concentrations than that of INO, (10° molecule cm for
IONO, compared to 102 molecule cm™ for INO,). As a result of this, we concluded that
IONO; was not produced in significant concentrations under the conditions studied in this

work and therefore not included within the analysis.
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Figure 5.6. Absorbance spectra obtained at 2 ms post-photolysis in the presence of
[NO2] = 4.0 x 10* molecule cm™® at T = 298 K and p = 100 Torr. The experimental absorbance
is shown in black, CH,OO is shown in blue,** CHl, in pink,? 10 in purple,* INO; in green,®
IONO: in bright blue,® the total fit in orange and the residual of the fit is shown in grey. For
these data: [CH.00]; = 3.70 x 10" molecule cm™, A[CH.l,] = -2.81 x 10* molecule cm’®,
[10]:=1.74 x 10°molecule cm?® [IONO;; = 581 x 10° molecule cm?

[INO]; = 1.57 x 10* molecule cm™®,

There are only two literature sources for the UV cross-sections of INO2, which give
significantly different values. The Broske™ reference spectrum are upper limits with a
maximum value of 1.04 x 10" cm? molecule™® at 240 nm. In these experiments, INO, was
prepared from the photolysis of NOJ/I, gas mixtures with visible light at 298 K and the spectra
were recorded using a diode array. The IUPAC™ reference spectrum for INO2 has a maximum
absorption cross-section of 4.22 x 10?8 cm? molecule™ at 240 nm. The values reported by
IUPAC are lower limits, based on the measurements of Briske and assuming stoichiometric
conversion of NO; into INO2. A comparison between the two reference spectra is shown in

Figure 5.7.
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Figure 5.7. Comparison between the UV absorption cross-sections for INO, reported by
IUPAC (lower limits)'® and Broske (upper limits).*8

Using the yield of CH,OO at 100 Torr (0.58) and the initial concentration of CH-0O, initial

concentrations of CH210, and | were determined from Equations 5.1 — 5.4.

0.58 .

—=1. Equation 5.1

0.42 140 (Eq )

[CH,00],

CH,I0,]g = ———

[CH102)o 1.40 (Equation 5.2)
[CH,00],

CH,I]p = ——

[CH:1]o 0.58 (Equation 5.3)

o = [CHallo > (1+058) (Equation 5.4)
The sum of the initial concentrations of CH210, and | gives the total amount of iodine that can
be released into the system. The data were fit with both reference spectra between 280 and
450 nm and the ratio of INOy:total iodine was determined. Results from the calculations are
shown in Table 5.2, where it is clear that fitting the data with the IUPAC reference spectra
suggests a concentration of INO; that is greater than the total amount of iodine present in the
system. Combining all of the iodine species using the IUPAC reference spectra for INO, gave
a total value of 1.89, whereas the total using the Broske reference spectra was 0.85. Following
this analysis, the observed absorbance spectra were fit using the INO: reference spectra

reported by Broske.™®
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[NO;]/10%  [CH,00]/  [CHallo/10%  [I]o/102  Total iodine/ [INO2]/10% | [INO2]/Total [INOz]/10% [INO;]/ Total
molecule cm 10 molecule cm®  molecule cm™ 10% molecule cm’ iodine cm? iodine
molecule cm moleculecm®  (IUPAC®) (IUPAC™) (Broske™) (Broske'®)
9.76 10.2 1.74 2.76 3.48 8.52 2.44 3.16 0.91
8.42 10.0 1.72 2.73 3.45 6.06 1.76 2.27 0.66
7.06 9.6 1.65 2.61 3.30 6.24 1.89 2.27 0.69
5.68 8.6 1.48 2.35 2.96 4.59 1.55 1.70 0.57
4.28 9.8 1.68 2.65 3.35 4.80 1.43 1.84 0.55
2.86 10.2 1.75 2.77 3.50 3.00 0.86 1.10 0.31

Table 5.2. Calculations of the total iodine species in the system for experiments at T = 298 K and p = 100 Torr and the comparison between the INO;

concentrations obtained from fits where the UV absorption cross-sections were obtained from IUPAC and from Broske.®® The cross-sections taken from

Broske are upper limits and the cross-sections from IUPAC are lower limits based on the work of Brdske and assuming stoichiometric conversion of NO- into

INO2, While results suggest that the cross-sections from IUPAC are too low, we are unable to determine if the cross-sections reported by Broske are the correct

values.
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The absorbance spectra at wavelengths between 465 and 530 nm were analysed in the same
way as above using reference absorption cross-sections for 1, and 010.% Figure 5.8 shows
an absorbance spectra with the addition of OlO. The residual of the plot has been improved
when compared to plots without any additional reference spectra at longer wavelengths
(Figures 5.3-5.6) however, the structure shown by the residual between 480 and 530 nm
suggests that OIO is not present in significant concentrations within this region and therefore
not responsible for the observed absorbance within this region.
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Figure 5.8. Absorbance spectra obtained at 2 ms post-photolysis in the presence of
[NO2] = 4.0 x 10* molecule cm™® at T = 298 K and p = 100 Torr. The experimental absorbance
is shown in black, CH,0O is shown in blue,** CHal in pink,® 10 in purple,** INO; in green,*®
010 in light blue,® the total fit in orange and the residual of the fit is shown in grey. For these
data: [CH,00]; = 3.85 x 10" molecule cm?3, A[CH.l;] = -2.87 x 10* molecule cm?,
[10]:=7.73x 10°molecule cm?® [INO; = 155 x 102 molecule cm?

[010]: = 5.33 x 10" molecule cm™®,

Figure 5.9 shows the absorbance spectra with only the I, reference spectra included. This fit
resulted in the residual of the fit being flat indicating a good fit between the observed and
modelled absorbance. We therefore concluded that 1, was responsible for the peak observed

at longer wavelengths.
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Figure 5.9. Absorbance spectra obtained at 2 ms post-photolysis in the presence of
[NO;] = 4.0 x 10" molecule cm™at T = 298 K and p = 100 Torr. The experimental absorbance
is shown in black, CH,0O is shown in blue,** CHal in pink,® 10 in purple,** INO; in green,*®
I, in yellow,"" the total fit in orange and the residual of the fit is shown in grey. For these data:
[CH,00]: = 3.80 x 10" molecule cm3, A[CH.l;] = -2.88 x 10" molecule cm?,
[10]:=6.72 x 10°molecule cm?® [INO; = 154 x 102 molecule cm?

[12]: = 9.10 x 10" molecule cm™®,

To assess whether OIO should also be included in the analysis, a modelled absorbance was
constructed which included both I, and OIO, as shown in Figure 5.10. The residual of the fit
showed no significant improvement compared to the fit with just I, included, with the fit result
suggesting that I, was present at a concentration approximately 15 times greater than that of
Olo.
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Figure 5.10. Absorbance spectra obtained at 2 ms post-photolysis in the presence of
[NO;] = 4.0 x 10" molecule cm™at T = 298 K and p = 100 Torr. The experimental absorbance
is shown in black, CH,0O is shown in blue,** CHl, in pink,? 10 in purple,** INO; in green,®
I, in yellow,'” Ol0 in light blue, the total fit in orange and the residual of the fit is shown in
grey. For these data: [CH,00]: = 3.81 x 10™ molecule cm™, A[CHal,] = -2.88 x 10* molecule
cm®, [I0] = 6.85 x 10 molecule cm® [INO2); = 1.54 x 10% molecule cm?

[12]: = 8.54 x 10" molecule cm™, [OI0]; = 4.29 x 10'° molecule cm.
5.4.1 Limit of Detection for NO3

Previous work’ had suggested the possible formation of NO3 as a product of the reaction
between CH,00 and NO,. Reference absorption cross-sections for NO3 between 400 and 700
nm are shown in Figure 5.11, which show two large peaks at ~ 625 and 660 nm. The
absorbance observed in this work was between 280 and 540 nm and so we would be unable
to see the formation of NO; from our kinetic experiments. To investigate the potential
formation of NOs, the centre wavelength of the CCD was shifted upwards enabling any

absorbance up to ~ 700 nm to be observed.
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Figure 5.11. Reference absorption cross-sections for NOsz between 400 and 700 nm.?

The limit of detection (LOD) for NOsz was first determined by calculating the standard
deviation of the signal-to-noise ratio of the absorbance from a reaction without NO; at 298 K
and 50 Torr. Figure 5.12 shows an absorbance spectra obtained for these experiments, as there

was no absorbance between 465 and 539 nm, this region was used to determine the LOD.
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Figure 5.12. Absorbance spectra obtained in the absence of NO- at 50 Torr and 298 K used to

determine the limit of detection for NOs.

From these experiments, the LOD was determined to be 2.96 x 10* molecule cm™. The initial
concentration of CH,0O in these experiments was ~1.6 x 10% molecule cm™, and therefore

an upper limit of 2 % was placed on the yield of NOs.
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5.5 Results and Discussion

Figures 5.13-5.15 show typical absorbance spectra at different time points following
photolysis. From these spectra it is clear that as time progresses, the signals corresponding to
CH00 and 10 decrease while the signals corresponding to INO- and I, increase. The spectra
showed no evidence for the contribution of OIO under these conditions, and the addition of
the OIO reference spectrum did not improve the fit and so it was not included. It should be
noted that, to determine the kinetics of R5.1, the data were fit between 290 — 450 nm, where
only CH:l,, CH,00, INO; and 10 contribute to the total fit.

0.010 4 —— Experimental absorbance ]

= CH,l,
0.008 —— CH,00 -
-0

I 4
—INO,
— Total fit

0.006

0.004 +

0.002 +

Absorbance

0.000

-0.002

-0.004

-0.006

T T T T
300 350 400 450 500

Wavelength / nm

Figure 5.13. Typical observed absorbance (black) and total fit (red) obtained by fitting
reference spectra for CHal, (pink),> CH.00 (blue),** 10 (purple),** I, (orange)*” and INO;
(green).'® Data shown were obtained at 0.3 ms after photolysis at p = 25 Torr and T = 298 K,
with [CHal2Jo = 5.9 x 102 molecule cm?® [0,] = 4.0 x 10 molecule cm? and
[NO;] = 4.0 x 10** molecule cm™®. The fit gave A[CHzl;] = -2.9 x 10" molecule cm?,
[CH,00]; = 1.5 x 10* molecule cm?, [10]; = 2.6 x 10" molecule cm®, [l;); = 0 and

[INO2J;: = 9.1 x 10* molecule cm’,
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Figure 5.14. Typical observed absorbance (black) and total fit (red) obtained by fitting
reference spectra for CHl (pink),2 CH,00 (blue),** 10 (purple),** 1, (orange)*’ and INO;
(green).’® Data shown were obtained at 2 ms after photolysis at p = 25 Torr and T = 298 K,
with [CHal2Jo = 5.9 x 10 molecule cm?® [0;] = 4.0 x 10 molecule cm? and
[NO2] = 4.0 x 10* molecule cm™. The fit gave A[CHzl;] = -3.0 x 10" molecule cm?,
[CH00]= 4.7 x 10" molecule cm3 [IO]: = 6.4 x 10 molecule cm?

[12]: = 6.5 x 10" molecule cm?and [INO2]; = 1.8 x 10** molecule cm™®,
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Figure 5.15. Typical observed absorbance (black) and total fit (red) obtained by fitting
reference spectra for CHal,? (pink), CH.00™ (bluge), 10* (purple), 1,7 (orange) and INO,*®
(green). Data shown were obtained at 4 ms after photolysis at p =25 Torr and T = 298 K, with
[CHa2Jo = 5.9 x 10® molecule cm™ [0 = 4.0 x 10" molecule cm™ and
[NO] = 4.0 x 10 molecule cm?®. The fit gave A[CH.l;] = -3.1 x 10 molecule cm?,
[CH:00]:= 1.7 x 10" molecule cm® [0}y = 65 x 10° molecule cm?

[12]: = 1.3 x 10 molecule cm?and [INO_]; = 2.2 x 10 molecule cm™,
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Concentration-time profiles were obtained for each species present between 290 and 550 nm,

with typical results shown in Figure 5.16.
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Figure 5.16. Typical concentration-time profiles for a) CH;0O, b) 10, ¢) INO; and d) I,
obtained at p = 100 Torr and T = 298 K, with [NO] = 9.8 x 10™ molecule cm,

As described above, the signal corresponding to 10 decreases upon the addition of NO; as a
result of the formation of INO; (R5.9). Figure 5.17 compares concentration-time profiles for
I0 in the presence and absence of NO, which shows a more rapid decrease in the

concentration of 10 when higher concentrations of NO; are introduced to the system.
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Figure 5.17. Concentration-time profile for 10 at 298 K and 100 Torr, for [NO;] = 0 (black),
[NO2] = 9.0 x 10" molecule cm™ (pink), [NO;] = 1.5 x 10* molecule cm™ (navy) and
[NO;J=6.5 x 10" molecule cm™® (red), for an experiment  with
[CHal2]o = 5.5 x 10 molecule cm™. The repeating oscillation seen in the [NO,] = 0 trace is
likely a result of vibrations within the laboratory causing the probe beam to move on and off

of the probe mirrors.

Figure 5.18 shows example concentration-time profiles for INO; in the presence of different
concentrations of NO,. The data obtained for INO, shows more scatter than data typically
obtained for the other species present, this is because INO; absorbs at lower wavelengths than
CH200 and 10 where there is less light available and so the signal-to-noise ratio is reduced.
However, it is still evident that a higher concentration of INO- is produced under higher NO;

concentrations.
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Figure 5.18. Concentration-time profile for INO, at 298 K and 100 Torr for
[NO2] = 9.0 x 10® molecule cm™ (pink), [NO;] = 5.0 x 10* molecule cm™ (green) and
[NO;J=1.1x10®  molecule cm?®  (blue), for an  experiment  with

[CHal2]o = 5.5 x 10 molecule cm™®,

As experiments were conducted under pseudo-first-order conditions, where the concentration
of NO- is in excess of CH,0O, the change in the concentration of CH-OO can be described

using Equation 5.5.
[CH,00]; = [CH,00], x (exp=**t) (Equation 5.5)

where [CH,00]; is the concentration of CH,OO at time t, [CH,00], is the initial Criegee
intermediate concentration and k' is the observed rate coefficient, which incorporates the rate
coefficient for the Criegee intermediate decay when there is no NO- in the system (kx) and the
pseudo-first-order rate constant for the reaction between the Criegee intermediates and NO;
(k's1=ks1[NO2]), i.e. k' = kx + k'5.1.

The data were fit with an equation that incorporates an instrument response function (IRF) in
Equation 5.5, to account for the simultaneous illumination of multiple rows on the CCD

followed by row-by-row shifting (further details regarding the IRF are provided in Chapter 3).

Figure 5.19 shows how the decay of CH,OO increases as the concentration of NO, added to

the reaction cell is increased.



145

L] L] L]
° ° 13 -3
1.5x10%2 - 9.0 x 1014 molecule cm .
® 3.3x 10" molecule cm®
""E ® 6.5 x 10 molecule cm™
8 e 1.1x 10 molecule cm™
8 12
& 1.0x10'2 -
°
€
=
o
Q
T 5.0x10% 4
O,

L]
0.002 0.004 0.006
Time/s

Figure 5.19. Concentration — time profiles showing the CH,OO decay, in the presence of NO,
at p=100 Torr and T = 298 K. Solid lines represent an unweighted fit to Equation 5.5
convoluted with an instrument response function. For [NO2] = 9.0 x 10** molecule cm?, the
fit gave [CH,OO0]o = (1.50 £0.13) x 10% molecule cm™ and k' = (666 + 18) s™; for
[NO2] = 3.3 x 10* molecule cm™®, the fit gave [CH,00]o = (1.38 + 0.17) x 10% molecule
cm® and k'=(885 + 27) st for [NO;] = 6.5 x 10" molecule cm® the fit gave
[CH,00]o = (1.37 £ 0.24) x 10" molecule cm™® and k' = (1271 + 44) s%; and for
[NO2] = 1.1 x 10® molecule cm™, the fit gave [CH200]o = (1.55 + 0.40) x 10" molecule cm™®
and k'=(1853+70)s. The IRF parameters were: t.=-(1.05+0.13)x10° s,
w = (4.05 + 0.90) x 10® s. Uncertainties are 1.

Bimolecular rate coefficients were obtained by plotting pseudo-first-order rate coefficients

against NO concentrations, as shown in Figure 5.20.
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Figure 5.20. Bimolecular plot for the reaction of CH,OO + NO; at 298 K and 100 Torr
obtained by plotting the observed rate coefficient vs [NO,] where the red line represents an
unweighted linear fit to the data. The slope of the fit is the bimolecular rate coefficient of
ks1 = (1.24 + 0.07) x 10 cm™ molecule™ s with an intercept of (531 + 35) s™. Uncertainties

are lo.

The potential for the contribution of second-order behaviour was also investigated, where the
decay of CH,0O0 is described by a mixed first- and second-order model (further details given
in Chapter 3). Figure 5.21 compares fits obtained for a typical concentration-time profile for

CH200 using the first-order model and the mixed first- and second-order model.



147

L] L] L]
— First-order fit
1.2x10'? 4 \ — — Mixed-order fit A
" 5
12
£ 1.0x10
Q
8 11
R 8.0x10™"
o
€
= 6.0x10" ~
(@]
ON
T 4.0x10*
o,
2.0x10" -
° 4
0.0 — T ro—
0.000 0.002 0.004

Time /s

Figure 5.21. Comparison of fits to the first-order equation (solid red line) and the mixed-order
equation (dashed blue line) for CH,0O0 in the presence of [NO2] = 6.5 x 10* molecule cmat
100 Torr and 298 K. The solid red line gave: t.=-(1.05+0.13)x10° s,
w=(4.05+0.90) x10° s, [CH,00]o = (1.37 * 0.24)x 10" molecule cm™ and
k'= (1271 +44)s*. The dashed blue line gave: t. = -(1.18 + 0.58) x 10° s,
w=(3.27+0.32) x10° s, [CH,00]y = (1.39 * 0.29) x 102 molecule cm?
k" =(9.99 + 0.25) x 10" cm® molecule™ s*and k' = (1198 + 49) s™. Uncertainties are 1o.

Figure 5.22 compares rate coefficients for CH,OO with NO- obtained from the first-order fits
to those obtained from the mixed-order fits. Results show less than 5 % difference between
the rate coefficients obtained when kinetics were described using the first-order and mixed-
order models. We therefore conclude that data are well described by pseudo-first-order

kinetics.
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Figure 5.22. Dependence of k' on [NO2] at T = 298 K and p = 100 Torr obtained for a first-
order fit (solid red line) and mixed-order fit (solid blue line). The fits gave:
ks.1 = (1.24 + 0.07) x 10" cm®*molecule™ s and ky = (531 * 35) s for the first-order fit and
ks.1 = (1.30 + 0.07) x 10" cm® molecule™ s* and k¢ = (412 * 38) s™ for the mixed-order fit.

Uncertainties are 1o.
5.5.1 Pressure Dependent Results

Experiments were performed at pressures between 25 and 300 Torr at 298 K with rate
coefficients for each pressure summarised in Table 5.3, where the uncertainties represent a
combination of the statistical error and the systematic errors resulting from uncertainties in
gas flow rates and in the concentration of NO,. Figure 5.23 shows a plot of the bimolecular
rate coefficients as a function of pressure for the results obtained in this work, as well as the

results of previous literature.™ **

Pressure / Torr  ks1/10™% cm® molecule™ s

25 1.19+0.14
50 1.11+0.14
100 1.24 +£0.15
200 1.39 +0.15
300 1.28 £0.15

Table 5.3. Bimolecular rate coefficients obtained for R5.1 at 298 K and pressures between 25
and 300 Torr. The uncertainties represent a combination of the statistical error and the
systematic errors resulting from uncertainties in gas flow rates and in the concentration of
NO:..
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Figure 5.23. A plot of ks 1 as a function of pressure, the plot includes the results obtained in
this work (black), the results of Stone et al. (blue),® Luo et al. (green),® Qiu and Tonokura
(orange)®™ and Welz et al. (red).* Error bars for this work represent a combination of the
statistical error and the systematic errors resulting from uncertainties in gas flow rates and in

the concentration of NO..

The reaction between CH,OO0 and NO; was found to be independent of pressure with a rate
coefficient of ks1 = (1.24 + 0.16) x 10 cm® molecule™ s at 298 K. This value is in good
agreement with the rate coefficients reported by Luo et al.® at 5.9 and 9.7 Torr
((1.0 £ 0.2) x 10" cm® molecule™ s at 295 K) as well as the pressure independent values
reported by Stone et al.® between 25 — 300 Torr ((1.5 = 0.5) x 10* cm® molecule® s at
298 K). This value is approximately one seventh of the value reported in the earliest kinetic
study by Welz et al.* who reported a rate coefficient of ks1 = (7.0*3) x 10*?cm?® molecule™s™
at 298 K and 4 Torr. This value is also not in agreement with the work by Qiu and Tonokura,*®
who report a rate coefficient of ks = (4.4 +0.2) x 10*>cm® molecule™® s* at 10.4 Torr and
295 K, although this difference can potentially be attributed to the poor sensitivity of their
experimental apparatus which in-turn led to the use of much higher initial Criegee

concentrations (~ 10* molecule cm™®), which may have promoted secondary chemistry.
5.5.2 Temperature Dependent Results

The reaction between CH,OO and NO. was investigated as a function of temperature
(242 — 353 K) at 50 Torr, using the same method as described above. Bimolecular plots
obtained at each temperature are shown in Figure 5.24. Values for the intercept, ky, have been

subtracted from the pseudo-first-order rate coefficients for clarity.
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Figure 5.24. Pseudo-first-order rate coefficients as a function of NO: concentration for
experiments carried out at temperatures between 242 and 353 K, where the solid lines
represent an unweighted linear fit to the data. Error bars for this work represent a combination
of the statistical error and the systematic errors resulting from uncertainties in gas flow rates

and in the concentration of NO,.

The pressure dependence was again investigated at the two lowest temperatures (242 and
254 K) between 25 and 200 Torr, with results showing that R5.1 remained independent of
pressure at these low temperatures. Figures 5.25 and 5.26 show the data obtained for the
pressure dependence at 242 and 254 K, along with the combined bimolecular plot for these

temperatures after the intercept, kx, has been subtracted for clarity.
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Figure 5.25. Left: Pseudo-first-order losses for CH,OO as a function of NO concentration for
experiments carried out at 242 K. Right: Pseudo-first-order losses after the ky values for each
data set have been subtracted. The red line represents an unweighted linear fit to the data.
25 Torr (black): ks:=(1.96 = 0.27) x 10" cm® molecule™® s?, kx = (981 + 160) s,
50 Torr (pink): ksi=(1.95+0.14) x 10 cm® molecule® s*, k« = (787 + 76) s?,
200 Torr (blue): ks1 = (2.03 +0.24) x 10*? cm® molecule™ s?, kx = (605 * 141) s, combined

data: ks1 = (1.98 £ 0.11) x 10™ cm?® molecule™ s, ky = (-4 % 63) . Uncertainties are 1o.
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Figure 5.26. Left: Pseudo-first-order losses for CH,OO as a function of NO, concentration for
experiments carried out at 254 K. Right: Pseudo-first-order losses after the kx values for each
data set have been subtracted. The red line represents an unweighted linear fit to the data.
25 Torr (black): ks = (1.65 + 0.17) x 102 cm® molecule™® s?, kx = (650 + 138) s7,
50 Torr (pink): ks1=(1.70 £0.10) x 10" cm® molecule® s, k« = (209 + 78) s¥,
200 Torr (blue): ks1 = (1.75 £ 0.10) x 10™ cm® molecule™ s?, kx = (620 * 49) s™, combined

data: ks1 = (1.66 + 0.06) x 102 cm® molecule™ s, k« = (17 + 46) s™. Uncertainties are 1c.

Bimolecular plots obtained before the intercept was subtracted are shown in Appendix 5 for

all other temperatures.
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Rate coefficients at each temperature are summarised in Table 5.4, where the uncertainties
represent a combination of the statistical error and the systematic errors resulting from
uncertainties in gas flow rates and in the concentration of NO..

Temperature / K Pressure/ Torr  ks1 /10" cm® molecule™ s*
242 25 1.96 £ 0.34
50 1.95+0.24
200 2.03+£0.31
254 25 1.65+0.24
50 1.70 £ 0.20
200 1.75+£0.20
277 50 1.31+£0.19
298 25 1.19+0.14
50 1.11+£0.14
100 1.24 +£0.15
200 1.39 £0.15
300 1.28 £0.15
318 50 0.94 £ 0.13
335 50 0.77 £0.10
353 50 0.58 £ 0.08

Table 5.4. Bimolecular rate coefficients for R5.1 obtained in this work at pressures between
25 and 300 Torr and temperatures between 242 and 353 K. The uncertainties represent a
combination of the statistical error and the systematic errors resulting from uncertainties in

gas flow rates and in the concentration of NO,.

Results show that the reaction between CH,OO and NO- exhibits a negative temperature
dependence between 242 and 353 K. A comparison of fits to the data is shown in Figure 5.27,
which compares fitting the data with the Arrhenius equation (further details in Chapter 2) and
fitting the data using the power law form, AT", to determine the best description of the

temperature dependence.
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Figure 5.27. A plot of the bimolecular rate coefficients for CH,OO + NO, as a function of
temperature for the results obtained in this work at pressures between 25 and 200 Torr and
temperatures between 242 and 353 K. Errors represent a combination of the statistical error
and the systematic errors resulting from uncertainties in gas flow rates and in the concentration
of NO.. The blue line represents a fit to the equation
ks.1= (1.07 + 0.02) x 102 x (T/298)?° *%2 cm?® molecule™ s* with R? = 0.97 and the red line
represents a fit to the equation ks 1 = (7.71 % 2.08) x 10™** x exp(-784/T) cm® molecule™* s with
R?=0.96.

Fitting the data with the Arrhenius equation gave: ks1 = (7.71 + 2.08) x 10 x exp(-784/T)

® molecule s!' with R* = 0.96 and fitting with AT" gave:

cm
ks1= (1.07 £ 0.02) x 102 x (T/298)*° *%2 cm?* molecule™ s with R? = 0.97. The data were
well described by both equations (as seen in Figure 5.28) however, fitting with AT" gave an
R? value closer to 1 and so it was concluded that this fit provides the best description of the
data. There have been no previous experimental investigations of the temperature dependence
of this reaction however, the same theoretical study by Vereecken and Nguyen'? predicted a
small positive dependence. Figure 5.28 shows a comparison of the temperature dependence
of ks1 derived from the experimental results obtained in this work and the calculations

performed by Vereecken and Nguyen.
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Figure 5.28. A plot of ks 1 as a function of temperature for the results obtained in this work and
the theoretical results obtained in the work of Vereecken and Nguyen®? using the equation
k=1.15 x 10 exp(-298/T) cm™ molecule™ s™.

5.5.3 Theoretical Calculations

The Master Equation Solver for Multi-Energy well Reactions (MESMER) was used by
Dr Robin Shannon and Dr Daniel Stone to explore the sensitivity of calculated rate
coefficients to the potential energy surface for R5.1. MESMER uses an energy-grained master
equation approach described in Chapter 2, and can be used to optimise potential energy
surfaces and transition state energies to fit to experimental results. Figure 5.29 shows the
potential energy surface employed in MESMER in this work, which considers only those

reaction channels expected to contribute to the overall reaction under atmospheric conditions.
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Figure 5.29. Simplified potential energy surface for the reaction between CH,OO + NO; based
on the results reported by Vereecken and Nguyen. Solid lines and values in black show the
surface reported by Vereecken and Nguyen.*? Dashed lines and values in red show the result
obtained by fitting the barrier heights for TS1 and TS2 to the experimental observations made
in this work using MESMER.

Geometries, vibrational frequencies, and rotational constants required as inputs for each
species considered were obtained from calculations performed at the M06-2X/cc-pVTZ level
of theory in Gaussian09 using the optimised geometries reported by Vereecken and Nguyen
as the initial structure for each species. Hindered rotation potentials for the transition states
were obtained from M06-2X/6-31+G** relaxed scans along the relevant dihedral coordinates.
Hindered rotor state densities were calculated in MESMER using the methodology described
in previous work.? It should be noted that the intention of the electronic structure and hindered
rotor calculations was not to attempt improvements to the work of Vereecken and Nguyen, as
the calculations were performed at a lower level of theory, but to provide appropriate inputs
with a physical basis for the MESMER calculations. Previous calculations indicated
substantial multi-reference character in the entrance channel transition states. Furthermore the
energies in the region of TS1 and TS2 (Figure 5.29) were shown to be unusually sensitive to
the size of the active space used. As such, considerable uncertainty remains regarding this

portion of the potential energy surface.

Rate coefficients were calculated in MESMER using a rigid rotor-harmonic oscillator
approximation for all but the hindered modes, which were assumed to be separable. Lennard-
Jones parameters used to describe collisions with the bath gas were estimated from work by
Vereecken et al.,?? with collisional energy transfer described by an exponential down model
in which the average energy transferred in a downward direction on collision was represented

by the parameter <AE>gun. For calculations reported in this work, a value of 250 cm™ was
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used for <AE>¢wn Which was approximated as being independent of temperature owing to the
relatively narrow range of temperatures considered. It is noted that neither the experiments
nor the preliminary MESMER calculations suggest any pressure dependence in this system
and the calculated rates are therefore insensitive to the collisional energy transfer parameters.
The input file for MESMER is provided in Appendix 7.

MESMER calculations were fit to the experimentally determined values for ks: by varying
the barrier heights of TS1 and TS2. In these calculations the energy of TS2 needed to be
lowered considerably from 22 to -11.8 + 0.2 k] mol™ in order to fit the experimental data. The
fits were found to be less sensitive to the value of TS1 returning a fitted value of 4.6 + 7.3 kJ
mol™. Figure 5.30 shows the comparison between the experimental measurements for ks and
MESMER fit. At 298 K, the MESMER fit gave ks; = 1.1 x 10 cm?® molecule™ s™, in good
agreement with the experimental value of (1.26 + 0.11) x 102 cm?® molecule™ s* obtained in
this work, and there is no significant pressure dependence in the MESMER result in agreement

with the experimental results.
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Figure 5.30. Comparison of MESMER fit results and observed values for ks1. The best fit to
the trend IS g'Ven by k5.l,|\/|ES|\/|ER = (050 + 004) X k5,1,experimental + (514 + 062) X 10_13 Cm3
molecule s (r? = 0.87) and is shown by the solid blue line. The 1:1 line is shown by the solid

red line.

The fit agrees well at 298 K and, in contrast to the result reported by Vereecken and Nguyen,
is able to reproduce the negative temperature dependence in general terms. Clearly there is
substantial uncertainty regarding the energy of TS2 due to the aforementioned multi-reference
effects although this has been partially circumvented through fitting this barrier to the

experimental data. However, given the submerged nature of TS2 in the fitted model
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determined in this work, the theoretical rate coefficients are particularly sensitive to potential
inaccuracies in the geometry and thus the vibrational frequencies of TS2 and the lack of fully
considering the coupling between hindered rotational modes in the current model.

The MESMER calculations indicate that the reaction between CH,OO + NO; proceeds
primarily via TS1, leading to production of the adduct bound via a C-N bond (O,CH;NO- in
Figure 5.29) with a 90 % yield at 298 K and 760 Torr. The channel producing HCHO, NO,
and O, is expected to contribute 10 % of the reaction products at 298 K and 760 Torr, with no
significant dependence of product yields on temperature or pressure on the timescales of the
reaction. These results are in line with the work of Caravan et al.,° in which a mass signal
consistent with adduct formation was observed. However, earlier work, in which the kinetics
of R5.1 were determined via observations of HCHO production indicated that CH,OO was
converted to HCHO with ~ 100 % vyield. The kinetics of R5.1 determined through
measurements of HCHO production are in good agreement with those determined in this work
through direct measurements of CH,OO, indicating the reliability of the HCHO
measurements. In addition, the yields of CH,OO from CHal + O, (R5.3) determined in earlier
work carried out by Stone et al.® through measurements of HCHO produced via CH,00 +
NO: (R5.1), which assumed 100 % conversion of CH,OO to HCHO, were in good agreement

1.2 via direct

with the CH200 yields determined in a previous study by Stone et a
measurements of iodine atom production from R5.2 and R5.3 and of HCHO produced by
reactions of CH,OO0 with SO, and NO, and with results reported by other groups. There is
thus an apparent inconsistency between the observed production of HCHO from R5.1 in the
earlier work by Stone et al., observations of adduct formation by Caravan et al., and the results

of the MESMER calculations reported in this work.

It is possible that the potential energy surface used in the MESMER calculations is incomplete
owing to the challenges associated with the calculations described above, and that there is a
reaction channel that produces HCHO as the dominant product, with the observed adduct
formed as a minor product but at observable concentrations using the sensitive PIMS
technique employed by Caravan et al. However, the differences could also be rationalised if
the adduct O,CH;NO- observed by Caravan et al. is the main product, produced via TS1, but
undergoes subsequent chemistry on rapid timescales to produce HCHO. Vereecken and
Nguyen suggested that the adduct formed via TS1 is stable with respect to unimolecular
decomposition but might be expected to react in a similar manner to a peroxy radical,
generating OCH>NO; in reactions with species such as NO or peroxy radicals, which would
rapidly decompose to produce HCHO and NO,. While NO is not present in the system, and
earlier work suggests that the peroxy radical CH2IO- produced in the system predominantly
reacts with NO; to produce CH2IO;NOy, a reaction of the O.CH>NO, adduct formed in R5.1
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with NO; could lead to near-complete conversion of CH,OO to HCHO, consistent with the
kinetics and yields measured in earlier work by Stone et al.,® whilst also enabling observation
of low adduct concentrations by the sensitive PIMS technique employed by Caravan et al.

5.5.4 Modelling of O,CH;NO,

The production of the O,CH;NO; adduct was modelled using Equation 5.6 as a function of
NO; concentration using the average rate coefficient determined in this work at 298 K
(ks1 = (1.26 £ 0.11) x 10" cm?®*molecule™ s?) and a typical initial CH,0O concentration of

1 x 10* molecule cm,

H ’
[C ZOO]Ok CH,00+NO, {exp(_kadduct—l-[c}-lot)

[0,CH;NO, ], = K
(k"cH,00+N0, — Kadauct-ncHo) (Equation 5.6)

_ exp(_k’CH200+N02 t)}

The formation of HCHO from the O,CH>NO, adduct was modelled for a range of pseudo-
first-order rate coefficients (Kagduct-+cro). The modelled HCHO was fit to a pseudo-first-order

growth (ksir, Equation 5.7) and compared to ks 1[NO;] as a function of Kagduct-HcrHo.

[HCHO], = [CH,00], — ([CH,00], X exp~*rict) (Equation 5.7)

A ratio of kst / ks 1[NO2] of ~ 1 (or 1 within experimental uncertainties) indicates that HCHO
formation from the O,CH>NO- adduct is sufficiently rapid to give the correct CH,OO0 + NO;
kinetics from the observation of HCHO. Figure 5.31 shows a plot of kit / ks1[NO2] vs
Kagduet-ncHo Which indicates that for an NO, concentration of 1 x 10** molecule cm™®, Kagduet-HeHo
needs to be greater than 400 s, and for an NO, concentration of 1.5 x 10*® molecule cm?,
Kadduet-HcHO NEeds to be greater than 7500 s™. If the reaction taking place is between the
0,CH>NO; adduct and NO,, results indicate a rate coefficient of k=~4 -5 x 10 cm®
molecule™ s, A reaction between O,CH;NO, and NO; has the potential to lead to the
formation of HCHO and NOgs, which could explain the observation of NO; in the work of
Ouyang et al.” and reconcile the differences in the reaction products currently reported within

the literature.
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Figure 5.31. kit / ksi[NOz] VS Kadduct-HcHo, Where [NOz] is equal to either
1 x 10" molecule cm™ (black) or 1.5 x 10* molecule cm™ (blue). The red line represents a
ratio of 0.67, which indicates the point where HCHO formation from the adduct is fast enough

to give the correct CH,0O + NO; kinetics from observations of HCHO.?
5.6 Concluding Remarks

This work has measured the kinetics of the reaction between the simplest Criegee intermediate
CH200 and NO; at temperatures between 242 and 353 K and pressures in the range 25 to 300
Torr. Experimental measurements show that the kinetics are independent of pressure, over the
range investigated, with a mean value of (1.26 + 0.11) x 10> cm® molecule™ s at 298 K and
a negative temperature dependence described by (1.06 % 0.02) x 1072 x (T/298) %02 cm3

molecule™ s2.

The experimentally determined negative temperature dependence of ksi contrasts with an
earlier theoretical prediction of a weak positive temperature dependence, which was impacted
by the significant multi-reference character of the reaction. Calculations in this work using the
Master Equation Solver for Multi-Energy well Reactions (MESMER) are able to reproduce a
negative temperature dependence by reducing the calculated barrier heights for the reaction,

but a significant discrepancy remains between measured and calculated rate coefficients.

Capabilities for accurate prediction of reaction kinetics are critical for many areas, including
atmospheric chemistry, combustion, and astrochemistry, particularly when reactions of
interest or conditions required present significant experimental challenges. The application of
theoretical approaches to understand the chemistry of Criegee intermediates has gained
significant attention in recent years owing to increased awareness of the potential role of

Criegee intermediates in the atmosphere, and the use of theory has provided a basis for
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understanding the behaviour and reactivity of Criegee intermediates. Notably, theory has also
been used to help develop structure activity relationships (SARs) for Criegee intermediate
reactions and reaction conditions that have yet to be studied experimentally. If the results of
SARs and predictions based on theoretical approaches are to be used in numerical models to
evaluate atmospheric composition for applications relating to air quality and climate, it is
essential that such approaches are reliable. This work highlights a significant discrepancy
between experimental measurements and theory, indicating a continued need for experimental
measurements, both for direct application and for providing a means to test the validity of
theoretical approaches, as well as care when applying theory, particularly when reaction

systems have significant multi-reference character.

Uncertainties remain in the product yields of the reaction, but apparent discrepancies between
observations of HCHO in previous work and the observation of an adduct between CH,0O0
and NO- can be rationalised if the adduct reacts rapidly to produce HCHO. Further studies of

product yields would be beneficial. The atmospheric implications are discussed in Chapter 8.
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Chapter 6

Kinetics of the Reactions of CH,OO with Water as a Function
of Temperature

Reactions with water vapour are expected to dominate the atmospheric chemistry of the
simplest SCI, CH>0O0, but there is uncertainty over the role of the water monomers
(H20, R6.1), water dimers ((H20),, R6.2), or potentially water trimers ((H20)3;, R6.3). There
are currently a wide range of values reported for the kinetics of R6.1® and R6.2*® and only
one previous study to report the kinetics of R6.3.° There are also significant uncertainties

regarding the products and product yields.**

CH>00 + H20 — Products (R6.1)
CH00 + (H20)2 — Products (R6.2)
CH,00 + (H20)3 — Products (R6.3)

This chapter provides an overview of previous direct studies of the kinetics of CH,OO in the
presence of water vapour and gives results for a study of the temperature dependence of the

reactions between CH,OO and water vapour.

The results presented throughout this chapter have been submitted for publication in the
Environmental Science: Atmospheres Journal. Lade, R.E., Blitz, M.A., Rowlingson, M.,
Evans, M.J., Seakins, P.W., Stone, D. Kinetics of the Reactions of the Criegee Intermediate
CH,00 with Water Vapour: Experimental Measurements as a Function of Temperature and

Global Atmospheric Modelling. Environmental Science: Atmospheres. 2024.

6.1 Literature Studies

Welz et al.! produced CH,OO following the 248 nm laser flash photolysis of CH.l, and
directly monitored its reaction with water vapour using tuneable VUV synchrotron PIMS at a
total pressure of 4 Torr. Welz et al. observed no significant change in the decay of CH,OO on
addition of water vapour at concentrations up to 3.1 x 10'® molecule cm?, leading to the

conclusion of an upper limit for ke1 of 4 x 10 cm?® molecule™ s™ at 298 K.

Photolytic production of CH,OO was also used by Stone et al.? in a series of experiments
monitoring the production of HCHO from CH-0O reactions via LIF. No significant change
in the rate of HCHO production was observed on addition of water vapour at concentrations
up to 1.7 x 10*" molecule cm™ at a total pressure of 200 Torr, with a small change in HCHO
yield attributed to fluorescence quenching by water and results indicating an upper limit of

9 x 10" cm?® molecule™ s for kg1 at 295 K.
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The effects of water vapour on CH,OO chemistry have also been investigated in studies of
ozonolysis reactions through the competition with the reaction of CH,O0 with SO,.°% ’
Berndt et al.* monitored the production of sulfuric acid, which is produced rapidly following
the production of SO; via CH,00 + SO,** during ethene ozonolysis experiments conducted
in a flow tube at 293 K over a range of water vapour concentrations. A quadratic relationship
was observed between the rate coefficient describing the loss of CH,OO and the water
monomer concentration, with a linear relationship demonstrated with the concentration of
water dimers, (H20),, indicating that the dominant reaction of CH,OO is with water dimers
(R6.2) rather than water monomers (R6.1). Berndt et al. reported a value of
ke2 = (1.07 £ 0.04) x 10 cm® molecule™ s™. Later work by Berndt et al.® investigated the
kinetics of CH,OQ reactions in the presence of water vapour using a free-jet flow system at
297 K by detecting H.SO,4 formed following the reaction of CH,OO with SO, and reported
ket = (3.2 + 1.2) x 10 cm® molecule™ s™. Newland et al.* also investigated the impact of
water vapour on CH,00 + SO, by monitoring the consumption of SO; in ethene ozonolysis
experiments at the EUPHORE atmospheric simulation chamber, with results also indicating a
more rapid reaction of CH,OO with water dimers than water monomers and giving
ke1= (1.2 £ 0.4) x 10™ cm® molecule™ s* and ks2 = (5.2 + 6.7) x 10 cm® molecule s at
298 K using the current IUPAC recommendation of 3.7 x 10 cm® molecule™ s* for the rate
coefficient for the reaction of CH,OO0 with SO».

Direct measurements of CH,OO have also been made in the presence of excess water vapour
using laser flash photolysis of CHal2/O2/N2/H2O mixtures coupled with time-resolved
broadband UV absorption spectroscopy.® ** Results from several studies have now
demonstrated a quadratic dependence of the pseudo-first-order rate coefficient describing the
loss of CH,00 on the water monomer concentration™ 82 thus also indicating that the
reaction of CH,OO with water dimers dominates over reaction with water monomers.

Lewis et al.®®

reported a rate coefficient for reaction of CH.OO with water dimers of
(4.0 £ 1.2) x 10" cm® molecule® s*at 294 K, with no significant dependence on pressure in
the range 50 to 400 Torr. Chao et al'® reported a value for ke, of
(6.5 +0.8) x 102 cm* molecule™ s*at 298 K that also showed no significant dependence on

pressure between 100 and 500 Torr.

The temperature dependence of ke, was subsequently investigated by Smith et al.?

using UV
absorption  spectroscopy between 283 and 324 K, with results giving
ke2 = (7.4 £0.6) x 10?cm® molecule™® s* at 298 K, in agreement with the work of
Chaoetal.,®® and a negative temperature dependence.?! Further experiments have been
performed using UV absorption spectroscopy by Wu et al.® at temperatures between 290 and

346 K, which led to the conclusion that observed kinetics of CH,OO removal in the presence
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of water vapour result from a combination of reactions with water monomers, dimers, and
trimers. Experiments by Wu et al. were carried out at higher relative humidities than those
employed in other studies, reaching close to 100 % at each temperature investigated, and
Wu et al. reported that the measurements at the highest relative humidity correspond to
reaction with the water trimer, with experiments at low relative humidity providing
information relating to the reaction with the water monomer. Wu et al. reported a positive
temperature dependence for the reaction of CH,OO with the water monomer, and a negative
temperature dependence for the reaction of CH,OO with water dimers that is in broad
agreement with the behaviour observed by Smith et al. The reaction with water trimers also
displayed a negative temperature dependence, with results indicating that water trimers could
play an important role at high relative humidities at temperatures of 298 K and below but

becoming insignificant at higher temperatures.

There is a growing consensus that the chemistry of CH,OO in the presence of water vapour is
rapid, with a significant role for a reaction with water dimers, which, despite low water dimer
concentrations ([H20] = 3.8 x 10*” molecule cm™ and [(H20),] = 3.0 x 10™ molecule cm™ for
a relative humidity of 50 % at 298 K) compared to water monomers in the atmosphere, is
likely to dominate atmospheric losses of CH,0O. Although the study by Welz et al.* did not
observe any evidence for the reaction between CH,OO and water dimers, the water dimer
concentrations at the low pressure (4 Torr) used by Welz et al. would have limited the impact
of the reaction. The HCHO LIF experiments performed by Stone et al.? did enable the use of
higher water vapour concentrations, and thus significant water dimer concentrations, however,
the impact of water vapour on production of HCHO may have been limited if HCHO is not a
direct product of CH,OO reactions with water vapour, and the reduction in HCHO signal
which was attributed to quenching may have resulted from the production of other products.
Product studies in ozonolysis reactions have reported the formation of HCHO, among other
potential products,™ 22 but more recent time-resolved product measurements using laser flash
photolysis of CHal./O; in the presence of water vapour have observed production of
hydroxymethyl hydroperoxide (HOCH.OOH, HMHP) by rotational spectroscopy® and
PIMS,® with the PIMS study indicating HMHP as the dominant product of R6.1 and R6.2.%
Theory?** has also indicated that HMHP is a major product of R6.1 and R6.2, and supports
the experimental results which suggest the dominant reaction is with water dimers. Subsequent
chemistry of HMHP can lead to the production of formic acid (HCOOH), H,O,, and HCHO,
which has been investigated by Nguyen et al.* using measurements made in an atmospheric
simulation chamber at 295 K and 1 atm at relative humidities between 4 and 76 %.
Measurements of HCHO, OH and HO, were made in the chamber using LIF,* while

hydroperoxides (such as HMHP) and acids (such as HCOOH) were measured by chemical
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ionisation mass spectrometry (CIMS). At relative humidities below ~ 40 %, HMHP was
observed to be the dominant product, followed by HCOOH and H.O,. However, at relative
humidities above ~ 40 %, Nguyen et al. observed a significant decrease in the yield of HMHP,
accompanied by an increase in the yield of HCOOH. Modelling of the observed yields for
HMHP and HCOOH led to the conclusion that R6.1 leads to production of 73 % HMHP, 21 %
HCOOH + H20, and 6 % HCHO + H»O while R6.2 leads to production of 54 %
HCOOH + H;0, 40 % HMHP, and 6 % HCHO + H,0,. The product distribution reported by
Nguyen et al. forms the basis for current mechanism adopted in the global atmospheric
chemistry transport model (CTM) GEOS-Chem.

There is general agreement regarding the atmospheric significance of CH>OO reactions
involving water, but there are discrepancies in product distributions and measured kinetics at
room temperature, and the temperature dependence of the kinetics has only been investigated
over a relatively narrow temperature range. In this work we report the results of experiments
performed using laser flash photolysis of CH2l2/O2/N2/H-O mixtures coupled with time-
resolved broadband UV absorption spectroscopy at temperatures in the range 262 to 353 K at
760 Torr.

6.2 Experimental

The kinetics of CH,OO loss in the presence of water vapour have been studied as a function
of temperature between 262 and 353 K at 760 Torr, using the experimental apparatus described
in Chapter 3.

Water vapour was added to the system by passing a known flow of N gas through a bubbler
containing deionised water held in a water bath at 70 °C. The concentration of water vapour
was measured at the exit of the reaction cell by a relative humidity (RH) probe (Michell
Instruments PCMIini52) that was calibrated against a dew point hygrometer (Buck Research
Instruments, CR-4 chilled mirror hygrometer) (see Appendix 2). Experiments were performed
under pseudo-first-order conditions, with the lowest water dimer concentration at least five
times greater than the concentration of CH.0O. Initial concentrations were:
[H20] = (0-5.5) x 10 molecule cm? [CHal] = (3.8 — 6.4) x 10% molecule cm?,
[02] = (1.2 — 2.7) x 10 molecule cm™ and [CH200]o = (2.0 — 8.3) x 10 molecule cm=.

The pulse repetition rate was set at 0.075 Hz to ensure there was enough time for a fresh gas
mixture to be introduced to the reaction cell before the laser fired again. The effective
pathlength for these experiments was determined to be | = (595 + 53) cm. More details of the

experimental procedure are given in Chapter 3.



167

6.3 Results and Discussion

Figure 6.1 shows a typical absorbance spectrum observed following photolysis, which
contains contributions from CH,0O, the CHal, precursor and iodine monoxide (10) radicals.
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Figure 6.1. Observed absorbance (black), total fit (orange) and individual contributions of
CH;00,* CH.l,* and 10*® obtained by performing a least squares fit of reference cross-
sections to the observed absorbance at t = 1 ms after photolysis at p = 760 Torr, T = 298 K,
and [CHal2Jo = 4.1 x 10" molecule cm?® [CH.O0] = 6.4 x 10" molecule cm?

A[CHalz]; = - 3.8 x 10* molecule cm™ and [10]; = 7.3 x 10** molecule cm,

Figures 6.2 and 6.3 show typical concentration-time profiles for both CH-l, and 10 obtained

in this work.
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Figure 6.2. Concentration-time profile for CH.l, for an experiment at 760 Torr and 298 K. For
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Figure 6.3. Concentration-time profile for 10 for an experiment at 760 Torr and 298 K. For

these data, [H20] = 0 and [CHalz]o =

4.1 x 10" molecule cm™.

Figure 6.4 shows typical concentration-time profiles for CH,OO for a range of water vapour

concentrations, demonstrating a more rapid loss of CH,OO as the water vapour concentration

is increased. Experiments were performed under pseudo-first-order conditions, with water

vapour concentrations in excess over CH,OO and the temporal behaviour of CH,OO thus

described by Equation 6.1.
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[CH,00], = [CH,00],exp 't (Equation 6.1)

where k’ represents the sum of the rate coefficients describing the loss of CH,O0
(Equation 6.2):

k'=k, + k'gi+ k', + k'gs (Equation 6.2)
The rate coefficient k, represents the loss of CH,OO in the absence of water, k' ; represents
the loss of CH,0O0 as a result of its reaction with the water monomer (Equation 6.3), k'¢ ,
represents the loss of CH,OO due to its reaction with the water dimer (Equation 6.4) and k' 5
represents the loss of CH>OO due to its reaction with the water trimer (Equation 6.5):

k'¢1 =ke1[H20] (Equation 6.3)
K's2 = ke2[(H;0),] (Equation 6.4)
K's3 = ke3[(H;0)5] (Equation 6.5)
o 8.0x10'* o
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Figure 6.4. Concentration — time profiles showing the CH,OO decay, in the presence and
absence of water vapour, at p = 760 Torr and T = 298 K. Solid lines represent an unweighted
fit to Equation 6.1 convoluted with the instrument response function. For [H,O] = 0, the fit
gave [CH.O0]p = 83 x 10" molecule cm® and & = (313 + 7) s% for
[H20] = 2.0 x 10 molecule cm™®, the fit gave [CH200]o = 6.6 x 10 molecule cm? and
k'=(1247 + 37) st for [H.0] = 39 x 10 molecule cm?® the fit gave
[CH,00]p=5.8 x 10" molecule cm® and % = (2669 + 120) s* and for
[H20] = 4.4 x 107 molecule cm™®, the fit gave [CH200]o = 5.7 x 10 molecule cm™ and
k'= (3722 + 245) s™*. Instrument response parameters were: t. = — (8.80 + 0.32) x 10®° s and
w = (2.85 + 0.45) x 10 (further details regarding the instrument response function are given

in Section 3.3.4.1). Uncertainties are lo.
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Figure 6.5 compares fitting a typical concentration-time profile for CH,OO with the first-order
model and the mixed first- and second-order model. Results show less than 5 % difference
between the first-order component obtained from each fit, and we concluded that the data were

well-described by pseudo-first-order kinetics.
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Figure 6.5. Comparison between a first-order fit (red) and mixed-order fit (blue) for data at
(728 = 14) s*,
0.32) x 10° s and

324 K and 760 Torr. The first-order fit gave: &'
[CH,00]o = (7.05 + 0.07) x 10" molecule cm?® t. = — (8.80
w=(2.85+045) x 10° s. The mixed-order fit gave: k' = (703 * 10) s?,
k" =(9.18 +0.33) x 10™ cm® molecule™ s, [CH200]o = (7.20 + 0.22) x 10" molecule cm?,
te=—(1.10 £ 0.13) x 10* s and w = (3.30 + 0.75) x 10° s. Uncertainties are Io.

I+

The observed pseudo-first-order rate coefficients, k', obtained by fitting with Equation 6.1,
display a non-linear dependence on the water vapour concentration, as shown in Figure 6.6.
Fits to Equation 6.2 for data obtained at 298 K were insensitive to ke1 and ks s indicating that
losses of CH,OO owing to reaction with water monomers and trimers were insignificant under
the conditions employed in this work. Subsequent fits to the data were performed to determine

kx and Ks2, with ke1and ks 3 set to zero.
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Figure 6.6. Pseudo-first-order rate coefficients as a function of water monomer concentration
for experiments carried out at 298 K. The solid line represents an unweighted fit to
Equation 6.2 with k.1 and ke 3 set to zero. The error bars represent the error in the exponential
fit to Equation 6.1. The fit gave ke2Keq=(1.69 +0.07) x 10**cm® molecule® s and
ke = (51 £ 54) s™.

k14 18 1939 \with the non-linear

Similar behaviour has been observed in previous wor
dependence attributed to reaction of CH,OO with water dimers (R6.2) dominating over the
reaction of CH,OO with water monomers (R6.1) and water trimers (R6.3), which leads to a
quadratic dependence of k' on the water monomer concentration owing to the equilibrium

between the water monomer and dimer (R6.4, Equations 6.6 & 6.7):

2 H,0 = (H20)2 (R6.4)
H,0
Keq = % (Equation 6.6)
[(H20)2] = Kiq [H20]2 (Equation 6.7)

(i.e. At 298 K, Keq = 0.501 bar™.* For RH = 50%, [H.0] = 0.016 bar and [(H20)] is calculated

to be 1.25 x 107 bar, which is equivalent to 3.02 x 10** molecule cm™).

Equation 6.2 can thus be described explicitly in terms of water monomer, dimer and trimer
concentrations (Equations 6.2-6.5), or in terms of water monomer concentrations and the

equilibrium constant for dimer and trimer formation (Equations 6.8-6.9).
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k'eo = k6.2Keq[H20]2 (Equation 6.8)
k'3 = k6.3Keq[H20]3 (Equation 6.9)

where ke.2Keq and ks 3Keq can be used as effective rate coefficients which removes the need for
explicit calculation of the water dimer and trimer concentrations, and allows for simpler

parameterisation of the kinetics for use in atmospheric models.

Figure 6.7 represents the data in terms of the linear dependence on the water dimer
concentration (Equations 6.2 and 6.4).

i
1

3500

k'/s?
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0 1x10% 2x10* 3x10** 4x10%*
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Figure 6.7. Pseudo-first-order rate coefficients as a function of water dimer concentration for
experiments carried out at 298 K. The solid line represents an unweighted fit to Equation 6.4.
The error bars represent the error in the exponential fit to Equation 6.1. The fit gave
ke.2 = (8.09 + 0.63) x 10> cm?® molecule™ s* and ky = (46 + 148) s,

Where dimer concentrations are given in this work, and used to describe the kinetics of R6.2
in terms of dimer concentrations (i.e. Figure 6.7), the equilibrium constant for water dimer
formation reported by Ruscic et al.* has been used. When comparing previous experimental

14,19

investigations of this reaction, it is noted that some studies utilise Keq Values reported by

Scribano et al.,** whereas others,> '8 2° use Keq values reported by Ruscic et al.*

Table 6.1 compares the Keq values reported by Scribano et al. and Ruscic et al. for a range of
temperatures and demonstrates the differences in calculated water dimer concentrations using
the different values for Keq. The differences in calculated water dimer concentrations impact
calculated values for CH,OO kinetics with water dimers if the kinetics are described in terms
of the water dimer concentration directly (i.e. using rate = ke2[CH20OO][(H20),]), leading to

errors of up to 25 % if the reference for Keq is not consistent with that used in this work.
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When describing the kinetics of the reaction of CH,OO with water dimers in terms of water
monomer concentrations (i.e. using rate = ks 2Keg[CH200][H20]?), values for ks2Keq reported

in this work can be used directly, without need to calculate Keq separately, thereby reducing
the potential for introducing errors in the calculated kinetics.
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[H20]/ molecule cm™®  Keq/ bar™ [(H20)2] / moleculecm®  k'/s Keq/ bar [(H20)2] / molecule cm’® 1 K ruscic 1 K "seribano
(Scribano et al. ) (Ruscic et al.*%)
262 7.23 x 10'6 0.1471 2.78 x 10'® 803 0.1194 2.25 x 10'® 650 0.81
298 7.63 x 10% 0.0519 1.24 x 10'° 11767 0.0501 1.20 x 10%° 11388 | 0.97
353 9.80 x 10'® 0.0150 7.02 x 106 188136 0.0187 8.75 x 10'¢ 234500  1.25

Table 6.1. A comparison of the Equilibrium constant, Keq, values reported by Scribano et al.** and Ruscic et al.* for water dimer formation at 262, 298 and 353 K, and impacts
on calculated water dimer concentrations and pseudo-first-order losses for CH,OO resulting from reaction with water dimers when described explicitly in terms of water dimer

concentrations (i.e. £’ = ks 2[(H20)-], using values for ks determined at each temperature in this work).
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Experiments were repeated at temperatures between 262 and 353 K with results showing a
guadratic dependence of k' on the water monomer concentration across all temperatures
(Figure 6.8).
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Figure 6.8. Pseudo-first-order rate coefficients as a function of water monomer concentration
for experiments carried out at 760 Torr and temperatures between 262 and 353 K. The solid
lines represent an unweighted fit to Equation 6.2, with ke set to zero. The error bars represent
the error in the exponential fit to Equation 6.1. The inset shows data from experiments carried
out at 262 K for clarity.

Global fits to Equation 6.2 were performed over all relative humidities and temperatures
studied in this work, enabling ke1 to be better defined from data obtained at higher
temperatures. Fits were insensitive to ks 3 indicating that losses of CH,OO owing to reaction
with water trimers were insignificant under the conditions employed in this work. Subsequent
fits to the data were performed to determine Ky, ke.1and k2, with ke 3 set to zero. The final fits
(shown in Figure 6.8) gave ks1 = (3.15 + 1.06) x 10™ exp(—(2405 + 265)/T) cm® molecule s
and ke 2Keq = (2.78 % 0.28) x 10 exp((4012 + 400)/T) cm® molecule™ s, where uncertainties
represent a combination of the statistical error and the systematic errors resulting from
uncertainties in relative humidity measurements and gas flow rates. The uncertainty in the
equilibrium constant, Keq, taken from Ruscic et al.* ranges between 2.7 and 3.6 % for the
temperature range studied in this work. The RH probe used to determine the water vapour
concentration had been calibrated using a hygrometer, which gave an uncertainty in the RH
readings of 7.9 %. The flow of gases to the reaction cell were controlled using three calibrated
MFCs, which gave a combined uncertainty of 5.5 %. The overall uncertainties were
determined by propagating the errors in Keg, the RH values and the gas flows and an overall

systematic error of 10 % was determined for values of ke: and ke2Keq to account for the
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uncertainties in the water monomer concentration and a 14 % systematic error on values of

ke.2 to account for the additional uncertainty of Keg.

Results for ks2Keq correspond to ks> = (2.85 + 0.40) x 10™ exp((2417 + 338)/T) cm?
molecule™ s* using the temperature-dependent equilibrium constants for water dimer
formation, and associated uncertainties, reported by Ruscic et al., and results are consistent
with suggestions made in previous work® 314 1820 that the dominant loss of CH,0O in the
presence of water vapour occurs via reaction with water dimers (R6.2). The reaction of
CH,00 with water monomers (R6.1) was a minor contribution to the total loss of CH,OO for
all conditions employed in this work. The kinetics of R6.1 were thus less well defined than
those for R6.2, which represented the major contribution to the total CH.OO loss at high
relative humidities at all temperatures, and results for ks1 should be considered as estimates

owing to the challenges associated with separating the impacts of kx and Ke 1.

Kinetics of CH20O reactions in the presence of water vapour have been investigated by
Wuetal.® in experiments performed between 290 and 346 K using UV absorption
spectroscopy, which demonstrated evidence for a reaction between CH,OO and water trimers,
(H20)s. Wu et al. described the total pseudo-first-order loss of CH.OO using Equation 6.10
and investigated the behaviour of (k’-k«)[H20]? (Equation 6.11).

(k"-ky) = ks.1[H20] + ks 2[H20]? + ks 3[H20]? (Equation 6.10)
(k'-kx) [H20]? = ke.1[H20]™ + ko2 + ke 3[H20] (Equation 6.11)

where k’ and kx represent the pseudo-first-order rate coefficients describing the loss of CH,OO
in the presence and absence of water vapour, respectively, Ks.1 represents the reaction with the
water monomer, kg2 represents the reaction with the water dimer, ks s represents the reaction

with the water trimer and [H20] is the water monomer concentration.

If the loss of CH,OO were dominated by reaction with water dimers, (k’-kx)[H20]? would not
be expected to display any dependence on [H20], while contributions from monomer reactions
would show a negative dependence of (k’-k«)[H20]? on [H.0] at low [H,0], and contributions
from trimer reactions would show a positive dependence of (k’-k)[H20]? on [H0] at high
[H20]. Results obtained by Wu et al. are shown in Figure 6.9, which indicated that there is a
contribution to the loss of CH,OO from reaction with water trimers at 298 K that becomes

more significant at lower temperatures.
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Figure 6.9. Experimental (a and b) and theoretical (c) results obtained by Wu et al.® The solid
lines in (a) represent fits to Equation 6.2 and the solid lines in (b) represent fits to Equation
6.11. Copied from Wu et al.®

Figure 6.10 shows the dependence of (k’-kx)[H20]? on [H,O] for data obtained at the lowest
(262 K) and highest (353 K) temperature studied in this work and at 298 K, where the dashed
blue lines represent Equation 6.11. Values for rate coefficients were obtained from the
parameterisation reported by Wu et al. The data obtained in this work indicate that there is no
significant contribution from a reaction with the water trimer under the conditions studied. To
fully investigate the potential role of the water trimer in the atmospheric removal of CH,0O,
further experiments need to be carried out under higher water vapour concentrations, as with
the work of Wu et al., where this reaction will be more significant and the relationship between

k" and ks 3[H20] would be more evident on the bimolecular plot.
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Figure 6.10. Dependence of (k’-kx)[H20]? on [H20] for data obtained in this work at a) 262 K,
b) 298 K and c) 353 K. The blue dashed lines represents Equation 6.11, where Ks .1, ks> and K 3

were obtained from the work of Wu et al.® Results at all other temperatures investigated in

this work are shown in Appendix 8.

Figure 6.11 compares the results for ke 1 obtained in this study with measurements, upper limits

based on experimental observations, and theoretical calculations reported in previous work,

[H,0] / molecule cm™®

with experimental results at ~ 298 K summarised in Table 6.2.
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Figure 6.11. ks as a function of temperature. The fit to results obtained in this work are shown
by the solid black line, with uncertainties determined from a combination of the statistical
error and the systematic errors resulting from uncertainties in gas flow rates and in the
concentration of [H-O] shown by the shaded region. Stars represent the temperatures at which
measurements were made. Results from previous studies are also included, where filled circles

13

represent experimentally measured rate coefficients,®> hollow circles represent

1218 and triangles represent rate coefficients

experimentally determined upper limits,
calculated from theory.?2 3.3 The solid grey line shows the data reported by Wu et al.,®
with the dashed grey line showing the extrapolation of the data reported by Wu et al. over the
temperature range investigated in this work. The coral and light blue dashed lines are the

parameterisations calculated by Lin et al.”® and Long et al.,* respectively.
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T/K p/ Torr Experimental ke1/ 107 Reference
technique cm?® molecule® st

298 4 LFP / PIMS <400 Welz et al.!
295 200 LFP/LIF <9 Stone et al.?
297 760 Ozonolysis / Cl- 32+12 Berndt et al.®
APi-TOF-MS
298 50 - 400 LFP / UV abs <150 Chao et al.*®
298 760 RR. Ethene 130 + 40 Newland et al.*
Ozonolysis

293 30-100 LFP / UV abs 24+ 16 Sheps et al.®
298 300 LFP / UV abs 42+5 Wuetal. ®
298 760 LFP / UV abs 9.8+59 This work

Table 6.2. Comparison between ks 1 values obtained at room temperature in this work and in
previous literature.*> ** '8 LFP = laser flash photolysis, PIMS = photo-ionisation mass
spectrometry, CI-APi-TOF-MS = Chemical ionisation-atmospheric pressure interface-time-

of-flight mass spectrometry, RR = relative rate study.

Results for ke1 obtained in this work are systematically lower than those measured previously,

but are consistent with the prediction of a positive barrier to reaction,?2

and are in agreement
with calculated values of ke reported by Long et al.*® at temperatures above 324 K, where
results obtained in this work are more reliable. Previous direct experimental measurements of
kes® > 2 at ~ 298 K range between (2.4 + 1.6) x 10" cm® molecule® s* = and
(42+16)x10%cm®  molecule®  s'°®  compared to the value  of
(9.8 £5.9) x 10" cm* molecule™ s? indicated in this work, while theory predicts values
between 5.8 x 1078 cm® molecule™ s % and 7.08 x 10" cm?® molecule™ s%.3* The temperature
dependence for ks 1 indicated in this work is more significant than the temperature dependence
reported by Wu et al., but while there are significant uncertainties in ks 1, the kinetics of R6.2

are well defined from the fits shown in Figure 6.6.

Figure 6.12 shows the temperature dependence of ks2Keq, Which is in good agreement with

previous measurements'® & 3

over the temperature ranges in common, with this work
extending the temperature range over which the kinetics have been investigated. At 298 K,
this work indicates ke2Keq = (1.96 + 0.51) x 102 cm® molecule s, which corresponds to
ke2 = (9.52 + 2.49) x 10" cm?® molecule™ s™ using the temperature-dependent equilibrium
constants for water dimer formation reported by Ruscic et al. Table 6.3 compares results for
Ke.2 and Ks 2Keq,dimer Obtained at 298 K in this work with those reported previously, with good
agreement between the results reported here and the results of Berndt et al.,** Smith et al.,®

Chao et al.® and Sheps et al.®®
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Figure 6.12. ks2Keq as a function of temperature obtained in this work. The fit to results
obtained in this work are shown by the solid black line, with uncertainties determined from a
combination of the statistical error and the systematic errors resulting from uncertainties in
gas flow rates and in the concentration of [H.O] shown by the shaded region. Stars represent
the temperatures at which measurements were made. The solid grey line shows the data
reported by Wu et al.,® with the dashed grey line showing the extrapolation of the data reported
by Wu et al. over the temperature range investigated in this work. The red solid line represents
a fit to the data reported by Smith et al.,* with the dashed red line showing the extrapolation
of the data reported by Smith et al. over the temperature range investigated in this work. The
blue dotted line represents the current IUPAC recommendation,* which is based on the data

reported by Smith et al.
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T/K pl/Torr Experimental ke2/ 10712 kg 2Keq/ 1032 Reference
technique cm?® molecule® st -
293 760 IfT-LFT 10.7 £0.40 2.28 £0.09 Berndt
(H2S04) etal.
measurements
298 | 100-500 | LFP/UV abs 6.5+£0.8 1.34+£0.17 Chao et al. 8
294 | 50-400 | LFP/UV abs 40+12 0.89 +0.27 Lewis et al.®
298 | 200 -600 LFP / UV abs 74+£0.6 153+£0.12 Smith et al.?°
293 | 30-100 LFP / UV abs 6.6 £0.7 149 +£0.16 Sheps et al.®®
298 760 RR. Ethene 0.52 £ 0.67 0.11+0.14 Newland
Ozonolysis etal.*
298 300 LFP / UV abs 5.17 £0.40 1.07 £0.08 Wuet al.®
298 760 LFP / UV abs 9.52+2.49 1.96 +0.51 This work

Table 6.3. Comparison between the ke values obtained at room temperature in this work and
in previous literature.* 3 14 1820 | Fp = |aser flash photolysis, IfT-LFT = Institute for
Tropospheric Research — Laminar Flow Tube, RR = relative rate study. ks2Keq have been

calculated using the Keq values reported by Ruscic et al.*°

The value for ks2Keq reported by Wu et al.> at 298 K is a factor of ~ 1.8 lower than that reported
here, but there is good agreement in the total pseudo-first-order rate coefficients as a function
of water monomer concentration observed in this work and reported by Wu et al. Figure 6.13
compares the total pseudo-first-order losses observed in this work at 262, 298 and 353 K and
the work of Wu et al. as well as the individual contributions of ke.1 and ke 2Keq from this work
and Ke.1, ke2Keq and kes from Wu et al. Comparisons between the pseudo-first-order losses
observed in this work and in the work of Wu et al. at all other temperatures are shown in
Appendix 9.
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Figure 6.13. Pseudo-first-order losses as a function of H.O concentration for experiments at
a) 262K, b) 298 K and c) 353 K. Black points represent the experimental data, the green and
blue solid lines represent losses due to reaction with the water monomer and the water dimer
and the solid red line represents the total loss. The results of Wu et al.® are also included in
the plot, where the orange, pink and grey dashed lines represent reactions with the water
monomer, dimer and trimer, and the purple dashed line represents the total loss. The light blue
dotted line on b) represents [H20] = 4.8 x 10'" molecule cm™®, the point at which Wu et al.

report the reaction with the water trimer becomes significant at 298 K.

Although Wu et al. reported an impact of a reaction between CH,OO and water trimers, it was
noted that there was little impact of the trimer reaction for water monomer concentrations
below 4.8 x 10*” molecule cm at 298 K, which is higher than the highest water concentrations
used in this work at 298 K, and the differences in kinetics for R6.2 between the results of
Wu et al. and other studies, including this work, are impacted by differences in kinetics for
R6.1 as well as contributions from R6.3. Rate coefficients reported by Newland et al.* for
R6.2 at 298 K are notably lower than those reported elsewhere, but experiments were carried
out over a relatively narrow range of relative humidities (1.5 to 20%), leading to low water
dimer concentrations and relatively limited impact of the dimer reaction. Lewis et al.'® also
reported lower values than those obtained in this work and in other studies using flash

photolysis with UV absorption,** ** 2° potentially resulting from overestimation of the water
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vapour, and thus water dimer, concentrations, which were based on flow rates and vapour
pressure and assumed 100 % saturation of the gas flow with water vapour. Results reported
here, and in other studies using flash photolysis with UV absorption,> ** 2 measured the
relative humidity of the gas flow, providing greater certainty in the water vapour and dimer

concentrations.

The negative temperature dependence observed for ke:Keq is in agreement with previous
experimental® ?° and theoretical®* * work. Rate coefficients obtained in this work are in
agreement with those reported by Smith et al.?® over the common temperature ranges, but
there are some discrepancies between the measurements made at the highest temperature
employed in this work and extrapolation of the results reported by Smith et al. and Wu et al.,

as shown in Figure 6.12.

Observations of a negative temperature dependence for the kinetics of R6.2, and of the
dominance of R6.2 over R6.1, are consistent with theoretical studies of R6.1 and R6.2.2% % 2"
%8 Calculations of the potential energy surfaces for R6.1 and R6.2, summarised in Table 6.4,
* indicate that both reactions proceed via the formation of pre-reaction complexes which then
undergo rearrangement to form HMHP as the dominant product of both reactions. For R6.1,
rearrangement of the pre-reaction complex to HMHP involves a transition state which is
higher in energy than the initial reactants (i.e. there is an overall positive barrier to reaction).
In contrast, the pre-reaction complex for R6.2 is more stable than that for R6.1 by a factor of
~ 2 (Table 6.4, Figure 6.14), and the subsequent transition state to product formation is lower
in energy than the initial reactants. The difference in barrier heights leads to the dominance of
R6.2 over R6.1, and the submerged barrier for R6.2 leads to the observed negative temperature

dependence.
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PRC R6.2 TS R6.2 Ke.1 Ke2
/ kJ mol? / kJ mol? / cm® molecule® st | /cm® molecule™ st

Method PRC R6.1 TS R6.1
ol i
9.6
7.9

CCSD(T)/6-311G(d,p) -30.1 - - 2
CCSD(T)/6-311+G(2d,2p) -32.6 . - - - - %0
CCSD(T)/6-311+G(2d,2p) -30.9 14.2 -65.7 -36.8 5.8x1078 1.1x 10" 24
CTST

CCSD(T)/aug-cc-pVTZ -26.0 8.5 - - 3.12x10%° - %
CIVTST

W3X-L//CCSD(T)-F12a/TZ-F12 -26.2 14.7 - - 2.41x 106 - 8
MP-CVT/SCT

CCSD(T)/ aug-cc-PVTZ -25.7 6.3 -44.8 -35.5 3.05x10% 1.67x101 %
VTST

CCSD(T)//M06-2X/6-311+G(2d,2p) -28.5 11.2 -63.7 -45.3 - 6.71x10"2 2
CTST

QCISD(T)/CBS// 6-311+G(2d,2p) -27.3 11.8 -46.2 -27.3 3.7x10%¢ 5.4x 107 28
VPT2

B3LYP/6-311+G(2d,2p) -26.4 12.8 -42.4 -24.6 4.26x1071° 2.91x10*? 2
VPT2

CCSD(T)/6-311+G(3df, 2dp) -25.9 14.2 -32.0 -8.4 7.08x10% 1.15x10%? 34
CTST

W3X-L//CCSD(T)- Fl12a/cc-pVDZ-F12 2 - - -45.5 -22.9 - 6.73x101 8
W3X-L//CCSD(T)-F12a/cc-pVTZ-F12 °

Cus

Table 6.4. Theoretical calculations of the PES for R6.1 and R6.2 and, where available, calculations of the reaction kinetics. Where multiple reaction pathways
for R6.1 and R6.2 were given, the lowest energy pathway was chosen. PRC = pre-reaction complex, TS = transition state, CTST = conventional transition state
theory, VTST = variational transition state theory, VPT2 = vibrational second order perturbation theory, MP-CVT/SCT = Multipath variational transition state
theory with small-curvature tunneling, CUS = canonical unified statistical theory. # Level of theory used to optimise geometries and energies for reactant, PRCs,

and products. ° Level of theory used to optimise geometries and energies for transition state.
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Figure 6.14. Schematic potential energy surface for the reactions of CH,OO with H,O (blue)

AE

and (H20) (red). PRC = pre-reaction complex, TS = transition state, HMHP = hydroxymethyl
hydroperoxide.

6.4 Concluding Remarks

The Kinetics of the reactions of the simplest Criegee intermediate, CH,OO, with water vapour
have been investigated using laser flash photolysis coupled with time-resolved broadband UV
absorption spectroscopy at temperatures between 262 and 353 K at a total pressure of 760
Torr. The reaction of CH,OO with water monomers (R6.1) represents a minor contribution to
the total loss of CH,OO under the conditions employed in this work, with an estimated value
for ke1 of (9.8 = 5.9) x 10 cm® molecule™ s at 298 K and a temperature dependence
described by ke1 = (3.15 + 1.06) x 10™ exp(—(2405 + 265)/T) cm® molecule™ s™. The results
show that the reaction with water dimers (R6.2) dominates the loss of CH.OO, with
ke2=(9.52 + 2.49) x 102 cm® molecule™ s at 298 K, with a temperature dependence
described by ks> = (2.85 + 0.40) x 10™ exp((2417 + 338)/T) cm® molecule™ s**, where use of
Ks.2 requires use of the water dimer concentration to determine the rate of reaction. The Kinetics
of R6.2 can also be expressed in terms of the product ke 2Keq, allowing calculation of the rate
of reaction in terms of the square of the water monomer concentration rather than the water
dimer concentration, giving ke 2Keq = (1.96 + 0.51) x 10%2cm® molecule? s at 298 K and a
temperature dependence described by ks2Keq= (2.78 % 0.28) x 10* exp((4012 + 400)/T) cm®
molecule” s*. No significant impact of a reaction between CH,OO and water trimers was
observed in this work. The kinetic results are consistent with theoretical studies which predict
the existence of a positive barrier to reaction for R6.1 and a submerged barrier for R6.2. The

atmospheric implications of the results are discussed in Chapter 8.
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Chapter 7

Kinetics of syn- and anti-CH3sCHOO Conformers with SO as a

Function of Temperature and Pressure

As discussed in Chapter o, the SCI acetaldehyde oxide, CH;CHOO, exists in two conformers,
syn-CHsCHOO and anti-CH3;CHOO, which are separated by a significant barrier to
interconversion (~ 160 kJ mol™)* and behave as distinct species under ambient conditions.?*
Significant conformer-dependence has been shown for the reactivity of CH;CHOO with SO,,*
® with studies also showing distinct conformer-dependent reactivity for reactions of
asymmetric Cls with H,0%* and acids® as well as differences in their decomposition rates.®
CH3CHOO is the simplest Criegee intermediate that exists as two conformers and can
therefore be used as a prototype to characterise the reactions of the larger Cls, which requires
rate coefficients to be well established across a range of conditions. This chapter summarises
the previous experimental studies of the reactions of syn-CH;CHOO and anti-CHzCHOO with
SO, and reports results of experiments performed in this work. Results are provided for a study
of the kinetics of syn-CHsCHOO and anti-CHsCHOO with SO, at temperatures between 242
and 353 K and pressures between 10 and 600 Torr, determined using time-resolved broadband

UV absorption spectroscopy.

The results presented throughout this chapter have been published in the Journal of Physical
Chemistry A: Lade, R.E., Onel, L., Blitz, M.A., Seakins, P.W. and Stone, D. Kinetics of the
Gas-Phase Reactions of syn- and anti-CH3CHOO Criegee Intermediate Conformers with SO,
as a Function of Temperature and Pressure. The Journal of Physical Chemistry A. 2024,
128(14), pp.2815-2824."

7.1 Previous Direct Studies

Taatjes et al.? studied the reactions of CHsCHOO conformers with SO, (R7.1 and R7.2) using
the LFP/PIMS technique at 298 K and 4 Torr in He, and were able to independently detect the
two conformers using radiation at 10.2 eV to photo-ionise the syn-conformer and at 9.37 eV
to photo-ionise the anti-conformer. Figure 7.1 shows a photo-ionisation spectrum obtained by
Taatjes et al. following the reaction between CH3;CHI, and O.. The low-energy end of the
spectrum is dominated by the anti-conformer, which is also seen by the removal of signal in
this region upon the addition of water, and the high-energy end of the spectrum is dominated

by the syn-conformer.
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Figure 7.1. Photo-ionisation spectrum for the m/z = 60 product following the reaction of
CHsCHI; + O in the presence (black solid circles) and absence (open circles) of water. The
addition of water preferentially removes signal corresponding to the anti-conformer (between
9.3 and 9.4 eV). Copied from reference 2.2

syn-CHsCHOO + SO, — Products (R7.1)
anti-CH;CHOO + SO, — Products (R7.2)

Taatjes et al. reported the kinetics of the reaction between both conformers and SO to display
a significant conformer-dependence. Experiments were also carried out at higher ionisation
energies (13 eV) allowing the SO; product to be directly observed. SO; was found to form
with a rise time that correlates with the decay time of the Criegee intermediate, indicating that
SOs is directly produced from the reaction between CH3;CHOO conformers and SO, under the

experimental conditions of the study.

The rate coefficient for the reaction of anti-CH;CHOO with SO, was found to be
kz2 = (6.7 £ 1.0) x 10™ cm?® molecule™ s, which is greater than that found for the reaction of
syn-CH;CHOO with SO, which had a rate coefficient of
kz1= (2.4 £0.3) x 10 cm®molecule s?. It has been postulated that the difference in
reactivity may arise as a result of the geometrical differences between the conformers, where
the syn-conformer may pose a greater steric hindrance than the anti-conformer. Calculations
also place the anti-conformer ~ 15 kJ mol™ higher in energy than the syn-conformer.? In
addition to measurements of the conformer-dependent Kinetics, the experiments performed by
Taatjes et al. provided information regarding the relative yield of each conformer, with results
indicating a syn:anti ratio of 0.9:0.1 from the reaction of CH3CHI with Oz at 4 Torr and 298 K.

Subsequent experiments using the PIMS technique by Howes et al.? at a fixed ionisation
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energy of 10.5 eV (to photo-ionise the syn-conformer) gave a value for krs; of
(1.7 £ 0.3) x 10 cm?® molecule™ s at 295 K and total pressures between 1 and 2.5 Torr in
N2, with measurements indicating production of acetaldehyde (CH;CHO) from R7.1 at a yield
of (0.86 + 0.11) at 2 Torr.% The reaction of syn-CH;CHOO with SO, has also been investigated
by monitoring the kinetics of OH radical production from the decomposition of syn-
CH3CHOO occurring in competition with R7.1, giving
k71 = (2.5 +0.2) x 10 cm®molecule™ s* at 298 K and 10 Torr in Ar.°

Experiments using laser flash photolysis of CH3CHI»/O> mixtures with broadband UV
absorption spectroscopy have also indicated that R7.1 and R7.2 are rapid.> *° A rate coefficient
of k = (2.0 £ 0.3) x 10™ cm® molecule™ s™ at 295 K and pressures between 7.5 and 500 Torr
of N2 was reported from experiments in which the conformer-specific contributions to the total
absorbance were not resolved.’® However, the result is expected to be dominated by syn-
CH3CHOO on the basis of results from the earlier PIMS experiments? which indicated that
syn-CH3CHOO represents 90 % of the total CH3CHOO produced using the photolytic method.
Conformer-specific measurements using broadband UV absorption spectroscopy have been
achieved in experiments performed at 293 K and a total pressure of 10 Torr in He, giving
kz1=(2.9£0.3) x 10 cm® molecule™ s and k72 = (2.2 + 0.2) x 10 cm® molecule™® s The
conformer-specific UV experiments indicated that syn-CH3;CHOO is the dominant conformer
produced,® in agreement with the earlier PIMS experiments,? although a lower yield of 70 %
was reported, which may result from the different experimental conditions or uncertainties in

the UV absorption cross-sections, particularly for anti-CH;CHOO.?

Table 7.1 summarises previous measurements of the kinetics of CH;CHOO conformers with
S0O.. It is evident from the literature that a limited range of pressures and temperatures have
been used to investigate the Kinetics of these reactions and so the reactions between larger
Criegee intermediates and SO- cannot be fully characterised under atmospheric conditions
from previous work. Investigating these reactions over a range of temperatures and pressures
is crucial to determine what impact they may have within the atmosphere, which is the focus

of the work presented throughout this chapter.
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Method PhotolysisA T/K p/Torr Bath [CHsCHI;]/  [SO;] /10% k71 k72
Reference / nm Gas 10" molecule  molecule cm™ /10" em? /10 cm?
cm?® molecule™ s molecule™ s

Taatjes et al.? LFP/PIMS 351 298 4 He 0.7-5 24+0.3 0.67 £0.10
Smithetal.’® = LFP/UV abs 248 295 | 7.5-500 N2 1300 155 - 600 ©2.0+0.3 -
Sheps et al® LFP/UV abs 266 293 10 He 1.5 0.8-4.8 29+0.3 22+0.2
Howes et al.® LFP/PIMS 248 295 1-25 N2 1-10 2-9 1.7+£0.3 -

Zhou et al.’ LFP/LIF 248 298 10 Ar 1.9-10.4 0.3-22 25+0.2 -

Table 7.1. Summary of literature results for k71 and kz.. LFP = Laser flash photolysis, PIMS = Photo-ionisation mass spectrometry, LIF = laser-induced

fluorescence. ® The value reported by Smith et al. is not entirely conformer-specific, however the result is expected to be dominated by syn-CH;CHOO.




196

7.2 Experimental

Experiments to investigate the kinetics of CH3CHOO + SOz in this work were performed at
pressures between 10 and 600 Torr, and temperatures between 242 and 353 K using the
experimental set-up described in Chapter 3, where reactions R7.3 — R7.6 were initiated within
the cell using LFP at A =248 nm and the concentrations of both syn-CHsCHOO and anti-
CH3;CHOO were monitored using time-resolved broadband UV absorption spectroscopy.

CH3CHI, + hv (A = 248 nm) — CH3CHI + | (R7.3)
CH3CHI + O; — CH3;CHIOO® (R7.4)
CH3;CHIOO™ + M — CH3CHIO, + M (R7.5)
CH3;CHIOO" — syn-CH;CHOO + | (R7.6a)
CH3;CHIOO" — anti-CH3CHOO + | (R7.6b)

Experiments were performed under pseudo-first-order conditions, with the concentrations of
SO in excess over initial CH3CHOO concentrations. Concentrations were varied in the range
[CH3CHIZ] = (1.6 — 3.5) x 10* molecule cm?, [O2] = (0.6 - 20) x 10'" molecule cm, and
[SO;] = (0.4 — 5.0) x 10" molecule cm™®, with typical initial CH3CHOO concentrations on the
order of 10* molecule cm™. Low precursor concentrations were maintained throughout in
order to minimise the impact of reactions between the precursor and CH3;CHOO, which has
been observed in previous work in this laboratory,* and to maintain low initial Criegee
concentrations to minimise the effects of Criegee-Criegee and other potential Criegee-radical

reactions.

The total flow rate through the cell was set to an equivalent of 1200 standard cm?® per minute
(sccm) at 50 Torr and adjusted with pressure to maintain a constant residence time in the cell
of ~ 2.6 s. The laser fluence typically ranged between 20 — 35 mJ cm™. The pulse repetition
rate remained at 0.33 Hz to ensure a fresh gas mixture entered the reaction cell after each laser
pulse, with intensity data typically averaged over 300 laser shots. The effective pathlength for

the initial experiments was determined to be (471 + 50) cm.

Initial experiments were carried out at 50 Torr and 298 K, to obtain the kinetics for both syn-
and anti-CH3sCHOQO. Initially the kinetics for anti-CH;CHOO were not easily obtained. The
next section of this chapter will describe the problems encountered when extracting data for
the anti-conformer, the different methods of analysis performed and changes to the initial
experimental conditions, which allowed for the simultaneous extraction of the kinetics for

both the syn- and anti-conformers.
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Changes made to the initial experimental conditions were as follows:

The initial concentration of CHsCHI, was increased from (1.6 — 3.5) x 10" molecule cm™to
(2.8 — 6.0) x 10" molecule cm™, resulting in initial CHsCHOO concentrations increasing from
10* to 10 molecule cm™. Two more spectral mirrors were added to the multi-pass set-up,
increasing the effective pathlength from (471 + 50) cm to (595 + 53) cm. The laser fluence
was increased, with typical values ranging between 40 — 60 mJ cm? and the data were
averaged over 500 laser shots, rather than 300. All other experimental conditions remained

the same as above.
Experiments were performed as a function of pressure and temperature.
7.3 Analysis

Figure 7.2 shows typical absorbance spectra obtained at different times following the
photolysis of CH3CHI», which was used to obtain the concentration of each species present at
each time point during the reaction by fitting reference absorption cross-sections to the
observed absorbance, as described in Chapter 3. It should be noted that Sheps et al. were
unable to directly determine the UV absorption cross-sections for anti-CH;CHOO, but
estimated the values to be similar to the cross-sections obtained for syn-CH;CHOO, based on
the initial concentration of anti-CHsCHOO in their experiments. Sheps et al.® report a peak
cross-section for anti-CH3CHOO at ~ 360 nm of 1.2 x 10" cm?, which is the same as the peak
UV cross-section for syn-CH;CHOO at 323 nm. Reference spectra were fit for CH3;CHI,*
syn-CH3CHOO,? anti-CHsCHOO?® and 10* and concentration-time profiles were obtained.

Typical concentration-time profiles are shown in Figures 7.3 — 7.6.
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Figure 7.2. Plots outlining how the experimental absorbance evolves as the reaction progresses
(shown for 1 ms, 2 ms, and 3 ms after photolysis). Observed absorbance (black), total fit
(orange) and the individual contributions from syn-CHsCHOO?® (blue), anti-CH;CHOO?
(green), CHsCHI,* (red), and 10* (purple).
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Figure 7.4. Concentration-time profile for anti-CH;CHOO at 298 K and 50 Torr.
[CH3CHI2]o = 1.9 x 10" molecule cm?, [SO,] = 3.01 x 10® molecule cm’,
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Figure 7.5. Concentration-time profile for CH3CHI, at 298 K and 50 Torr which exhibits a
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[SO;] = 3.01 x 10" molecule cm™.
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Figure 7.6. Concentration-time profile for 10 at 298 K and 50 Torr.
[CH3CHI2]o = 1.9 x 10" molecule cm?, [SO,] = 3.01 x 10® molecule cm™,

As experiments were conducted under pseudo-first-order conditions with respect to SO,, the

change in the concentration of CH,OO can be described using Equation 7.1.
[CH;CHOO], = [CH;CHOO], X (exp™*'t) (Equation 7.1)

where [CH3CHOO], is the concentration of syn- or anti-CHsCHOO at time t, [CH;CHOO], is
the initial concentration of the Criegee intermediate conformer, and k' is the rate coefficient

describing the sum of first-order losses of the CH3CHOO conformers and is given by
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k' = ks + k7.1[SO;] for syn-CH3CHOO and k' = ky + k72[SO;] for anti-CH3;CHOO, where kx
represents losses of syn- or anti-CHsCHOO via any reaction or process other than reaction
with SO,. Previous work® has shown that unimolecular decomposition and bimolecular
reactions with the CHsCHI, precursor contribute significantly to ky for both syn- and anti-
CH3;CHOO (R7.7 — R7.11), with potential additional contributions from reactions with iodine
atoms, 10, or Criegee-Criegee chemistry as well as diffusion out of the probe region.

syn-CH3zCHOO + CHsCHIz — Products (R7.7)
anti-CH;CHOO + CH3CHI; — Products (R7.8)
syn-CH3;CHOO + syn-CH3CHOO — Products (R7.9)
syn-CH3;CHOO + anti-CH3;CHOO — Products (R7.10)
anti-CHsCHOO + anti-CHzCHOO — Products (R7.11)

The data were fit with an equation which incorporates an instrument response function (IRF)
in Equation 7.1, to account for the simultaneous illumination of multiple rows on the CCD

followed by row-by-row shifting (further details regarding the IRF are given in Chapter 3).

Figure 7.7 shows a typical concentration-time profile obtained for syn-CH;CHOO in the

presence of SO, fit with Equation 7.1 convoluted with the IRF.
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Figure 7.7. A plot of syn-[CH;CHOQ] as a function of time for experiments at 298 K and 50
Torr, for [CH3CHI,Jo = 1.9 x 10" molecule cm™ and [SO,] = 3.01 x 10* molecule cm?,
k'=(1586 + 89) s, w = (409 + 0.86) x 10° s, t. = -(1.53 + 0.05) x 104 s,
[CH3CHOO]o = (8.13 £ 0.33) x 10" molecule cm™. The solid red line represents a fit to

Equation 7.1 convoluted with the IRF. Uncertainties are lo.
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Values for the bimolecular rate coefficients for R7.1 were obtained by plotting the individual
k' values against the concentration of SO as shown in Figure 7.8.
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Figure 7.8. A plot of the observed rate coefficient k' as a function of [SO-] for syn-[CH;CHOO]
at 298 K and 50 Torr, where the solid line represents an unweighted linear fit to the data, with
a gradient of (3.59 + 0.12) x 10™ cm® molecule™® s* and intercept of (401 + 13) s for

[CH3CHI2]o = 1.9 x 102 molecule cm™. Uncertainties are 1.

The concentration-time profiles obtained for anti-CH;CHOO (Figure 7.4) typically showed a
decreasing baseline signal following photolysis, resulting in negative values for the
absorbance and thus concentration. This was observed under a range of experimental
conditions, for experiments both with and without SO, added to the system. As the data
obtained for the syn-conformer from these experiments were of good quality and gave
bimolecular rate coefficients that agreed well with previous literature studies, numerous
different methods of analysis were tested to see if the data for the anti-conformer from these
experiments could be extracted. These methods involved applying a baseline correction
directly to the anti-conformer, fixing the concentration of CHs;CHI,, and averaging the
absorbance data between 340 — 400 nm to simultaneously extract the kinetics of both

conformers. A description of each method of analysis is given below.
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7.3.1 Applying a Baseline Correction

To account for the decline in the baseline signal observed for the anti-conformer following
photolysis, a baseline correction was applied where a straight line was fit through the data
points corresponding to the baseline (any points between 0-3 ms were removed prior to this
fitting as this is the time region where we expect the chemistry to be taking place) followed
by subtraction of the baseline from the signal. Figure 7.9 shows an example of the

determination of the baseline.

T T T T T T T T T T T T
2.0x10 4 4 2.0x10" 4 E
@ " @
£ 1.5x10' 4 4 E 1.5x10'4 E
s b s
S 1.0x10'! o 4 S 1.0x10'4 E
[ (5]
D . 9
g 5.0x10% 1 . 1 2 so0x10v- -
= n L] "u = .=
o) 00 { "y, L 19 0.0 { s -
N e B Y R
Q, -5.0x10% 4 . 1 G, -5.0x10v - E
5 t¥ N 5
T -1.0x10' 4 L 1 9 -10xa0m E
2 o e oml E L i P
S, n gk < i
-1.5x10'! 4 u .ﬂ h'f’ 4 = .15x104 L .f h-" A
] - M -
-2.0x10* T T T T T T -2.0x10* T T T T T T
-0.002 -0.001 0.000 0001 0002 0003 0.04 0.005 -0.002 -0.001 0000 0001 0002 0.03 0.004 0.00
Time /s Time /s
T T T T T T
2.0x10* ~ k
@
£ 1.5x10 4 E
o
Q@
S 1.0x10 4 k
[&]
Q
2 5.0x10 - E
=
o 0.0 -
o]
L 10
Q, -5.0x10% -
T
.(ﬁ -1.0x10™* 4
€
S,
-1.5x10™" 4
-2.0x10% T T T T T T 1
-0.002 -0.001 0.000 0.001 0.002 0.003 0.004 0.005
Time /s

Figure 7.9. Example plots outlining how the baseline correction was applied to the anti-data.
The -81 + 04) x 107

-(3.5+0.2) x 10" molecule cm™ were subtracted from the overall anti-signal.

% s and intercept

molecule cm

gradient

Figure 7.10 shows a comparison of the anti-data before the baseline correction had been

applied (black points) and after the baseline correction was applied (red points).
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Figure 7.10. A plot of anti-[CH;CHOO] as a function of time for [SO2] = 9.10 x 10** molecule
cm™ and [CH3CHIJo = 1.9 x 10" molecule cm™ at 298 K and 50 Torr. The black points
represent the data before the baseline correction was applied and the red points represent the

data after the baseline correction was applied.

After the baseline correction was applied to the data, concentration-time profiles were
analysed using Equation 7.1. An example fit to a concentration-time profile is shown in

Figure 7.11.
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Figure 7.11. A plot of anti-[CH3CHOO] as a function of time for [SO2] = 9.10 x 10'? molecule
cm?and [CH3CHI2]Jo = 1.9 x 10® molecule cm™ at 298 K and 50 Torr, after the baseline
correction was applied. k' = (1827 + 165) st anti-
[CH3CHOO]o= (1.83 + 0.28) x 10" molecule cm®. Uncertainties are 1.
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A value for the bimolecular rate coefficient, k72, was obtained by plotting the individual k'
values, obtained from the concentration-time profiles, against the concentration of SO.. Figure
7.12 shows a bimolecular plot for anti-CH;CHOO after the data were analysed using the
baseline correction method described above.
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Figure 7.12. A plot of the observed rate coefficient, k', as a function of SO, concentration for
anti-CH;CHOO at 298 K and 50 Torr, where the black line represents an unweighted linear
fit to the data, giving a gradient of (6.11 + 2.64) x 10! cm® molecule™ s and intercept of
(779 + 336) s™. Uncertainties are 1o.

There were still some issues with extracting the anti-data from the overall absorbance, which
contributes to the large error bars present on the bimolecular plot, and therefore nearly a 50 %
error in the bimolecular rate coefficient, which were not observed for the syn-data. As the
CH3CHOO system requires four different reference spectra to be fit to the absorbance,
CH3CHIy, syn-CH3;CHOO, anti-CH3CHOO and 10, it can be challenging for the spectral fit to
distinguish between the different species, particularly when the concentration, and
absorbance, of one species (i.e. anti-CH3;CHOOQ) is low, and so further data analysis was

required.



7.3.2 Constraining the Change in CH3zCHI, Concentration

When the anti-absorbance signal is low, issues arise extracting its concentration from the

measured absorbance. Figure 7.13 shows absorbance spectra obtained at different time points

following photolysis, where the signal corresponding to the anti-conformer is shown to be
negative, and the signal corresponding to CHsCHI, significantly changes between spectra,
which is expected to remain at a constant value following photolysis. Figure 7.14 shows an
example concentration-time profile for anti-CH;CHOO where the concentration of anti-

CH3CHOO is low and there is a gradual decrease in the baseline, which significantly reduces

the quality of the fit to obtain kinetics.

0.006 A

0.004 +

0.002 A

Absorbance

-0.002

-0.004

-0.006

J
0.000 «%,

’.

1l

i
M‘d" T4

a)

Time =1ms

—— CH,CHI,
= syn-CH,CHOO
anti-CH,CHOO
—10

Total fit

Experimental absorbance

T
300

Absorbance

350
Wavelength / nm

T
400

Absorbance

b)

Time =3 ms

T
300

0.006 4

0.004 A

0.002 +

0.000 A

-0.002 4

-0.004

-0.006

c)
Time =4 ms

Wavelength / nm

T T
350 400
Wavelength / nm

Figure 7.13. Observed absorbance (black), total fit (orange), and the individual contributions
from syn-CHsCHOO,? (blue) anti-CHsCHOO,? (green) CH3CHI,,* (red) and 10** (purple)
determined by fitting reference spectra to the observed absorbance using the Beer-Lambert
law. For these data, T = 298 K, p= 50 Torr, t = a) 1, b) 3 and ¢) 4 ms post-photolysis,
[CH3CHI2]o = 1.7 x 10® molecule cm’,
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Figure 7.14. Concentration-time profile for anti-CH;CHOO used to demonstrate a low signal
for the anti-conformer. [CH3CHI;]o = 1.7 x 10" molecule cm™ and [SO,] = 0, at 298 K and
50 Torr.

As the spectral fitting procedure involves four different reference spectra, it is plausible that
the fit could be overestimating the contribution of one species and in-turn underestimating the
contribution of anti-CH3;CHOO. As the absorption spectrum of 10 is structured and well-
defined in the region between 420 — 450 nm, the concentrations of 10 are retrieved well by
the fits and it is unlikely that this will influence the contribution from the Criegee intermediate.
However, the absorption spectrum for CHsCHI: is relatively broad and expands over the same
wavelength region as the Criegee intermediate, meaning it would be possible for the spectral
fit to assign the contribution of anti-CH;CHOO as the contribution from CH3CHlI..
Figure 7.15 shows a typical concentration-time profile for CHsCHI, obtained in these
experiments, which shows some noise and a steady decrease in signal following photolysis,
which should remain constant on the timescale of the experiment. Such effects are likely to
cause issues when extracting the absorbance data from the other contributing species,

particularly anti-CH;CHOO which is present in low yields in the system.
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Figure 7.15. Concentration-time profile for CH3;CHI, following the photolysis of CH3;CHI..
[CH3CHI2]o = 1.7 x 10" molecule cm™ and [SO.] = 0, at 298 K and 50 Torr.

To attempt to resolve this issue, fits to the spectra were performed in which the pre-photolysis
precursor concentration was fixed to zero and the post-photolysis precursor concentration was
fixed to the average value determined in the initial fits at times between 1 and 4 ms. An
example of this is shown in Figure 7.16 below, where the black line represents the
experimentally observed precursor concentration and the blue line represents both the pre- and

post-photolysis concentrations that have been given a fixed value.
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Figure 7.16. Concentration-time profile for CHsCHI,, where the black line represents the
experimentally observed precursor concentration and the blue line represents the pre- and
post-photolysis precursor concentrations that have been fixed. For these data, the change in

concentration of CHsCHI, was fixed to -1.92 x 10* molecule cm?.
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Figure 7.17 below shows a comparison of the concentration-time profiles obtained for anti-
CH3CHOO from fits to the spectra in which the precursor contribution to the absorbance was
unconstrained and in which the precursor contribution to the absorbance was constrained to a
constant value determined from the average precursor concentration obtained between 1 and

4 ms following photolysis in the unconstrained fit.
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Figure 7.17. Comparison of concentration-time profiles for anti-CHs;CHOO before the
precursor concentration was fixed (a) and after the precursor concentration had been fixed (b)

where the red line on the right plot represents a fit to Equation 7.1.

The concentration time profiles for anti-CH;CHOO were then analysed using Equation 7.1
convoluted with the IRF and a value for the bimolecular rate coefficient, kz., was obtained in
the same way as described above. Figure 7.18 below shows a comparison of the bimolecular
plots obtained for R7.2 when the baseline correction was applied, as described above, (black
points, as shown above in Figure 7.12) and the bimolecular plot obtained after the precursor
concentration was fixed (pink points). Figure 7.18 highlights that fixing the precursor
concentration allows more data points to be included in the bimolecular plot for anti-

CH3CHOQO as a result of the better quality fits of Equation 7.1 to the anti-data.
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Figure 7.18. A comparison of the bimolecular plots obtained for anti-CH3;CHOO + SO at
298 K and 50 Torr for data before the precursor concentration was fixed (black) and after the
precursor concentration was fixed (pink). The black line represents an unweighted linear fit
to the data before the precursor was fixed, with a gradient of
(6.11 + 2.64) x 10™ cm*® molecule™ s and intercept of (779 +336) s* and the pink line
represents an unweighted linear fit to the data, with a gradient of

(1.17 £ 0.10) x 10 cm® molecule™ s and intercept of (1387 + 153) s. Uncertainties are 1c.

Constraining the post-photolysis precursor concentration allowed the anti-signal to be better
identified from the baseline signal, as shown in Figure 7.17 but also resulted in bimolecular
plots containing large error bars, higher values for k' when compared to the corresponding k'
values when the precursor concentration had not been fixed, as well as a significantly higher
value for the intercept. Analysis of the anti-data is challenging owing to low yields and high
reactivity, and while the analysis in which the precursor concentration is constrained in the
spectral fit does offer some advantages, there are still large uncertainties in the result.
Analysing the data using this method also influenced the data previously obtained for the syn-
conformer. Figure 7.19 shows a comparison of the bimolecular plots obtained for the reaction
of syn-CH;CHOO with SO, when the post-photolysis precursor concentration was
unconstrained (black points, results as described above) and when the precursor concentration

had been constrained (pink points).
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Figure 7.19. Comparison of the bimolecular plots for the reaction of syn-CHsCHOO with SO,
before and after the precursor had been fixed. The black points represent the values before the
precursor was fixed, with a gradient of (3.59 + 0.12) x 10™ c¢m® molecule™ s and intercept
of (401 % 13) s™ and the pink points represent the data after the precursor had been fixed, with
a gradient of (1.94 +0.17) x 10*cm® molecule™ s* and intercept of (387 * 22) s

Uncertainties are 1o.

Constraining the change in the concentration of CH3sCHI, enabled signal corresponding to the
anti-conformer to be better identified when compared to the previous analysis. However, this
method of analysis resulted in a ~ 50 % change in the rate coefficient obtained for kz.1. While
the signal corresponding to the anti-conformer is lower than that of the syn-conformer and is
more likely to be influenced by any changes in the baseline signal, fixing the concentration of
CHsCHI; would still influence the kinetics obtained for the syn-conformer as there is still an
overlap between the absorption cross-sections of each species. To ensure reliable data is being
obtained for each conformer, the method of analysis would need to avoid any data
manipulation, such as taking the average absorbance between a given wavelength range, and

simultaneously extracting the Kinetics for each conformer.
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7.3.3 Averaging the Absorbance Data

An alternative method presented in the literature was used by Sheps et al.,* to analyse the data
from similar time-resolved broadband UV experiments, in which the kinetics are obtained by
fitting to the average absorbance within a given wavelength range, rather than fitting to
reference spectra to obtain concentration-time profiles. This analysis gives a single profile for
the average absorbance as a function of time, which demonstrates a biexponential decay
(Equation 7.2) with a fast component corresponding to the anti-conformer and a slow
component corresponding to the syn-conformer. Figure 7.20 shows an absorption signal
obtained by Sheps et al. and a kinetic model that is made up of two independent components,

each with a single exponential rise and decay.

Ap = Aggyn (exp‘kéy"t) + Agani (exp‘kr’mtit) (Equation 7.2)

where A; is the absorbance at time t, Aosn iS the initial absorbance pertaining to syn-
CH3CHOO, Aoani is the initial absorbance pertaining to anti-CHsCHOO, Ky is the pseudo-
first-order rate coefficient corresponding to syn-CHsCHOO and K'ani is the pseudo-first-order

rate coefficient corresponding to anti-CH;CHOO.

fit, slow
component

\— fit, fast component
OF*-—J'.'“ — :

time (ms)

Figure 7.20. Absorption signals obtained by Sheps et al., where the data was averaged between
320 and 400 nm. The thick black line shows a fit to the two components in the model, which

are outlined by the blue and pink shaded areas. Copied from reference 3.

Figure 7.21 shows example plots obtained in this work, where the absorbance was averaged
between 340 and 400 nm. Each decay profile was fit with an equation that combined the

parameters for the exponential decay (Equation 7.2) with the instrument response function.
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Figure 7.21. Biexponential decay for an experiment at 298 K and 50 Torr for (a)
[SO;] = 1.00 x 10" molecule cm™and (b) [SO2] = 2.00 x 10* molecule cm, where the red
line represents a fit to Equation 7.2 convoluted with the IRF. The fit gave: (a)
Aosyn = (3.8 £ 2.5) X107, K'syn = (629 £ 65) s, Aganti = (4.6 £ 0.8) x10°®, K'anii = (3432 £ 771) 57,
(b) Aosn=(3.3+0.9) x10®, Kk'yn = (788 * 135) s, Agai = (4.6 * 3.2) x10%
K'anii = (3706 + 838) s*. Uncertainties are 1.

The pseudo-first-order rate coefficients obtained for anti-CH:CHOO from experiments
carried out at 298 K and 50 Torr are shown as a function of SO, concentration in Figure 7.22

below.
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Figure 7.22. Bimolecular plot for anti-CH3CHOO obtained after averaging the absorbance
data between 340 and 400 nm. The blue line represents an unweighted linear fit to the data,
with a gradient of (1.21 +0.23) x 10™° cm® molecule™ s and intercept of (774 + 402) s™.

Uncertainties are 1o.
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As with constraining the precursor concentration, this method of analysis allowed the signal
corresponding to the anti-conformer to be better identified, resulting in an increased number
of data points on the bimolecular plot, when compared to the more basic analysis, in which
only a baseline correction had been applied. However, this method also led to data points
containing large error bars, an even higher value for the intercept compared to the other
methods, as well as a fraction of the data points being above the limit of detection of the
camera (4000-5000 s™), making them unreliable. Figure 7.23 compares the bimolecular plots
for the three different methods of analysis for the anti-data.
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= Constraining precursor concentration
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Figure 7.23. A comparison of the bimolecular plots obtained for anti-CH;CHOO + SO, at
298 K and 50 Torr for data when the baseline correction was applied (black), after the
precursor concentration was fixed (pink) and from averaging the absorbance data between 340
and 400 nm (blue). The black line represents an unweighted linear fit to the data before the
precursor was fixed, with a gradient of (6.11 + 2.64) x 10 cm® molecule™ s and intercept
of (779 + 336) s, the pink line represents an unweighted linear fit to the data, with a gradient
of (1.17 £ 0.10) x 10 cm® molecule™ s and intercept of (1387 + 153) s and the blue line
represents an unweighted linear fit to the data, with a gradient of

(1.21 £ 0.23) x 10 cm® molecule™ s* and intercept of (774 + 402) s™*. Uncertainties are 1c.

Three methods of analysis were investigated as a means of accurately assigning a fraction of
the decrease in absorbance as a function of time to the reaction of anti-CHsCHOO with SO,,
enabling conformer dependent Kinetics to be determined. While the first two methods of
analysis, applying a baseline correction and fixing the precursor concentration, involved some
level of data manipulation, the third method, averaging the absorbance data, was simply an
alternate method of analysis that has been suggested within the literature. It can be seen from

the results above that both constraining the precursor concentration and taking the average
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absorbance between 340 and 400 nm enabled the anti-signal to be better identified from the
overall absorbance and thus more data points for the anti-conformer to be determined and
resulted in rate coefficients that were within the statistical error of each other. However, these
methods of analysis resulted in pseudo-first-order rate coefficients that were significantly
higher than those determined by application of a baseline correction, and with extremely large
error bars. The three methods of analysis were not producing reliable results so the

experimental conditions were taken into consideration.

7.3.4 Changing the Experimental Conditions

Initial experiments were carried out at 298 K and 50 Torr, where the initial concentration of
CH,CHI, was in the range (1-2) x 10" molecule cm™. Whilst simply increasing the precursor
concentration would offer some benefits, such that the signal for both syn- and anti-
conformers would be increased, this would also increase the likelihood of the Criegee self-
reaction, or the reaction between Criegee intermediates and the precursor, impacting results.
A second option was to increase the laser fluence, which again would increase the
concentrations of the Criegee intermediate conformers and potentially enable them to be
extracted from the overall absorbance more easily. Increasing the laser fluence would
subsequently also increase the radical concentration in the reaction cell and result in Criegee-
radical reactions being more significant. It was clear that the overall absorbance would have
to be increased to increase the signal-to-noise, without impacting the chemistry taking place
in the reaction cell. To do this, a number of improvements were made to the experimental set-
up. Firstly, the total effective pathlength of light was increased by increasing the number of
passes of light through the reaction cell from seven to nine by the addition of two Al mirrors,
each of 12 mm diameter (further details given in Chapter 3). The total absorbance is directly
proportional to the concentration, absorption cross-section and pathlength and so increasing
the pathlength would increase the absorbance without the need for changes to the initial
conditions. The addition of the two extra passes increased the pathlength from (471 £ 50) cm
to (595 + 53) cm, which was determined using the method outlined in Appendix 4. Following
this, the alignment of the probe beam through the reaction cell was optimised and the cell
windows were also cleaned, ensuring the maximum amount of light available could reach the
detector. These improvements, alongside minor adjustments to both the initial concentrations
and laser fluence, resulted in better sensitivity and a significant improvement in the signal-to-
noise ratio, which enabled the two conformers to be better identified from the observed
absorbance and thus the conformer specific kinetics of the reaction between CH;CHOO and
SO, to be determined. Figure 7.24 shows typical absorbance spectra at different time points
following photolysis obtained after the adjustments to the experimental set-up, where the

signal corresponding to the anti-conformer is no longer shown as a negative absorbance.
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Figure 7.24. Observed absorbance (black), total fit (orange), and the individual contributions
from syn-CHsCHOOQO? (blue), anti-CHsCHOO?® (green), CHsCHI.™ (red), and 10™ (purple)
determined by fitting reference spectra to the observed absorbance using the Beer-Lambert
law. For these data, T = 353 K, p= 10 Torr, t = 1, 2 and 4 ms post-photolysis,
[CH3CHI2]o = 6.0 x 10® molecule cm’,

Typical concentration-time profiles for CH;CHI, obtained after changes were made to the
initial experimental conditions are shown in Figures 7.25 and 7.26 for experiments carried out
under different experimental conditions. The plots show a negative change due to the depletion
of CH3CHI; upon photolysis, followed by an effectively constant concentration. From these
data it is evident that the baseline issues described previously were no longer observed within
the analysis and it was therefore concluded that the contribution from each species obtained

from the fits to the spectra were reliable.
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Figure 7.25. Concentration-time profile for CHsCHI,. T = 353 K, p = 10 Torr,
[CH3CHI]o = 6.0 x 10" molecule cm™ and A[CH3CHI;] = -5.5 x 10* molecule cm™.
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Figure 7.26. Concentration-time profile for CHsCHI,. T = 298 K, p = 10 Torr,
[CH3CHI2]o = 4.1 x 10" molecule cm™ and A[CH3CHI,] = -2.8 x 10* molecule cm™.

Data obtained after the experimental conditions were optimised were also analysed using the
method of averaging the absorbance data between 340 and 400 nm. Figure 7.27 shows time
profiles for syn- and anti-CH;CHOQ obtained by fitting reference spectra to the observed
absorbance between 290 and 450 nm as well as a plot of the averaged absorbance between

340 and 400 nm against time for the same dataset.
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Figure 7.27. Time profiles for (a) syn-CH;CHOQ, (b) anti-CH;CHOO and (c) the averaged
absorbance signal between 340 and 400 nm for experiments at T = 289 K and p = 10 Torr.
Solid red lines represent fits to Equation 7.1 convoluted with the IRF for (a) and (b) and
Equation 7.2 convoluted with the IRF for (c). The fits to Equation 7.1 gave:
(@) k syn = (674 £11) s, (b) k gny = (1532 + 63) s* and fits to Equation 7.2 gave:

(€) k syn = (708 £ 66) s™, and k ,,,; = (2639 + 1135) s™.

Figure 7.28 compares pseudo-first-order rate coefficients as a function of SO, concentration

for syn- and anti-CH3;CHOO obtained using the two methods.



219

1400 . . . 6000

a) = Regular analysis b) = Regular analysis
m  Averaged absorbance 5000 A m  Averaged absorbance

1200 +

1000 4000 4

3000 4

k‘ant\ / S-l

2000

1000 &

: - - o 0 1a0® 210" 3101
(S0, molecule cm [SO,] / molecule cm™®

Figure 7.28. Pseudo-first-order rate coefficients as a function of SO, concentration obtained
from experiments at T = 289 K and p = 10 Torr for (a) syn-CHsCHOO and (b) anti-CH;CHOO
for the regular analysis (black) and the analysis where absorbance data is averaged between
340 — 400 nm (purple). Solid lines represent an unweighted linear fit to the data. For syn-
CH3CHOO, the regular analysis gave: kz1 = (3.02 + 0.12) x 10™ cm® molecule™® s* and
kx = (332 * 21) st and the averaging analysis gave:
kz1=(2.90 + 0.24) x 10 cm® molecule™s™ and kx = (336 + 42) s. For anti-CHsCHOO, the
regular analysis gave: k7, = (1.04 + 0.08) x 10™ cm® molecule™ s* and k¢ = (721 + 135) s*

1

and the averaging analysis gave: k72=(1.25+0.24) x 10 cm® molecule® s* and

ke = (1205 + 157) s™*. Uncertainties are 1c.

Rate coefficients for R7.1 and R7.2 obtained by averaging the absorbance data between 340
and 400 nm (k71 = (2.90 + 0.24) x 10™* cm® molecule™® s*and k72 = (1.25 + 0.24) x 10" cm?
molecule™ s*) are within the error of rate coefficients obtained using the regular method of
analysis (k71 = (3.02 + 0.12) x 10™* cm® molecule™® s*and k72> = (1.04 + 0.08) x 10%° cm?
molecule™ s™). Values for the intercept, kx, for the syn-conformer are also very similar
however, there is a significant difference in the ky values obtained for the anti-conformer from
the two methods of analysis. It is clear in Figure 7.28 that the pseudo-first-order rate
coefficients obtained from averaging the absorbance data have considerably larger errors than
pseudo-first-order rate coefficients obtained in the regular analysis, particularly for the anti-
conformer, which may be a reason for the difference in ky values observed. The errors
associated with the anti-conformer may result from a combination of the anti-conformer being
present in lower concentrations when compared to the syn-conformer and the reaction of the
anti-conformer being ~ 10 times faster than the reaction of the syn-conformer. Both of which
are likely to make fitting the data more difficult, and therefore more uncertain. Nonetheless,
the rate coefficients obtained for the two methods of analysis agree well for each conformer
for experiments carried out after changes were made to the experimental conditions, which

was not the case for data obtained prior to these changes.
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7.4 Results and Discussion

Figure 7.29 shows concentration-time profiles for syn- and anti-CH;CHOO in the presence of
SO..
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Figure 7.29. Observed concentration-time profiles for a) syn-CH;CHOO and b) anti-
CH3CHOO. For these data, T = 298 K, p = 50 Torr, [SO;] = 1.1 x 10*® molecule cm™ and
[CH3CHI2]o = 2.8 x 102 molecule cm™. The fits to Equation 7.1 (solid line) gave an initial
concentration of (1.31 + 0.03) x 10*? molecule cm™ and k' = (765 + 15) s for syn-CH;CHOO
and an initial concentration of (3.39 + 0.02) x 10* molecule cm™ and k' = (2280 + 218) s for
anti-CHzCHOO. Instrument response parameters were: w = (2.99 + 0.10) x 10®° s and

te = — (4.80 £ 0.09) x 10" s for both conformers. Uncertainties are 1c.

The rate coefficients k;1and kz. were determined from the dependence of the pseudo-first-

order losses on the concentration of SO, with typical results shown in Figure 7.30.
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Figure 7.30. Dependence of k' on [SO2] at T = 298 K and p = 50 Torr for a) syn-CH;CHOO
and b) anti-CH3CHOO. Fits to the data gave k;: = (3.67 +0.07) x 10 cm®molecule™ s,
with an intercept kx of (326 + 18) s™, and k72 = (1.22 + 0.10) x 10° cm® molecule™* s, with

an intercept ky of (934 + 70) s™. Uncertainties are 1o.

At 298 K, results gave k.1 = (3.67 +0.07) x 10! cm® molecule™ st which is in good agreement
with the value obtained in this work for k1 prior to the adjustments to the experimental set-
up ((3.59 + 0.12) x 10" cm® molecule™ s™) and with the value obtained for k71 by averaging
the absorbance signal between 340 and 400 nm ((3.37 + 1.17) x 10™ c¢m® molecule™ s™).
Results also gave k72 = (1.22 + 0.10) x 10™° cm® molecule™ s, this value compares well with
values previously obtained for k7 in this work through analysis where the concentration of
CH3CHI, was fixed ((1.17 + 0.10) x 10™° cm® molecule™ s?) and through analysis where the

absorbance data was averaged between 340 and 400 nm ((1.21 + 0.23) x 10™ cm® molecule™
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s™). Comparison of results obtained for kz; and k7> with results obtained from averaging the
absorbance data between 340 and 400 nm provides further evidence that the results obtained
following the changes made to the experimental set-up are reliable.

The potential for the contribution of second-order behaviour was also investigated, where the
decay of CH3;CHOO is described by a mixed first- and second-order model. Figure 7.31 shows
a comparison between the first-order and mixed-order fits to typical concentration-time
profiles for syn- and anti-CH;CHOO, which indicates there were no significant differences
between the first-order component obtained when describing the kinetics using a first-order
model and when describing the kinetics using a mixed-order model. Figure 7.32 compares rate
coefficients for reactions of syn- and anti-CH;CHOO with SO, obtained from the first-order
fits to those obtained from the mixed-order fits. Results show less than 5 % difference between
the rate coefficients obtained when kinetics were described using the first-order and mixed-
order models and values obtained for the intercept, kx, between the two fits were within their
error limits. We therefore concluded that data were well described by pseudo-first-order

kinetics.
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Figure 7.31. Comparison between first-order (solid red lines) and mixed-order (dashed black
lines) for typical concentration-time profiles for a) syn-CHsCHOO and b) anti-CH;CHOO.
The first-order fit to the syn-CHsCHOO data gave k' = (765 + 15) s and
[CHsCHOO]p = (1.31+ 0.03) x 10 molecule cm® and the mixed-order fit gave
k'=(754+15) s' k" = (766 + 034) x 10" cm® molecule s* and
[CH3CHOO], = (1.35 + 0.07) x 10% molecule cm. The first order fit to the anti-CH;CHOO
gave k' = (2280 + 220) s and [CHsCHOO]o = (3.39 + 0.02) x 10* molecule cm™ and the
mixed-order fit gave k’ = (2147 + 93) s, k" = (2.55 + 0.16) x 10 cm® molecule s* and
[CH3CHOO]o = (3.47 +0.04) x 10* molecule cm™. Uncertainties are 1.
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Figure 7.32. Dependence of k' on [SO;] at T =298 K and p = 50 Torr obtained for first-order
fits (solid lines) and mixed-order fits (dashed lines) for a) syn-CH;CHOO and b) anti-
CH;CHOO. Fits to the data for syn-CHsCHOO gave k71 (first-order, blue
data) = (3.67 £ 0.07) x 10 cm® molecule™ s, with an intercept k¢ of (326 + 18) s*and
kz1 (mixed-order, black data) = (3.58 + 0.07) x 10™* cm®molecule™ s, with an intercept ky of
(330+9) s'. Fits to the data for anti-CHsCHOO gave ks, (first-order, green
data) = (1.22 £ 0.10) x 10" cm® molecule™ s, with an intercept kx of (934 + 70) s and
k7.2 (mixed-order, black data) = (1.17 + 0.06) x 10™°cm®molecule™ s, with an intercept kx of

(974 + 67) s*. Uncertainties are 1c.

Experiments were repeated at 298 K and pressures between 10 and 600 Torr with results
showing an increase in k71 from (3.02 + 0.32) x 10™ cm® molecule® s* at 10 Torr to
(4.66 +0.52) x 10" cm® molecule™ s* at 600 Torr (Figure 7.33), where the uncertainties
represent a combination of the statistical error and the systematic errors resulting from

uncertainties in gas flow rates and in the concentration of SO..
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The data were fit with Equations 7.3 and 7.4, which describe a chemical activation mechanism
with a non-zero rate coefficient at zero pressure,* to described the observed pressure
dependence of R7.1 (further details regarding the chemical activation mechanism are given in
Chapter 2). Figure 7.33 shows a potential energy surface describing the chemical activation

and association pathways.

CH,CHOO + S0, _—_-[CH3CHOO-SOZ]\

CH,CHO + SO,
M

Potential Energy

CH,CHO0-50,

Reaction Coordinate

Figure 7.33. Schematic potential energy surface for the reaction between CH;CHOO and SO,
to produce excited [CH3;CHOO-SO.]* and the possible reaction pathways following
excitation. A further description of the chemical activation mechanism is given in Chapter 2,

section 2.2.2.2.

Equation 7.4 is a variation of Equation 7.3 that includes a broadening factor, F, as described

by the Troe fall-off form in Chapter 2 (Section 2.2.2.5).

(koo - kint)ko [M] -
ko1 = k; Equation 7.3
7.1 int T ko lM]) + ko (Equation 7.3)
koo — kine)bko[M Equation 7.4
Y CAEy VA 1) (Equation 7.4)

(ko[MD) + koo

where kin represents the rate coefficient at zero pressure, ko is the low-pressure limiting rate
coefficient and k.. is the high-pressure limiting rate coefficient, and are given by Equations

7.5-7.7:

T Nint )
kint = Aine X (ﬁ) (Equation 7.5)
T \™ .
ko= Ay X (ﬁ) (Equation 7.6)
T \"»
koo = Ap X (ﬁ) (Equation 7.7)



226

A comparison between fits to Equations 7.3 and 7.4 for data at 298 K is shown in Figure 7.34.
The comparison plots at all other temperatures are shown in Appendix 11.
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Figure 7.34. Comparison of the fit to Equations 7.3 and 7.4 for data at 298 K and pressures
between 10 and 600 Torr. Results from previous studies at ~ 298 K are also shown.? 8*° The
fit result for Equation 7.3 gave: A, = (2.35 %= 0.39) x 10™ cm® molecule® s?,
Nint = (0.61 £0.79), A, = (3.29 +1.30) x 10% cm® molecule® s?, ny, = -(9.52 + 1.78),
As = (4.95 £ 0.51) x 10! cm® molecule™ s, n,, = -(2.52 + 0.29) and the fit result for
Equation 7.4 gave: A;,; = (2.39 = 0.28) x 10™ c¢cm® molecule™® s?, n;,, = (0.19 + 0.72),
Ao = (6.07 £ 4.74) x 10%° cm® molecule™ s, ny =-(10.13 + 1.81), A,, = (8.98 £ 7.22) x 10!

cm?® molecule™ s, n,, =-(3.34 £0.71).

Fitting the data with Equation 7.3 gave A;,; = (2.35 + 0.39) x 10™* cm® molecule™ s?,
Nine = (0.61 £ 0.79), 4o = (3.29 £ 1.30) x 10% cm® molecule® s?, n, = -(9.52 + 1.78),
A = (4.95 £ 0.51) x 10 cm® molecule™ s?, n,, = -(2.52 + 0.29) and fitting the data with
Equation 7.4 gave A;, = (2.39 + 0.28) x 10 cm® molecule™ s, n;,, = (0.19 + 0.72),
Ay =(6.07 + 474 x 10® cm® molecule® s' n, = -(10.13 + 1.81),
Ae = (8.98 £7.22) x 10 cm® molecule® s?, ny, =-(3.34+0.71). The inclusion of the
broadening factor to Equation 7.9 did not improve the quality of the fit to the data and therefore

was not included in the final fit.

The pressure dependence observed in this work at 298 K (Figure 7.34) reconciles
discrepancies between values for kzi reported at room temperature in previous work at
pressures below 10 Torr.> #3° While kinetics reported by Smith et al.® at 295 K over the
pressure range 7.5 to 500 Torr are in broad agreement with low pressure values for k1 reported

in this work and in previous work, Smith et al. were unable to distinguish between the syn-
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and anti-conformers and so the rate coefficient reported will contain contributions from the
reactivity of both syn-CHs;CHOO and anti-CHzCHOO.

Figure 7.35 shows the results for kz1 under all conditions studied in this work. Results
demonstrate an increase in k71 from 10 Torr to 600 Torr across all temperatures studied and

an overall negative temperature dependence.
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Figure 7.35. Effects of pressure on kz.1 at (a) 298 K and (b) all temperatures studied in this
work. Previous reports for k71 are also shown.?% 8 9 Solid lines represent a fit to Equation 7.3.
Error bars represent a combination of the statistical error and the systematic errors resulting

from uncertainties in gas flow rates and in the concentration of SO..

The negative temperature dependence observed in this work is indicative of the barrierless
addition of SO; to the Criegee intermediate, similar to that of CH,OO + SO, (Chapter 4). The
reaction proceeds via the formation of a secondary ozonide (SOZ) which can either become
stabilised or decompose to produce CH3CHO and SQOs. Figure 7.36 shows the structures of the
SOZ and the transition state that leads to the formation of CH;CHO and SO; reported by
Zhao et al.®

SOZ,,, TSy

Figure 7.36. The structures of the secondary ozonide (SOZ) and the transition state (TS)

formed in the reaction between syn-CH3;CHOO and SO,. Copied from reference 15.%
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The fit of Equation 7.3 allowed rate coefficients for the formation of the SOZ (association)
and the formation of CH3;CHO + SO3 (chemical activation) to be determined as a function of
pressure using Equations 7.8 and 7.9.

koko[M .
Assocation = _KeokolM] (Equation 7.8)
ko[M] + ko
1— koM
Chemical activation = ki, <ko[1\’l]—0-i-[k]oo) (Equation 7.9)

The total rate coefficient at a given pressure is the sum of association and chemical activation,
which gave a value for k71 of (4.80 + 0.46) x 10™ cm®s™ at 298 K and 760 Torr. The fraction
corresponding to association and chemical activation can thus be calculated, with results
suggesting a yield greater than 99 % for the SOZ at 298 K and 760 Torr (Figure 7.37), limiting

production of SO3z and potentially of sulfuric acid in the atmosphere.

== CH,CHO + SO,

Yield

== Secondary Ozonide (SOZ)

T
1 10 100
Pressure / Torr

Figure 7.37. The yield of the SOZ and CH3CHO + SOs as a function of pressure, calculated
using Equations 7.3 and 7.5-7.7.

The reaction between syn-CHsCHOO and SO; has been investigated by Manonmani et al.*®
using theoretical approaches, which indicate a barrierless reaction with a 98 % vyield of
acetaldehyde (CHsCHO) + SO; at 298 K and 200 Torr of He and a rate coefficient for
CH3CHO + SO; production of 4.49 x 10 cm® molecule™ s at 298 K. However, the possible
impacts of pressure were not fully discussed and the reaction of anti-CH;CHOO + SO, was
not considered. The calculations by Manonmani et al. have predicted a positive temperature
dependence for the reactions of CH,00, syn-CH3CHOO and (CH3),CHOO with SO, despite

the reactions being barrierless and in contrast to the negative temperature dependence shown
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in this work for syn-CHsCHOO + SO, our previous work for CH,00 + SO,*’ (outlined in
Chapter 4) and experimental results for (CH3).CHOO + SO..'* Figure 7.38 shows a
comparison between the temperature dependent results for CH,OO, syn-CH;CHOO and
(CH3).,CHOO with SO reported by Manonmani et al. and the temperature dependent results
of CH,00 + SO; from our previous work,*” syn-CH;CHOO + SO, reported here, and
19

(CH3).,CHOO + SO using the IUPAC recommendation for the temperature dependence
(which is based on the work of Smith et al.’®).
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Figure 7.38. Comparison of rate coefficients as a function of temperature for a) CH.0O0 + SO;
reported by Manonmani et al. and Onel et al.,*” b) syn-CHsCHOO + SO, reported by
Manonmani et al. and the results of this work and ¢) (CH3).CHOO + SO reported by
Manonmani et al. and the IUPAC recommended parameterisation.’® The solid lines represent
the experimental temperature range investigated in each study and the dotted lines are an
extrapolation of the data to temperatures between 200 and 400 K. The orange stars in a) and
b) represent the temperatures where experiments were carried out. The black squares represent
rate coefficients calculated by Manonmani et al. using canonical variational transition state

theory (CVT) with small curvature tunnelling correction (SCT).

Where potential impacts of pressure have been considered in detail in theoretical studies of

SCI + SO; reactions, there is agreement with the lack of observed pressure dependence in the
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kinetics for CH,00 + SO, under atmospheric conditions,**?%#2? hut there are differences in
the predicted pressure dependence of the reaction between (CH3).COO and SO,.*?#
Vereecken et al. suggested that > 80 % of the SOZ formed by (CH3).COO + SO undergoes
prompt decomposition to acetone (CH3;C(O)CHs) and SOz at 298 K and a pressure of 4 Torr,
while > 97 % of the SOZ is collisionally stabilised at 298 K and 760 Torr, with the difference
compared to CH,0O0 + SO attributed to the greater number of degrees of freedom in the SOZ
formed via (CH3).COO + SO, which would also be relevant to the comparison between the
SOZ formed via CH,00 + SO and those from reactions of CHsCHOO conformers with SO..
However, Kuwata et al. calculated a different potential energy surface for the reaction between
(CH3).CO0 and SO; to that reported by Vereecken et al., and thus a different mechanism for
the reaction, with calculations predicting no significant collisional stabilisation of the SOZ at
pressures below 10* Torr at 298 K and SOs yields greater than 96 % at 298 K and pressures
from 1 Torr to 760 Torr. The pressure dependence observed for k71 in this work indicates
significant stabilisation of the SOZ, with an expected yield greater than 99 % at 298 K and
760 Torr (Figure 7.37), agreeing well with Vereecken et al. Although formation of the SOZ
will inhibit SOs, the subsequent fate of the SOZ is uncertain and there may still be a
contribution to the atmospheric production of SOs; and therefore H,SO.. Experimental
measurements of the kinetics for (CH3):COO + SO, have indicated significant pressure
dependence and a negative temperature dependence under atmospheric conditions,?182
similar to observations in this work for the reaction between syn-CH;CHOO + SO..
Differences between theoretical approaches and between experiment and theory indicate that
the application of theory to the prediction of SCI kinetics remains a challenge. Potential
explanations for the discrepancy between theory and experiment have been discussed in more
detail in Chapter 5 of this thesis.

In contrast to the results for k7.1, no significant dependence of k7., on temperature and pressure
was observed. At 298 K, results gave a mean value for ks, of (1.15 + 0.16) x 10%° cm?
molecule™ s™ between 10 and 600 Torr, with results over all temperatures and pressures giving
a mean value of (1.18 +0.21) x 10 c¢m® molecule® s™. Results for ks, are shown in

Figure 7.39 for data at 298 K and Figure 7.40 for data at each temperature.
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Figure 7.39. Effects of pressure on k7, at 298 K. The solid line shows the mean value for k7.
at 298 K ((1.15 + 0.16) x 10 cm® molecule™s™). Previous results reported for k-, are also
shown.? 3 Error bars represent a combination of the statistical error and the systematic errors

resulting from uncertainties in gas flow rates and in the concentration of SO..
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Figure 7.40. Effect of pressure on kr, at each temperature, where solid lines represent the
average value for the rate coefficient across each temperature. a) T = 242 K,
kz2=(1.12 £ 0.19) x 10 cm® molecule™ s*; b) T = 254 K, k72 = (0.98 + 0.16) x 10 cm®
molecule*s™; ¢) T = 273 K, k2= (1.47 £0.20) x 10 cm® molecule?s™®; d) T = 298 K,
kz2=(1.15 + 0.16) x 10™° cm®* molecule? s*; e) T = 318 K, k72 = (1.23 + 0.20) x 10 cm®
molecule*s® and f) T = 353 K, k72 = (1.16 + 0.20) x 10"°cm?® molecule?s™.

The kinetics of R7.2 have been reported in two previous studies®® at room temperature.
Taatjes et al.? performed experiments at 4 Torr using the PIMS technique, and reported a value
for k72 of (6.7 + 1.0) x 10" cm® molecule™ s, while Sheps et al.® performed experiments at

10 Torr using cavity-enhanced UV absorption spectroscopy and reported a value for
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kzo0f (2.2 £0.2) x 10" molecule™ cm?® s™. Differences between the studies reflect the
challenges associated with measuring such rapid Kinetics, with the lack of dependence of k7.
on temperature and pressure observed in this work potentially indicating that the kinetics for
R7.2 are controlled by collision-limited or capture-limited Kinetics. The difference in
behaviour between the syn- and anti-conformers is potentially influenced by lower steric
hindrance for the anti-conformer, coupled with the higher ground state energy for anti-
CH3CHOO by ~ 15 kJ mol™ ! compared to syn-CH3CHOO and a higher dipole moment for
anti-CH;CHOO than syn-CHsCHOO (5.53 D compared to 4.69 D, calculated at the
B3LYP/AVTZ level of theory®).

Figure 7.41 compares the experimental results for kz> with estimated values using a collision

model (Equation 7.10) and a capture model (Equation 7.11).

kCOl = TI.'(I'CI + rSOZ)Z ;8:27' (Equation 710)
where r¢jand 750, are the effective radii of anti-CH:CHOO? and SO/, respectively, ke is the
Boltzmann constant, T is the temperature, and x is the reduced mass. The effective radius for

anti-CHsCHOO was assumed to be the same as that reported in the literature for syn-
CH;CHOO.%

2 1
keape = C \/% (DeiDso,)s (kaT) "¢ (Equation 7.11)

) 25,28
)

where C is a constant (4.08 for the case of isotropic capture and D¢y and Ds, are the

dipole moments of anti-CH3;CHOO? and SO,,* respectively.

The experimental results for kr, obtained in this work are lower than the estimated rate
coefficients using either the collision model or the capture model, with experimental values a
factor of ~ 2 lower than those calculated from collision theory, and a factor of ~ 6 lower than
those calculated from capture theory. However, the calculated values do offer some insight to

the kinetics and suggest that R7.2 is close to the collision limit.
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Figure 7.41. Mean value for k7, determined at each temperature. The solid line represents the
mean value for ks> over all conditions investigated in this work is
(1.18 £ 0.21) x 10™ cm® molecule™* s™. Previous results reported for ks> and rate coefficients
calculated using collision theory (ke red dashed line) and capture theory (Keapt, blue dashed
line) are also shown. Error bars represent a combination of the statistical error and the
systematic errors resulting from uncertainties in gas flow rates and in the concentration of
SO..

Results obtained for kr.1 and k- - at each temperature and pressure are summarised in Table 7.2.
Results show that, under all conditions investigated in this work, the reaction between anti-
CH3;CHOO and SO is significantly faster than that of syn-CHsCHOO and SO.. The difference
in behaviour between the syn- and anti-conformers is potentially influenced by lower steric
hindrance for the anti-conformer, coupled with the higher ground state energy for anti-
CH3CHOO by ~ 15 kJ mol™* compared to syn-CH3;CHOO. The results of this chapter can be
used to characterise the reactions of larger asymmetric Criegee intermediates that may not be

easily produced within the laboratory.
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T/K p/Torr kz1/10™ cm® molecule? s k7, /107° cm® molecule™ s*

242 25 6.69+0.92 1.13+£0.13
50 7.69+1.08 1.17+£0.22
100 8.43+1.03 1.06 £0.17
300 7.99+0.97 1.06 £0.19
450 8.51+1.06 1.16 £0.25
600 7.98 £0.97 -

254 25 5.52+0.63 0.90+0.14
50 6.36 +£0.83 1.01£0.20
100 6.76 £0.73 1.00 £ 0.10
200 7.00+1.14 1.00 £0.18
300 6.88 £ 1.02 -
450 7.02+1.09 -
600 7.4+1.28 -

273 25 4.33+0.63 1.29+0.14
50 4.73£0.55 1.50 +0.28
100 5.14 £ 0.57 154 £0.17
200 547 +0.58 1.56 +0.18
300 579+0.61 -
450 6.23 £ 0.64 1.32+£0.21
600 6.27 £0.74 -

298 10 3.02 +£0.32 1.04 £0.13
25 3.00+£0.30 1.33+£0.17
50 3.67 £0.37 1.22 £0.16
100 4.05+0.54 1.19+£0.17
200 4.55 +0.49 1.08 £0.14
300 454 +0.52 1.10 £ 0.20
450 4.70 £ 0.65 1.26 £ 0.16
600 4.66 + 0.52 0.96 £ 0.16

318 10 2.50+0.48 1.22+£0.22
25 3.06 £ 0.41 1.42 £0.15
50 3.31+0.42 1.20+0.21
100 3.60 £ 0.42 1.05+0.17
200 3.93 +£0.47 1.32+£0.22
300 3.95+0.42 1.41+0.17
450 3.95+0.48 1.11+0.20
600 4.00 +0.56 1.08 £0.26

353 10 = 1.29£0.20
25 2.41+0.30 1.09£0.17
50 2.67 £0.47 1.22 £0.25
100 2.98 £0.43 1.10+0.28
200 3.02+0.48 1.17+£0.19
300 3.15+0.67 1.13+0.13
450 3.27+0.51 1.40 £0.25
600 2.82+0.39 0.88 £0.12

Table 7.2. Results obtained in this work for k71 and k2 at each temperature and pressure.



236

7.5 Concluding Remarks

The kinetics of syn- and anti-CH3sCHOO reactions with SO, have been investigated in the
temperature range 242 to 353 K at pressures between 10 and 600 Torr using laser flash
photolysis of CH3CHI,/O2/N2/SO gas mixtures coupled with time-resolved broadband UV

absorption spectroscopy.

Results for syn-CH;CHOO + SO, show that the kinetics are pressure dependent, with a
negative dependence on temperature. The Kinetics can be parameterised by a model that
indicates a role for chemical activation which gives a rate coefficient of
k7.1 = (4.80 + 0.46) x 10™ cm® molecule™ s* at 298 K and 760 Torr. The observed pressure
dependence reconciles apparent discrepancies in previous measurements of syn-
CH3;CHOO + SO- kinetics made at ~ 298 K but at different pressures, and indicates significant
collisional stabilisation of the secondary ozonide formed in the reaction under atmospheric
conditions, with an expected yield of the secondary ozonide greater than 99 % at 298 K and
760 Torr.

Kinetics of the reaction between anti-CH3;CHOO and SO, display no significant dependence
on temperature or pressure over the ranges investigated. Results give a mean value for k7 of
(1.15 £ 0.16) x 10 cm® molecule™ s at 298 K and (1.18 + 0.21) x 10™° cm® molecule™ s*
over all conditions studied in this work. The atmospheric implications of the results presented

throughout this chapter are discussed in detail in Chapter 8.
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Chapter 8

Atmospheric Implications

8.1 Atmospheric Implications

In this work, reactions of the simplest Criegee intermediate, CH,OO, with SO,, NO, and water
vapour, and the reactions of CHsCHOO conformers with SO, have been investigated under
conditions relevant to those of the troposphere to widen our understanding of the impacts that
Criegee intermediates have on atmospheric composition and thus air quality. The following
sections used output from the global 3D atmospheric chemistry transport model (CTM)
GEOS-Chem (version 14.2.2") and the rate coefficients obtained in this work to determine the
atmospheric fates of CH,00, syn-CHs;CHOO and anti-CHsCHOO. Simulations were
performed by Dr Matthew Rowlinson and Professor Mathew Evans at the University of York
and the results, along with the results presented in Chapter 6 of this thesis, have been submitted

for publication in the Environmental Science: Atmospheres Journal.

The model was run for 2 years (2018-2019) driven by MERRA-2 meteorology? with a

4.0° x 4.5° spatial resolution and 72 vertical levels. The first year was considered as model

spin up and discarded. The model contains a detailed VOC oxidation chemistry® including
Criegee intermediate reactions.* Biogenic emissions of VOCs were taken from MEGANv2.1,°
biomass burning emissions from GFED4s,® while anthropogenic emissions use the

Community Emissions Data System (CEDS).’
8.1.1 Model Simulations for CH,OO Chemistry using results obtained in Chapter 6

Model simulations were performed to determine the atmospheric implications of the results
obtained in Chapter 6. Simulations were performed with the base chemistry and then with two
sets of updates. The Criegee intermediate chemistry in the base model was described in 20152
and subsequently updated by Bates et al.? in 2021 to the current CH,OO chemistry in the base
model as shown in Table 8.1. The first update represents the state of current understanding,
and involves updates to the rate coefficients for the reactions of CH,OO with H,0O, (H20)-,
and NO; to the values currently recommended by IUPAC,® and to the rate coefficients of
reactions with Os, reported by Onel et al.® and SO, reported in Chapter 4 of this thesis.™ In
the first update the reactions of CH,OO with NO or CO have been removed as the kinetics of
these reactions are highly uncertain, and the reactions are not expected to represent significant
losses for CH,0O0. The second update to the model changes the rate coefficient for reactions
R6.1 (CH,00 + H;0) and R6.2 (CH,00 + (H20),) from those currently recommended by

IUPAC to those determined in the experiments described in Chapter 6. Comparisons between
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the temperature-dependent rate coefficients for CH,OO + H,O and CH,OO + (H.0); in the
three model simulations are shown in Figure 8.1. The complete set of CH,OO chemistry used
in the model is described in Table 8.1.
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Figure 8.1. Comparison of rate coefficients used in GEOS-Chem for reactions of CH,OO with
(a) the water monomer and (b) the water dimer at temperatures between 200 and 400 K.

Parameterisations are given in Table 8.1.
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Base
Reaction

Products Rate

coefficient /

molecule™ s* (second-order
reactions) or cm® molecule™

s (third-order reactions)

CH200 + H:0 0.73 HMHP + 0.21
HCOOH + 0.21 H.0 +

0.06 HCHO + 0.06 H202

1.7 x 10 (ref.™?)

First update

Rate coefficient / cm®
molecule™ s* (second-order

reactions) or cm® molecule™

s (third-order reactions)
2.8 x 10 (ref.”)

Second update

Rate coefficient / cm’

molecule™ s* (second-order
reactions) or cm® molecule™
s (third-order reactions)
3.15 x 10™ exp(=2405/T)

CH,00 + H,0 + H,O | 0.40 HMHP + 0.54 2.88x10*xexp(1319/T) 7.35 x 10™8xexp(4076/T) 2.78 x 10 exp(4012/T)
HCOOH + 0.54 H,0 + (ref. 1) (ref. 9)
0.06 HCHO + 0.06 H,0>

CH,00 + 03 HCHO + 20, 1.4 x 102 (ref.23) 3.60 x 107 (ref.1%) 3.60 x 107 (ref.1)

CH,00 + SO; HCHO + SOs 3.70 x 10 (ref. ™) 3.72 x 10™Mx(T/298) %% (ref.!t) | 3.72 x 10™'x(T/298)% (ref.!!)

CH,00 + NO, HCHO + NO3 1.00 x 10 (ref.%) 3.00 x 10 (ref.%) 3.00 x 10 (ref.?)

CH;00 + NO HCHO + NO; 1.00 x 10 (ref.%) - -

CH;00 + CO HCHO + CO; 1.20 x 10°%5 (ref.%) - .

Table 8.1. Summary of reactions, products, rate coefficients and percentage losses for CH,OO reactions used in the three model simulations. The bold values

are rate coefficients that have been determined as part of this thesis.
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Kinetics for the reaction of CH,OO with water dimers in the base GEOS-Chem mechanism
were estimated from the relative rates of CH,OO reactions with SO, and water monomers,
with a temperature dependence estimated from the temperature dependence of the equilibrium
between water monomers and dimers, as described in previous work.* > ** Rate coefficients
for R6.2 measured in this work and other direct studies'®** are typically two orders of
magnitude greater than those estimated in the simulations for the base case, leading to
significant changes in the behaviour of CH,OO in the model.

Figure 8.2 shows the impact of the changes made in the first update, compared to the base
model run, on annual mean surface layer concentrations for CH,OO and several key
atmospheric species. The model shows significant decreases in CH,OO in most locations, with
mean surface layer concentrations decreased by 64.2 % compared to the base model run owing
to the faster kinetics for CH.OO + (H20). used in the updated model. However, there are some
regional differences to the global mean trend, with hot and dry regions over areas including
Australia and parts of Africa and the Middle East displaying significant increases in the
concentration of CH20Q. In these regions, the impacts of updates to ks2Keq are limited as a
result of low water dimer concentrations owing to low water monomer concentrations and the
temperature dependence of the equilibrium between H.O and (H20),, with the observed

impact dominated by the decreased values for ke1 used in the updated model.
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Figure 8.2. Impacts of changes made in the first set of GEOS-Chem updates, compared to the
base model run, on annual mean surface layer concentrations for CH,OO and several key
atmospheric species. The first set of model updates incorporate current IUPAC
recommendations for k1 and ks2Keq, as well as updates to rate coefficients for reactions of
CH200 with O3, SO,, and NO- (see Table 8.1 for details).

The first set of model updates also affect concentrations of products formed in CH,OO
reactions with H,0O and (H.0)., which are based on the work of Nguyen et al.*? and thus
consider the yields of products on longer timescales than the initial production of HMHP from
the elementary reactions R6.1 and R6.2. In the first set of model updates, the annual mean
surface layer concentration for HCOOH is increased by 10.1 %, while that for HMHP is
decreased by 33.7 % owing to an increase in importance of the dimer reaction, which favours
production of HCOOH over HMHP. Concentrations of other key atmospheric species display
smaller changes, with SO, showing regional surface layer increases of over 6 % but an overall
annual mean surface layer change of 0.3 %, and PM;s showing decreases of up to 4 %

regionally but with a decrease in the overall annual mean surface layer of 0.1 %.

The impacts of the second set of model updates, which make use of the results obtained in
Chapter 6 of this work, are shown in Figure 8.3. Further decreases in CH,OO concentrations
are observed, with a reduction in the annual mean surface layer concentration of 3.7 %
compared to that obtained in the model run using the first set of updates, with little regional
variation, and 61.8 % compared to the base model run. However, changes to other species are
more limited, with an increase in HCOOH of only 0.4 % and a decrease in HMHP of only

3.0 % compared to the overall annual mean surface concentrations obtained in the model run
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using the first set of updates. Species such as SOz and PM:s display little difference compared
to the results obtained with the first set of model updates.

CH200 (-3.70%) HMHP (-3. 00%)

-100 =75 =50 -25 O 25 50 75 100 -1.5 -1.0 =05 00 05 10 15 =7.5 =50 =256 0.0 25 5.0 7.5
New H,O Rates / Update (%) New H,O Rates / Update (%) New H,O Rates / Update (%)

CHzO (0 00 /o) Os ( 0. 00 %) OH (0 00 %)

—0.04 —0.02 0.00 0.02 0.04 -0.004 —0.002 0.000 0.002 0.004 —0.03 -0.02 —0.01 0.00 0.01 0.02 0.03
New H,O Rates / Update (%) New H,O Rates / Update (%) New H,O Rates / Update (%)

NO, (0. 00 %) SO: (O 02%) PMz 5 ( -0. 01 A‘a)

—0.03-0.02-0.01 0.00 0.01 0.02 0.03 -0.4 -0.2 0.0 0.2 0.4 -0.2 -0.1 0.0 0.1 0.2
New H,O Rates / Update (%) New H,O Rates / Update (%) New H,O Rates / Update (%)

Figure 8.3. Impacts of changes made in the second set of GEOS-Chem updates, compared to
the results obtained with the first set of updates, on annual mean surface layer concentrations
for CH,0O0 and several key atmospheric species. The second set of model updates make use

of the results obtained in this work for ke1 and ke2Keq (See Table 8.1 for details).

Output from the second set of model updates for pressure, temperature and the concentrations
of NO,, SO, and water monomers/dimers was then used to determine the atmospheric
implications of all of the results presented throughout this thesis by determining the losses of
CH,00, syn-CH3;CHOO and anti-CH;CHOO by decomposition or bimolecular reactions with

S0O,, NO, and water monomers and dimers.

The loss of CH,00 is described by R8.1-R8.5:

CH,00 + H,0 — Loss (R8.1)
CH,00 + (H,0); — Loss (R8.2)
CH,00 + SO, — Loss (R8.3)
CH,00 + NO, — Loss (R8.4)
CH,00 %5 Loss (R8.5)

The pseudo-first-order rate coefficient describing the total loss of CH,OO was then calculated

using Equation 8.1:
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kior = kg1 + kgo + kgz +kga + kgs (Equation 8.1)
where kg ; = ks1[H20], kg, = ks2[(H20)2], kg 5 = ks3[SO2] and kg , = ks4[NO2]

The fractional loss of CH,OO with H,O was then calculated using Equation 8.2:

kg .
Fractional loss by H,0 = 8.1 Equation 8.2

B ktot
Fractional losses for R8.2-R8.5 are calculated in the same way. Calculations for the fractional
losses of syn- and anti-CH3sCHOO are determined in the same way as CH-00.

The temperature profile of the surface layer is shown in Figure 8.4 and concentrations of water
monomers, water dimers, SO, and NO- are shown in Figure 8.5.

Latitude

—180 -90 0 90

Longitude

256 268 280 292 304
Temperature / K

Figure 8.4. Temperature profile of the surface layer.
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Figure 8.5. Concentrations of a) water monomers, b) water dimers, ¢) SO, and d) NO- in the

surface layer.
8.1.2 Atmospheric Losses of CH,OO

The percentage losses of CH,OO due to decomposition, reaction with NO,, SO, and water
vapour in the surface layer were determined using temperature (Figure 8.4) and species
concentration (Figure 8.5) outputs from the updated GEOS-Chem simulation and the rate
coefficients reported in this work for the reactions between CH,00 and NO2, SO, and water

vapour, and the literature value reported for CH,OO decomposition.?

Figure 8.6 shows the percentage loss of CH,OO due to decomposition, reaction with NO,
SO, and water vapour, in the surface layer of the model using temperature (Figure 8.4) and
concentration (Figure 8.5) outputs from the updated GEOS-chem simulation and rate
coefficients determined in this work for the reactions between CH,0O0 and NO,, SO, and

water monomers/dimers, and the literature value reported for CH,OO decomposition.??
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Figure 8.6. Percentage losses of CH,OO via reaction with a) water monomers and dimers

combined, b) water monomers, ¢) water dimers, d) SO, €) NO; and f) thermal decomposition.

Figure 8.7 shows mixing ratios of CH,OO obtained for the second set of model updates. The

annual surface layer CH,O0 peaks at 1.5 x 107 parts per quadrillion (ppq), with an annual

mean of 3.5 x 10* ppg. Mixing ratios of CH,OO are highest over landmasses where the

emissions of unsaturated VOCs into the atmosphere are highest, and lowest over remote

oceanic regions. Vertically, the highest mixing ratios (1.9 x 10 ppq) are seen in the tropical

upper troposphere, where convective lifting brings unsaturated VOCs into contact with high

05 concentrations in a region with low concentrations of water vapour. The mean lifetime of

CH,00 in the updated model is 0.45 s, varying from 9.8 x 10 s in the surface layer to > 2 s

in the upper troposphere owing to changes in water concentrations.
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CH,00 (ppa)

CH,00 lifetime (s)

1077 1072
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Figure 8.7. CH,OO surface and zonal distributions (top panel) and lifetime (bottom panel) for
GEOS-Chem simulations using the second set of model updates, which make used of results
obtained in this work for ke1 and ke2Keq (See Table 8.1 for details). The black dotted line

represents the tropopause.

In the updated model, the annual mean global loss of CH,OO in the troposphere is dominated
by the reaction with water dimers, which represents 98.3 % of the total CH,OO loss, with a
further 0.8 % of the total loss occurring through reaction with water monomers. Reactions of
CH00 with species other than water account for less than 1 % of the total loss, other than in
a few regions, primarily northern Eurasia, where this reaches up to 4 %. The updated
simulations restrict the importance of non-water reactions significantly, although there may
be more localised impacts which are not realised in this work owing to the spatial resolution

of the simulations.
8.1.3 Atmospheric Losses of syn-CH;CHOO

Figure 8.8 shows the percentage loss of syn-CH;CHOO due to decomposition, reaction with
NO-, SO, and water monomers, in the surface layer of the model using the rate coefficients
reported in this work for the reactions between syn-CH;CHOO and SO,* and the literature
value reported for syn-CHsCHOO decomposition* and the reactions of syn-CH;CHOO with

NO,% and water monomers.?
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Figure 8.8. Percentage losses of syn-CH3;CHOOQ via reaction with a) water monomers b) SO»

c) NO; and d) thermal decomposition.

Decomposition is expected to dominate the atmospheric loss of syn-CH3;CHOO, which is
facilitated by a 1,4-Hydrogen transfer from the methly group to its terminal oxygen. This H-
atom transfer results in the production of vinyl hydroperoxide, which may subsequently
decompose to produce OH radicals, meaning that the decomposition of syn-CH;CHOO has
the potential to influence the oxidising capacity of the troposphere in areas of low sunlight and
at night-time, when photolytic sources of OH are low.* Reaction with water monomers is
currently expected to be the next significant loss syn-CHsCHOO in the troposphere, which
potentially makes up for 13 % of its loss in some areas. However, the rate coefficient for this
reaction remains uncertain, with only an upper limit currently reported at 298 K.?® There are
also currently no experimental studies to investigate the reaction between syn-CH;CHOO and
water dimers, which may be more important than reaction with the water monomer. The
reaction between syn-CHsCHOO and SO, may be competitive with decomposition and its
reaction with water vapour in areas with high SO, concentrations and lower humidities, with
results showing this reaction may constitue up to 3 % of its atmospheric loss in some areas of

China and Russia.
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8.1.4 Atmospheric Losses of anti-CH;CHOO

Figure 8.9 shows the percentage loss of anti-CH;CHOO due to decomposition, reaction with
NO,, SO, and water monomers, in the surface layer of the model using the rate coefficients
reported in this work for the reaction between anti-CH;CHOO and SO,? and the literature
value reported for anti-CHsCHOO decomposition® and the reactions of anti-CH3;CHOO with

NO,* and water vapour.?’
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Figure 8.9. Percentage losses of anti-CH3;CHOO via reaction with a) water monomers and
dimers combined, b) water monomers, ¢) water dimers, d) SO, €) NO; and f) thermal

decomposition.

As with CH,00, the atmospheric loss of anti-CHsCHOO is expected to be through its reaction
with water dimers, with the reaction between anti-CH;CHOO and water monomers becoming
more significant in areas of higher temperatures, due to the lower water dimer concentrations.
However, the reactions between anti-CHsCHOO and water monomers and dimers have only

been investigated over a relatively narrow temperature range,?® and current IUPAC
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recommendations® do not extend beyond 298 K, so the rate coefficients for these reactions
currently remain uncertain. Decomposition is less significant for anti-CH3CHOO than for syn-
CH3CHOO as the 1,4-H transfer mechanism is hindered by the restricted rotation around the
carbon-oxygen double bond and so anti-CH3;CHOO is unlikely to be a significant source of
OH in the atmosphere. While the rate coefficient for anti-CHsCHOO + SO; is significantly
faster than reactions of anti-CHsCHOO with water monomers and dimers, it constitutes less
than 1 % of the atmospheric loss of anti-CHsCHOO, due to the lower concentrations of SO
in the atmosphere, so production of SO3 via this reaction may be limited.

The reactions of CH3CHOO conformers can be used as a proxy to characterise the reactions
of larger Criegee intermediates. Results presented throughout this thesis suggest that, for
Criegee intermediates with a methyl group in the syn-position, thermal decomposition is likely
to be the dominant loss process in the troposphere. For Criegee intermediates with a methyl
group in the anti-position, where the 1,4-H transfer mechanism is hindered, the reactions with

water monomers and dimers are likely to dominate.
8.2 Summary

The reactions with water dimers dominates the atmospheric losses of CH,OO and anti-
CH3CHOO. As described in Chaper 6, there have been both theoretical and experimental
investigations into the products of the reaction between CH,OO and water vapour. The current
mechanism used within the GEOS-Chem model is based on the work of Nguyen et al.*? which
suggests that the reaction between CH,OO and water monomers leads to production of 74 %
hydroxymethly hydroperoxde (HMHP), 21 % HCOOH + H;0, and 6 % HCHO + H,0,, while
reaction with water dimers leads to production of 54 % HCOOH + H;0, 40 % HMHP, and 6
% HCHO + H,0.. There is also evidence that a hydroperoxide is the major product of the
reaction between anti-CH;CHOO and water vapour® however, there have been a limited
number of studies to investigate this reaction and therefore the products remain uncertain. To
gain a full understanding of the atmospheric implications of the reactions between Criegee
intermediates and water vapour, time-resolved experiments to monitor the reaction products

should be conducted across a range of temperatures and relative humidities.

The atmospheric loss of syn-CH;CHOO is dominated by decomposition, which is likely to be
a significant source of OH radicals under low-light conditions. However, there are currently
no experimental measurements of the kinetics of syn-CH;CHOO with water dimers, which
may decrease the role of decomposition, particularly in areas where water dimer
concentrations are higher. The uncertainty in the reaction rates and products of syn- and anti-

CH3;CHOO with water and water dimers limits the full assessment of the atmospheric
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implications of other reactions for these Criegee intermediates and should therefore be the
subject of further research into Criegee intermediates.

While the reactions between Criegee intermediates and SO tend to have relatively large rate
coefficients (10°-10"** cm® molecule™ s™), atmospheric concentrations of SO, remain low,
making these reactions insignificant in most regions globally. However, in areas where SO,
concentrations may be higher i.e. where coal and oil are used to produce electricity, these
reactions may become more important. It is known that a major product of the reaction
between CH,00 and SO, is SO3,** 3! and the atmospheric fate of the SOZ produced from
CH3CHOQO is uncertain, but may decompose to SOs, meaning H.SO4production in these areas
may be significant and potentially result in damage to ecosystems via acid rain or negative

impacts on human health.

The reaction between all three Criegee intermediates and NO: shows little atmospheric
significance, with losses being limited to less than 1 % across the globe, due to the low
atmospheric NO, concentrations alongside relatively low rate coefficients. However, in
ozonolysis chamber experiments, concentrations of NO, may be much higher than
tropospheric concentrations and chamber studies may also take place without the addition of
water, and under these conditions, the reactions between Criegee intermediates and NO, will
be significant. As previously described, the products of the reaction between CH,OO and NO;
currently remain unknown, and it is therefore difficult to provide an accurate assessment of
the atmospheric implications of the reaction at present. It had previously been suggested that
the major products from this reaction were HCHO and the nitrate radical, NOs, which would
therefore influence the overall oxidising capacity of the troposphere. Many literature studies,
including the work presented in Chapter 5, have been unable to detect either NO3; or NO as
direct reaction products, and there have been previous studies reporting the formation of
HCHO?* as well as a Criegee-NO; adduct.* Modelling presented in Chapter 5 suggests the
potential formation of HCHO as a result of a reaction between a Criegee-NO; adduct and NO,
which may reconcile differences currently reported within the literature.®® ** Future work
should include further investigation into the products of this reaction to enable a full

assessment of the atmospheric implications.
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Chapter 9

Conclusions and Future Work

The kinetics of reactions between CH,OO and CHsCHOO conformers with atmospherically
relevant trace species have been investigated in this work under a range of conditions relevant
to the troposphere using laser flash photolysis coupled to time-resolved broadband UV

absorption spectroscopy.

Results show that the reaction with water vapour dominates the atmospheric loss of CH,O0
under all conditions relevant to the troposphere, with loss via reaction with the water dimer
dominating over the water monomer. Kinetics of the reactions between CH,OO and water
vapour were investigated at 760 Torr and temperatures between 262 and 353 K, with results
providing an estimated value for ke1 of (9.8 = 5.9) x 10"" cm® molecule™ s* at 298 K and a
temperature dependence described by ke1 = (3.15 + 1.06) x 10™3 exp(—(2405 + 265)/T) cm®

! and a rate coefficient for the reaction with the water dimer of

molecule™® s
ke2 = (9.52 + 2.49) x 102 cm® molecule® s* at 298 K, with a temperature dependence
described by ks> = (2.85 + 0.40) x 10 exp((2417 + 338)/T) cm® molecule™ s™. Atmospheric
modelling of these results suggests that, while reaction with the water dimer is dominant,
reaction with the water monomer will become more significant in areas with higher
temperatures, where the reaction between CH,0O0 and H,O becomes faster and concentrations
of the water dimer are reduced. There is agreement between theory and experiment that HMHP
is an initial product of the reactions between water monomers and water dimers with CH,O0
however, there is currently uncertainty regarding its fate which therefore limits a full
assessment into the atmospheric implications of these reactions. Future work should therefore
look to monitor the production and possible fates of HMHP as a function of time to provide a

better understanding of the impacts of these reactions.

The reaction between CH,0O and SO; has also been investigated as a function of temperature
with the results giving a rate coefficient of (3.60 + 0.10) x 10 cm® molecule™ s* at 298 K
and a negative temperature dependence that is well described by
ka1 = (3.72 £ 0.01) x 10 (T/298) %002 cm?® molecule™ s*. Modelling of the results has
shown that this reaction may become dominant over the reaction with water vapour in areas
where SO, concentrations are higher and where relative humidites are lower. The
characteristics of this reaction have now been well established, with previous work showing
that it is independent of pressure between 1.5 and 450 Torr and both theoretical and

experimental studies showing that the major reaction products are HCHO and SO:s.
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Investigation into the reaction between CH200 and NO- has shown that this represents less
than 0.1 % of the overall loss of CH,OO in the troposphere, with results giving a pressure
independent rate coefficient of (1.26 +0.11) x 10 cm® molecule™ s* at 298 K and a negative
temperature dependence described by (1.06 + 0.02) x 1072 x (T/298)%*%2 cm3 molecule s,
However, this work has highlighted significant discrepancies between experimental
measurements and theoretical calculations, which are likely a result of the difficulties in
characterising the entrance channels due to substantial multi-reference effects. The application
of theoretical approaches to understand the chemistry of Criegee intermediates has developed
significantly in recent years and is often used to develop structure activity relationships for
Criegee intermediate reactions and reaction conditions that have yet to be studied
experimentally. If the results of predictions based on theoretical approaches are to be used in
numerical models to evaluate atmospheric composition for applications relating to air quality
and climate, it is essential that such approaches are reliable. This work highlights a continued
need for experimental measurements, both for direct application and for providing a means to
test the validity of theoretical approaches, as well as care when applying theory, particularly

when reaction systems have significant multi-reference character.

Reactions between CH3;CHOO conformers and SO, were investigated as a function of
temperature (242 — 353 K) and pressure (10 — 600 Torr). Results for syn-CH;CHOO + SO;
show that the kinetics are pressure dependent and exert a negative dependence on temperature,
with a rate coefficient of k7.1 = (4.80 + 0.46) x 10! cm® molecule™ s at 298 K and 760 Torr.
Atmospheric modelling has shown that this reaction may be competitive with unimolecular
decomposition and reaction with water vapour in areas where SO, concentrations are higher
and water concentrations are lower. The observed pressure dependence indicates significant
collisional stabilisation of the SOZ formed in the reaction under atmospheric conditions, with
an expected yield of the SOZ greater than 99 % at 298 K and 760 Torr. However, there is
currently uncertainty regarding the atmospheric fate of the SOZ, which has the potential to
decompose, resulting in the formation of SO3 and thus H.SO.. Future work into this reaction
should look to monitor the fate of the SOZ over time to enable a complete assessment of the
atmospheric impacts of this reaction. Kinetics of the reaction between anti-CH;CHOO and
SO, display no significant dependence on temperature or pressure over the ranges
investigated. Results give a mean value for ks, of (1.15 + 0.16) x 10° cm® molecule™ s at
298 K and (1.18 +0.21) x 10 cm® molecule™ s over all conditions studied in this work. To
determine the atmospheric implications of the reactions of CH;CHOO conformers with SO,
future work should focus on investigating the Kinetics of the reactions between CH;CHOO
conformers and water monomers and water dimers. Current work suggests that the reaction

with water vapour represents nearly 100 % of the loss of anti-CH;CHOO however, the
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reactions with water monomers and dimers have only been investigated over a relatively
narrow temperature range (288-328 K) and the current IUPAC recommendation does not
exceed 298 K. There are also currently no studies into the reaction of syn-CHzCHOO with the
water dimer, and only an upper limit for its reaction with the water monomer. Following this,
future work should also look to monitor the production and fate of the reaction products to
determine the overall impact on atmospheric composition and air quality.
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Appendices

Appendix 1. Mass Flow Controller Calibrations

The MFCs used throughout experimental work were calibrated by flowing varying amounts
of N2 through the MFC and measuring the flow of bubbles along a burette of known volume.
This could be carried out manually, where the movement of the bubble through the burette
was timed using a stop watch, or digitally using a flowmeter. A calibration plot was then
produced from the set and measured flows (Figure A.1 below).
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Figure A.l. MFC calibration data for MFC 1 (a) — MFC 5 (e). Each fit gave:

a) intercept = (157.793 +10.469), gradient = (3.231 + 0.016), R?> = 0.9998.
b) Intercept = - (0.046 + 0.400), gradient = (0.112 +0.006), R* = 0.9997.
c) Intercept = (14.279 + 3.512), gradient = (1.025 =+ 0.006), R®> = 0.9997.
d) Intercept = (0.114 + 0.150), gradient = (0.075 + 0.002), R?> = 0.9999.

e) Intercept = - (154.556 + 22.194), gradient = (12.085 + 0.096), R? = 0.9994.
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Appendix 2. Hygrometer Calibration and Measuring Potential Water Vapour Losses in
the System

Water was introduced into the reaction system by passing a flow of N through a bubbler
containing deionised water and then combined with the N2/O; in a gas manifold using
calibrated mass flow controllers (MFCs). The water vapour concentration was measured using
relative humidity (RH) probes that were calibrated against a dew point hygrometer (Buck
Research Instruments, CR-4 chilled mirror hygrometer) for RH between 0 and 95 % (Figure
A.2).

Experiments involving two calibrated RH probes (RH1 and RH2) were carried out to ensure
that no water vapour was being lost throughout the experimental apparatus. The first probe
(RH1) was placed at the exit of the reaction cell at all times (where RH measurements were
made for the experiments), and the second probe (RH2) was initially placed at the end of the
gas mixing manifold, and then moved to the entrance of the reaction cell. For each position of
RH2, the flow through the water bubbler was increased and decreased, whilst maintaining a
total flow through the cell of 3.7 standard litres per minute and comparisons between RH1 and
RH2 were made. Under all flow conditions, RH readings from RH1 and RH2 were within the

reported error value (0.2 % RH) from each other.
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Figure A.2. Calibration plot of the relative humidity (RH) measured with the RH probe used
for experiments against the RH measured using a dew point hygrometer. The red line
represents a linear fit to the data and gave: gradient = 0.801 £ 0.005, intercept = 3.959 + 0.307
and R? = 0.999.
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Appendix 3. Determination of the Reaction Temperature

The reaction cell was heated or cooled by circulating a thermofluid (HUBE6479 DW-
THERM) from a thermoregulator (Huber Unistat 360) through the outer jacket of the reaction
cell. The temperature of a flow of N, gas, under a range of conditions for total flow and
pressure as used in kinetics experiments, was measured in the centre of the reaction cell at 5
cm intervals along the length of the cell by a K-type thermocouple inserted into the cell
through a flange which replaced one of the cell windows and ensured a sealed system. The
range of temperatures and pressures investigated were 243-363 K and 12760 Torr, to provide

a temperature calibration for the range of conditions used in kinetics experiments.

At each temperature and pressure, a plot of the thermocouple position against temperature was

produced, an example of which can be seen in Figure A.3.
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Figure A.3. An example plot of the thermocouple position / cm against the measured
temperature from the thermocouple / °C for measurements taken at 328 °C and 85 Torr. A

position of 0 cm corresponds to the end of the cell where the gas enters through an inlet tube.

As shown in Figure A.3, the temperature across the reaction cell remains relatively constant
throughout the majority of the reaction cell. However, it can be seen that the gas needs to
travel some distance (approximately 15 cm) from the gas inlet tube until the temperature is
established, from which the temperature remains relatively constant until the final 5 cm, a
region of the reaction cell that is not encapsulated by the heating jacket, where the temperature
drops slightly as the gases approach the outlet tube. As there are regions at either end of the
reaction chamber that differ in temperature to the rest of the cell, the average temperature

throughout the reaction cell was calculated.
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The average temperature across the reaction cell at each temperature and pressure was
determined by integrating the curve of the plot of thermocouple position against temperature
(Figures A.3). The total area under the curve of the plot, determined by integration, was then
divided by the furthest position along the reaction cell (100 cm) to give a value for the average
temperature throughout the reaction cell.

A summary table of the calibrated temperature at each set temperature and pressure is given

below.

| Temperature (Huber) / °C | Pressure/ Torr  Temperature (Thermocouple) / °C

25 -19.78

100 -18.33

150 -17.04

-30 250 16.17

500 -15.34

760 -15.04

25 -5.21

100 -3.67

150 -2.96

e 250 -2.36
500 -1.97

760 -1.55

-14 85 -8.60
-3 85 1.40
8 85 10.70
25 12.18

50 12.22

100 12.43

10 150 12.60
250 12.60

500 13.01

760 13.06

25 37.29

50 37.02

100 36.64

40 150 36.24
250 36.21

500 35.88

760 35.52

12 41.80

35 41.50

65 40.90

45 80 40.70
160 39.90

300 39.60

725 38.90

25 45.92

50 45.45

50 100 45.01
150 44.68
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200 4451

250 44.23

500 43.53

760 43.13

55 85 51.00
25 54.55

50 53.95

100 52.94

150 51.81

60 200 51.35
250 51.31

500 50.46

760 50.03

12 59.60

39 58.90

65 58.20

65 85 58.00
90 57.90

150 57.60

300 56.60

25 63.29

50 62.34

100 61.47

150 61.41

70 200 61.31
250 60.58

500 60.17

760 60.15

75 85 67.30
25 72.19

50 71.02

100 70.29

80 150 69.52
250 69.30

500 68.36

760 68.11

12 81.20

65 79.30

90 90 79.20
150 77.80

300 77.20

Table A.1. A summary table of the results obtained from the temperature calibration

experiments.
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Appendix 4. Calculating the Effective Pathlength

The optical multipass arrangement used in this work includes either 8 or 10 Al mirrors which
allows the UV light to be multi-passed 7 or 9 times through the reaction cell. The effective
path length is the length of overlap between the photolysis beam (aligned such that it travels
along the centre of the reaction cell) and the multipass beam. The effective path length was
measured from the calculated depletion of CHalz, A[CH2l2]caiculaed, TOr @ typical laser fluence
of 20 mJ cm? (RA.1) and A[CHzl2]experimentat X | from the absorbance spectra obtained from a
photolytic experiment. A[CH2l2]cacuiated i Calculated using Equation A.1.

CHalz + hv — CHal (RA.D)

A[CHZIz]calculated = number Of photons X OCH212,298 nm X [CHZIZ]O (Equation A-l)

where  ocparz208nm IS the absorption cross-section of CHal, at 248 nm
(1.6 x 10 cm?* molecule™)*® and [CH:l2]o is the concentration of CH.l, prior to photolysis

measured in separate experiments.

The number of photons is calculated from the energy of a single photon (Equation A.2) and

the typical laser fluence, f. (Equation A.3)

h -
Epnoton = TC (Equation A.2)

number of photons = (Equation A.3)

photon

A[CHalz]experimentat X | Was obtained from fitting the observed absorbance with reference spectra
for CHal,*" (further details given in section 3.3.3). A typical plot of A[CH:l2] x | as a function

of time is shown in Figure A.4.
The path length was then calculated using Equation A.4.

A[CH,I i
; = AlCHzlolexperimental (Equation A.4)
A[CI—IZIZ]calculated
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Figure A.4. A typical profile of A[CHal] x |
[CHal2]o = 8.1 x 10 molecule cm™ at 298 K and 50 Torr. The data points at t<0 correspond

to pre-photolysis data points.

as a function of time for
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Appendix 5. Bimolecular Plots for the Reaction between CH,OO and NO>

Bimolecular plots presented in Chapter 5 for the temperature dependence of R5.1 are shown
with the value for the intercept, ky, removed at each temperature for clarity on the combined
plot. Results before the subtraction of ky are shown in Chapter 5 for 242 and 254 K to show
results of the investigation into the pressure dependence of R5.1 at these temperatures. Figures
A.5-A.9 show the bimolecular plots obtained for R5.1 at 277 K and above before ky had been
subtracted.
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Figure A.5. Bimolecular plot for the reaction between CH-OO0 and NO- at 277 K and 50 Torr.
The  solid line  represents an  unweighted linear fit and  gives
ks1 = (1.31+0.14) x 10 cm®*molecule® s* and an intercept of kx = (600 + 97) s

Uncertainties are 1o.
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Figure A.6. Bimolecular plot for the reaction between CH,OO0 and NO- at 298 K and 50 Torr.
The  solid line  represents an  unweighted linear fit and  gives
ks1=(1.11 +0.09) x 10 cm®*molecule® s* and an intercept of k« = (324 + 82) s™.

Uncertainties are 1c.
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Figure A.7. Bimolecular plot for the reaction between CH,OO and NO; at 318 K and 50 Torr.
The  solid line  represents an  unweighted linear fit and  gives
ks1=(9.39 + 0.96) x 10 cm®*molecule® s* and an intercept of kx = (545 + 73) s

Uncertainties are 1o.
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Figure A.8. Bimolecular plot for the reaction between CH,OO0 and NO; at 334 K and 50 Torr.
The  solid line  represents an  unweighted linear fit and  gives
ks1= (7.66 + 0.67) x 10 cm*molecule™ s* and an intercept of kx = (639 + 32) s

Uncertainties are 1o.



271

1000 T T T

750

250 -

T T T
0.0 2.0x10" 4.0x10" 6.0x10™
[NO,] / molecule cm™®

Figure A.9. Bimolecular plot for the reaction between CH-OO and NO- at 353 K and 50 Torr.
The  solid line  represents an  unweighted linear fit and  gives
ks1 = (5.78 £ 0.60) x 10 cm®*molecule® s* and an intercept of kx = (521 + 25) s™.

Uncertainties are 1c.
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Appendix 6. Experimental Data Obtained for the Reaction between CH,OO and NO>

Temperature  Pressure / [CHal,] / 10" [NO,] / 10™ k'/st
I K Torr molecule cm™ molecule cm™

242 25 5.3 0 761 £ 29
1.9 1503 + 78
4.7 2026 + 116
5.7 2020 £ 126
7.3 2620 + 200
9.8 2692 + 239

242 50 6.1 0 761 £19
2.6 1417 + 89
3.5 1512 + 95
4.8 1561 + 91
6.2 1965 + 122
7.3 2225+ 172
8.1 2431 + 181

242 200 7.1 0 461 + 21
1.5 1000 + 102
3.6 1574 + 202
6.7 1747 + 299
10.8 2837 + 429

254 25 5.4 3.3 1018 + 35
4.6 1452 + 65
5.3 1682 + 81
7.8 1804 + 95
8.2 2146 + 142
9.7 2261 + 150
12.9 2720 + 187

254 50 4.6 4.7 977 £ 29
5.9 1202 + 39
7.2 1489 + 55
8.3 1616 + 61
9.3 1836 £ 75
10.4 1923 + 85

254 200 5.6 0 573+ 20
1.8 1040 + 56
2.7 1024 + 76
3.9 1373 £ 85
5.2 1490 + 113
7.0 1801 + 140
7.9 2041 + 180

277 50 4.0 0 603 + 14
1.1 807 + 21
1.7 860 + 28

2.8 896 * 33
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298

298

298

298

318

25

50

100

200

300

50

6.1

5.9

5.5

6.3

6.1

4.8
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4.8
6.9
8.7
10.4
12.1

4.5
6.1
10.6
12.3
14.3
5.0
5.8
6.7
8.4
9.7
10.5
13.3

0.9
1.5
2.4
3.3
5.0
6.5
8.1
10.6

8.8
2.2
4.7
6.4
8.0

2.1
2.9
4.5
6.1
9.8

2.4
4.3
6.0
7.6
8.5
10.2

1175+ 43
1321 + 54
1843 + 82
2294 + 122
1961 + 80
608 + 11
985 + 22
1116 £ 27
1740 + 53
2022 + 71
2242 + 86
945 + 27
970 + 28
1063 + 30
1197 + 39
1397 + 47
1405 + 49
1887 + 66
557 + 13
666 + 18
764 £ 22
814 + 28
885 + 27
1062 + 38
1271 + 44
1642 + 62
1853 + 70
579+ 14
695 + 27
875+ 45
1169 + 68
1410 + 81
1725 + 95
574 + 16
844 + 39
1069 * 45
1270 = 65
1393 + 68
1836 = 85
564 + 15
715+ 24
982 + 35
1006 * 37
1325 + 57
1310 = 54
1690 + 93
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13.1 1657 + 62
335 50 7.5 0 653 + 12
1.1 763 + 15
1.6 786 + 20
3.2 827 + 28
5.0 955 + 26
6.5 1126 + 31
8.9 1380 + 51
353 50 5.7 0 488 + 13
1.3 621 + 16
3.3 744 + 20
4.3 786 + 20
5.2 779 + 27
6.7 908 + 30

Table A.2. Experimental data obtained for experiments to investigate the kinetics of CH,OO
and NO; between 25 and 200 Torr and 242 and 353 K
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Appendix 7. MESMER Input for the Reaction between CH.OO and NO;

?2xml version="1.0" encoding="utf-8" ?>
<?xml-stylesheet type="text/xsl' href="../../mesmer2.xslI' media="other'?>
<?xml-stylesheet type="text/xsl' href="../../mesmer1.xslI' media="screen'?>
<me:mesmer xmins="http://www.xml-cml.org/schema” xmlIns:me="http://www.chem.leeds.ac.uk/mesmer"
xmlns:xsi="http://www.w3.0rg/2001/XMLSchema-instance™ xmlIns:cml="http://www.xml-cml.org/schema">
<me:title>CH200 + NO2</me:title>
<moleculeList>

<molecule id="CH200">

<propertyL.ist>

<property title="Energy" dictRef="me:ZPE">

<scalar units="kJ/mol">0</scalar>

</property>

<property title="Vibrational Frequencies" dictRef="me:vibFreqgs">

<array units="cm-1"> 537.7503 697.5723 1022.3957 1261.0787 1630.8711 3141.7356</array>
</property>
<property title="Rotational Constants" dictRef="me:rotConsts">
<array units="GHz"> 81.19793 12.6778 10.96568 </array>

</property>

<property dictRef="me:frequenciesScaleFactor">

<scalar>1</scalar>

</property>

<property dictRef="me:symmetryNumber">

<scalar>1</scalar>

</property>

<property dictRef="me:MW">

<scalar units="amu">46</scalar>

</property>

<property dictRef="me:spinMultiplicity">

<scalar>1</scalar>

</property>

<property dictRef="me:symmetryNumber">

<scalar>2</scalar>

</property>
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</propertyL.ist>
<bondRef>b1</bondRef>
<me:HinderedRotorPotential format="analytical" units="kJ/mol">
<me:PotentialPoint index="0" coefficient="0.1"/>
<me:PotentialPoint index="2" coefficient="0.1"/>
</me:HinderedRotorPotential>
<me:DOSCMethod name="ClassicalRotors"/>
<me:energyTransferModel xsi:type="me:ExponentialDown">
<me:deltaEDown units="cm-1">250</me:deltaEDown>
</me:energyTransferModel>
</molecule>
<molecule id="NO2">
<propertyL.ist>
<property title="Energy" dictRef="me:ZPE">
<scalar units="kJ/mol">0</scalar>
</property>
<property title="Vibrational Frequencies" dictRef="me:vibFreqgs">
<array units="cm-1"> 783.454 1465.3073 1775.7005</array>
</property>
<property title="Rotational Constants" dictRef="me:rotConsts">
<array units="GHz">254.03982 13.29059 12.62984</array>
</property>
<property dictRef="me:frequenciesScaleFactor">
<scalar>1</scalar>
</property>
<property dictRef="me:symmetryNumber">
<scalar>2</scalar>
</property>
<property dictRef="me:MW">
<scalar units="amu">46</scalar>
</property>
<property dictRef="me:spinMultiplicity">
<scalar>2</scalar>
</property>
</propertyL.ist>



277

<me:DOSCMethod name="ClassicalRotors"/>
<me:energyTransferModel xsi:type="me:ExponentialDown">
<me:deltaEDown units="cm-1">250</me:deltaEDown>
</me:energyTransferModel>

</molecule>

<molecule id="prc">

<propertyL.ist>

<property title="Energy" dictRef="me:ZPE">

<scalar units="kJ/mol">-14</scalar>

</property>

<property title="Vibrational Frequencies" dictRef="me:vibFreqgs">

<array units="cm-1">36.5724 107.5697 110.1268 162.9850 194.5654 210.5406 540.5284 699.1192 781.9472 920.7260 1053.4548 1261.2692 1439.7321 1450.9565

1642.9652 1768.4335 3142.5373 3290.3128</array>

</property>

<property title="Rotational Constants" dictRef="me:rotConsts">

<array units="GHz">7.45177 2.19286 1.79541</array>

</property>

<property dictRef="me:frequenciesScaleFactor">

<scalar>1</scalar>

</property>

<property dictRef="me:symmetryNumber">

<scalar>2</scalar>

</property>

<property dictRef="me:MW">

<scalar units="amu">92</scalar>

</property>

<property dictRef="me:spinMultiplicity">

<scalar>2</scalar>

</property>
</propertyL.ist>
<me:DOSCMethod name="ClassicalRotors"/>
<me:energyTransferModel xsi:type="me:ExponentialDown">
<me:deltaEDown units="cm-1">250</me:deltaEDown>
</me:energyTransferModel>

</molecule>
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<molecule xmlns="http://www.xml-cml.org/schema" spinMultiplicity="2" id="TS1">

<atomArray>

<atom id="al" elementType="C" hydrogenCount="2" x3="-1.003917" y3="1.152438" z3="-0.189718"/>

<atom id="a2" elementType="N" hydrogenCount="0" x3="1.242808" y3="-0.023190" z3="-0.079844"/>

<atom id="a3" elementType="0" hydrogenCount="0" x3="-1.615194 " y3="0.058976" z3="-0.391825"/>

<atom id="a4" elementType="H" hydrogenCount="0" x3="-0.733346" y3="1.418446" z3="0.827089"/>

<atom id="a5" elementType="H" hydrogenCount="0" x3="-0.892113" y3="1.787891" z3="-1.059485"/>

<atom id="a6" elementType="0" hydrogenCount="0" x3="2.125785" y3="0.598784" z3="0.428986"/>

<atom id="a7" elementType="0" hydrogenCount="0" x3="1.127361" y3="-1.146678" z3="-0.442632"/>

<atom id="a8" elementType="0" hydrogenCount="0" x3="-1.769288" y3="-0.755912" z3="0.646671"/>

</atomArray>

<bondArray>

<bond atomRefs2="a5 al" order="1"/>

<bond atomRefs2="a7 a2" order="1"/>

<bond atomRefs2="a3 al" order="1" id="b2"/>

<bond atomRefs2="a3 a8" order="1"/>

<bond atomRefs2="al a4" order="1"/>

<bond atomRefs2="a2 a6" order="2"/>

<bond atomRefs2="al a2" order="1" id="b1"/>

</bondArray>

<propertyList>

<property dictRef="me:ZPE">

<scalar units="kJ/mol">-1</scalar>

</property>

<property dictRef="me:spinMultiplicity">

<scalar units="cm-1">2</scalar>

</property>

<property dictRef="me:hessian">

<matrix matrixType="squareSymmetricLT" rows="24" units="Hartree/Bohr2">0.15381251 0.21562422 0.61189263 0.05319560 -0.07616602 0.73371541 0.04238448
0.01528405 0.01818776 0.51820900 -0.03855624 -0.01838975 -0.01167084 0.22025323 0.82974498 0.00240617 0.00118233 -0.00470393 0.26654700 0.33312803
0.22556779 -0.08462447 -0.14382306 -0.04588697 -0.03438209 0.02600126 -0.00150979 0.15071756 -0.08228321 -0.28765038 -0.04849821 -0.03845621 0.04307148
0.00054316 0.16891633 0.41466328 -0.05749329 -0.07664634 -0.15516902 -0.00738563 -0.00400902 -0.00224592 0.05154372 -0.04511899 0.38744641 -0.04792106 -
0.01637439 -0.05855182 -0.00552243 0.00675368 0.00369509 0.00309886 -0.02912857 -0.02331122 0.04958694 -0.02744105 -0.07098306 -0.04775631 0.00491096 -
0.00366241 -0.00151234 -0.01677909 -0.00395199 -0.02967260 0.03080040 0.06582182 -0.06648500 -0.05541819 -0.33185310 -0.00091386 0.00023480 0.00073267 -
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0.00964460 -0.00968773 -0.00057514 0.07728046 0.06748773 0.33823662 -0.03248895 -0.02351019 0.01736121 -0.00089379 0.00229957 -0.00125032 -0.01180781 -
0.01900625 0.02085896 0.00522730 0.00379304 -0.00418339 0.03266137 -0.03050764 -0.14774954 0.13639283 0.00003869 0.00004651 0.00052787 -0.00535095 -
0.02949153 0.02795390 0.00046921 0.00915339 -0.00639787 0.03966780 0.16572648 0.02105537 0.14592870 -0.26375159 0.00045365 -0.00140539 0.00062495
0.00343685 -0.00169681 0.01054542 0.00391475 0.01314566 -0.00524399 -0.02659280 -0.15392516 0.25344993 -0.01071746 -0.00590222 -0.00712006 -0.44060181
0.18742073 -0.23106705 0.00398965 0.00935635 0.00233797 0.00032867 -0.00055222 0.00047556 -0.00021681 0.00043321 0.00008956 0.44373364 0.00756744
0.00445099 0.00121590 -0.19433642 -0.19132726 -0.13403607 -0.00509915 -0.00933328 0.00241055 -0.00129497 0.00055297 0.00026834 -0.00065530 -0.00000762
0.00031342 0.27285079 0.27270427 0.00048117 -0.00054084 0.00028237 -0.23565928 -0.13041227 -0.14160159 -0.00136029 -0.00168300 0.00142526 -0.00109175
0.00038981 -0.00012480 0.00005576 0.00014757 -0.00003300 0.26065639 0.19168240 0.16656399 -0.00654699 -0.00150895 -0.00186148 -0.08538346 -0.02553564 -
0.03886937 0.00371822 0.00767685 0.00017379 0.00000769 -0.00019599 0.00007175 0.00004550 0.00006179 0.00012963 0.00505978 -0.07968902 -0.02275193
0.08427215 0.01425925 0.00353956 0.00315676 -0.01693593 -0.64324305 -0.19716993 -0.01091980 -0.01760997 0.00475047 -0.00092808 0.00025781 -0.00021240 -
0.00032159 -0.00063446 0.00026928 -0.08727189 -0.08120220 -0.06106087 0.10088066 0.73066783 -0.00060020 -0.00062141 0.00176126 -0.03221923 -0.20082689 -
0.07978250 -0.00034909 -0.00022408 0.00109803 -0.00043229 0.00000319 -0.00027395 0.00010808 -0.00021019 -0.00028021 -0.02797783 -0.05808858 -0.02593340
0.06106959 0.25882757 0.10487495 -0.01389806 -0.03978945 0.02467576 0.00619010 -0.00379513 0.00004828 -0.03070992 -0.01707529 0.01327570 -0.00480597
0.00546395 0.00339906 0.00747318 -0.00481210 -0.00248700 -0.00157566 0.00065663 -0.00033006 -0.00117290 0.00123737 0.00040096 0.03849924 -0.05866278 -
0.09511044 0.04332590 0.00924163 -0.01624050 -0.00266305 -0.01294554 -0.10969760 0.12033204 0.00970271 0.00281146 0.00372531 -0.00226707 0.00295677 -
0.00262969 -0.00149328 0.00416212 0.00147720 -0.00168969 0.00822448 0.00114039 0.05811403 0.20289372 0.04744019 0.06228177 0.01971860 -0.00901040
0.01496159 0.00140854 0.00377016 0.10636567 -0.24252505 -0.00150322 -0.00208515 -0.00089831 -0.00635749 -0.00448895 0.00468848 0.00260545 -0.00376596 -
0.00057884 0.00203802 -0.00856087 -0.00146417 -0.03898270 -0.16470810 0.21965075</matrix>
</property>
<property dictRef="me:frequenciesScaleFactor">
<scalar>1</scalar>
</property>
<property dictRef="me:symmetryNumber">
<scalar>0.5</scalar>
</property>
</propertyL.ist>
<me:ExtraDOSCMethod xsi:type="me:HinderedRotorQM1D">
<bondRef>bl</bondRef>
<me:HinderedRotorPotential format="numerical" units="kJ/mol" expansionSize="5" UseSineTerms="yes">
<me:PotentialPoint angle="248.5855594211199" potential="0.0"/>
<me:PotentialPoint angle="258.5855571532413" potential="-0.3074250037316233"/>
<me:PotentialPoint angle="268.5855366907492" potential="2.081837428268045"/>
<me:PotentialPoint angle="278.58563041603844" potential="1.8680377416312695"/>
<me:PotentialPoint angle="288.5855738053534" potential="3.6515816543251276"/>
<me:PotentialPoint angle="298.5856162644453" potential="3.444172433926724"/>
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<me:PotentialPoint angle="308.58561515315205" potential="4.380081664770842"/>
<me:PotentialPoint angle="318.5855834188542" potential="4.663218171102926"/>
<me:PotentialPoint angle="328.58560609450524" potential="5.236824204795994"/>
<me:PotentialPoint angle="338.5855585295781" potential="5.4742743918905035"/>
<me:PotentialPoint angle="348.58557104072804" potential="5.801955125527456"/>
<me:PotentialPoint angle="358.58563776103233" potential="5.5344298399286345"/>
<me:PotentialPoint angle="8.585606428559894" potential="5.627831989550032"/>
<me:PotentialPoint angle="18.585599933685764" potential="4.944432812277228"/>
<me:PotentialPoint angle="28.585575406094982" potential="4.447213064879179"/>
<me:PotentialPoint angle="38.58556385112812" potential="3.8234967452008277"/>
<me:PotentialPoint angle="48.58553145446165" potential="3.712582513107918"/>
<me:PotentialPoint angle="58.585634436852324" potential="3.3098938803886995"/>
<me:PotentialPoint angle="68.58558967985303" potential="3.310051410458982"/>
<me:PotentialPoint angle="78.58561773016976" potential="3.6096813055919483"/>
<me:PotentialPoint angle="88.58558223533208" potential="3.9024166389135644"/>
<me:PotentialPoint angle="98.58554224513662" potential="4.279858466936275"/>
<me:PotentialPoint angle="108.58559187554616" potential="4.91619556338992"/>
<me:PotentialPoint angle="118.585598283927" potential="5.08559542556759"/>
<me:PotentialPoint angle="128.58554183367966" potential="5.769020857987925"/>
<me:PotentialPoint angle="138.58555333191993" potential="5.865111519233324"/>
<me:PotentialPoint angle="148.5855703441631" potential="6.274521430837922"/>
<me:PotentialPoint angle="158.5856310233686" potential="6.29852374875918"/>
<me:PotentialPoint angle="168.58553053554928" potential="6.362000453518704"/>
<me:PotentialPoint angle="178.58552938839125" potential="5.965904450509697"/>
<me:PotentialPoint angle="188.58560256439029" potential="5.713139723753557"/>
<me:PotentialPoint angle="198.5855153228107" potential="5.039615050307475"/>
<me:PotentialPoint angle="208.5855422933186" potential="4.33666902827099"/>
<me:PotentialPoint angle="218.58559376284984" potential="3.6047926254104823"/>
<me:PotentialPoint angle="228.58556474491886" potential="3.322918983991258"/>
<me:PotentialPoint angle="238.58557168711116" potential="2.9312364461366087"/>
<me:PotentialPoint angle="248.5855594211199" potential="0.0"/>
</me:HinderedRotorPotential>
<me:CalculatelnternalRotor Inertia phaseDifference="0"/>
</me:ExtraDOSCMethod>
<me:ExtraDOSCMethod xsi:type="me:HinderedRotorQM1D">
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<bondRef>b2</bondRef>

<me:HinderedRotorPotential format="numerical" units="kJ/mol" expansionSize="5" UseSineTerms="yes">
<me:PotentialPoint angle="180.06190490758095" potential="0.0"/>
<me:PotentialPoint angle="190.044722276271" potential="2.4982994323363528"/>
<me:PotentialPoint angle="200.03827004334136" potential="11.179897310910746"/>
<me:PotentialPoint angle="210.02945230627256" potential="22.671107990317978"/>
<me:PotentialPoint angle="220.02414503525938" potential="37.70558271103073"/>
<me:PotentialPoint angle="230.01938296330889" potential="52.8639652619604"/>
<me:PotentialPoint angle="240.00247485399134" potential="68.09128555678762"/>
<me:PotentialPoint angle="249.99257320982653" potential="84.17656137258746"/>
<me:PotentialPoint angle="259.9836705487136" potential="94.92069663188886" />
<me:PotentialPoint angle="269.93984102914084" potential="101.33588970825076"/>
<me:PotentialPoint angle="279.9066356208051" potential="140.44818624504842"/>
<me:PotentialPoint angle="289.9186883899843" potential="100.82336592371576"/>
<me:PotentialPoint angle="299.7837979915119" potential="92.451892062556"/>
<me:PotentialPoint angle="309.8606198437122" potential="84.16671574895736"/>
<me:PotentialPoint angle="319.9562614691991" potential="69.41514123964589"/>
<me:PotentialPoint angle="329.9944425696477" potential="51.95761915715411"/>
<me:PotentialPoint angle="340.0163431077207" potential="32.19037940504495"/>
<me:PotentialPoint angle="350.11842151706276" potential="14.388134471024387"/>
<me:PotentialPoint angle="359.98489061611974" potential="5.89952131791506"/>
<me:PotentialPoint angle="10.017465177183205" potential="5.636112815584056"/>
<me:PotentialPoint angle="19.909713382055045" potential="9.558105179923587"/>
<me:PotentialPoint angle="29.873802371287187" potential="19.387088408577256"/>
<me:PotentialPoint angle="39.76610806530279" potential="29.341969595989212"/>
<me:PotentialPoint angle="49.76770879694637" potential="46.630183708737604"/>
<me:PotentialPoint angle="59.651033141073626" potential="58.11923885287251"/>
<me:PotentialPoint angle="69.73623792863934" potential="83.51781826233491"/>
<me:PotentialPoint angle="79.59574587801504" potential="94.34493243740872"/>
<me:PotentialPoint angle="89.76456298471722" potential="124.74152848136146"/>
<me:PotentialPoint angle="99.73325052948476" potential="136.08461372193415"/>
<me:PotentialPoint angle="109.90128118337367" potential="164.91038645943627"/>
<me:PotentialPoint angle="119.82913861897711" potential="203.10235610604286"/>
<me:PotentialPoint angle="129.97234960883713" potential="145.3130007807631"/>
<me:PotentialPoint angle="139.83909835872578" potential="90.39699751138687"/>
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<me:PotentialPoint angle="150.06942348741296" potential="55.944970709620975"/>
<me:PotentialPoint angle="160.0054974525835" potential="28.663075775722973"/>
<me:PotentialPoint angle="170.05741769494665" potential="16.4671573638916"/>
<me:PotentialPoint angle="180.06190490758095" potential="0.0"/>
</me:HinderedRotorPotential>
<me:CalculatelnternalRotorInertia phaseDifference="0"/>
</me:ExtraDOSCMethod>
</molecule>
<molecule id="O0OCH2NO2">
<propertyL.ist>
<property title="Energy" dictRef="me:ZPE">
<scalar units="kJ/mol">-126</scalar>
</property>
<property title="Vibrational Frequencies" dictRef="me:vibFreqgs">
<array units="cm-1">36.5724 107.5697 110.1268 162.985 194.5654 210.5406 540.5284 699.1192 781.9472 920.726 1053.4548 1261.2692 1439.7321 1450.9565
1642.9652 1768.4335 3142.5373 3290.3128</array>
</property>
<property title="Rotational Constants" dictRef="me:rotConsts">
<array units="GHz">7.45177 2.19286 1.79541</array>
</property>
<property title="Symmetry Number" dictRef="me:symmetryNumber">
<scalar>1 </scalar>
</property>
<property dictRef="me:MW">
<scalar units="amu">92</scalar>
</property>
</propertyL.ist>
<me:energyTransferModel xsi:type="me:ExponentialDown">
<me:deltaEDown units="cm-1">250</me:deltaEDown>
</me:energyTransferModel>
<me:DOSCMethod>ClassicalRotors</me:DOSCMethod>
</molecule>
<molecule xmIns="http://www.xml-cml.org/schema" spinMultiplicity="2" id="TS2">
<atomArray>
<atom id="al" elementType="0" hydrogenCount="0" x3="-1.613939" y3="-0.989516" z3="0.079091"/>
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<atom id="a2" elementType="N" hydrogenCount="0" x3="-1.720811 " y3="0.103536" z3="-0.386590"/>

<atom id="a3" elementType="0" hydrogenCount="0" x3="-0.996380" y3="1.056539" z3="-0.201391"/>

<atom id="a4" elementType="C" hydrogenCount="2" x3="0.780755" y3="0.336925" 23="0.978924"/>

<atom id="a5" elementType="0" hydrogenCount="0" x3="1.296591" y3="-0.522811" z3="0.178315"/>

<atom id="a6" elementType="0" hydrogenCount="0" x3="2.068039" y3="-0.046472" z3="-0.790128"/>

<atom id="a7" elementType="H" hydrogenCount="0" x3="1.118099" y3="1.364405" 23="0.914316"/>

<atom id="a8" elementType="H" hydrogenCount="0" x3="0.208562" y3="-0.092621" z3="1.791174"/>

</atomArray>

<bondArray>

<bond atomRefs2="a6 a5" order="1"/>

<bond atomRefs2="a2 a3" order="1" id="b2"/>

<bond atomRefs2="a2 al" order="2"/>

<bond atomRefs2="a5 a4" order="1" id="bh3"/>

<bond atomRefs2="a7 a4" order="1"/>

<bond atomRefs2="a4 a8" order="1"/>

<bond atomRefs2="a4 a3" order="1" id="b1"/>

</bondArray>

<propertyList>

<property dictRef="me:ZPE">

<scalar units="kJ/mol">22</scalar>

</property>

<property dictRef="me:spinMultiplicity">

<scalar units="cm-1">2</scalar>

</property>

<property dictRef="me:symmetryNumber">

<scalar>0.5</scalar>

</property>

<property dictRef="me:hessian">

<matrix matrixType="squareSymmetricLT" rows="24" units="Hartree/Bohr2">
0.04661739 -0.00640040 0.69936346 0.02888721 -0.29273861 0.15289532 -0.04329753 0.05840762 -0.04614379 0.26617225 0.07287077 -0.54403608 0.27351344
0.16094486 0.89500642 -0.05189992 0.26633569 -0.16541329 0.11478925 -0.24219284 0.21518452 -0.02025449 -0.05407480 0.00260790 -0.16547078 -0.21963257 -
0.02421781 0.15134499 -0.06150167 -0.15431269 0.02419714 -0.23032263 -0.36196975 -0.03049127 0.28516398 0.53311487 0.00697709 0.02659389 0.00685635 -
0.02366126 -0.02155464 -0.03180880 -0.00982879 0.00050099 0.01545154 0.03569090 0.00314843 0.02353188 -0.09380013 -0.02025098 -0.05590109 0.08193907
0.00228174 0.05137118 0.26782433 -0.02664841 0.00034085 -0.02149493 0.06455838 0.01988008 0.03724746 -0.07217499 -0.01943061 -0.03727332 0.15350571
0.66256357 0.00654736 0.00100974 -0.00389620 -0.02211408 -0.00863693 -0.00105752 0.02007345 0.00223700 0.00055608 -0.30578811 0.02816839 0.53021205 -
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0.02171262 0.00343584 -0.01192214 0.04525320 0.00228277 0.02367444 -0.04543679 0.00446262 -0.01942236 -0.05823906 0.03563000 0.08940204 0.20884146
0.02048704 -0.00029763 0.01542552 -0.05044515 -0.00926219 -0.03007145 0.05824932 -0.00003012 0.03209267 0.01162276 -0.26789159 -0.13135589 0.01034213
0.40382765 0.02264363 -0.00413324 0.01851837 -0.05329721 -0.00316718 -0.03350648 0.04378118 0.00648780 0.02546626 0.03925599 -0.08837622 -0.17130053 -
0.21338659 0.03673970 0.34856193 0.00756094 -0.00329934 0.00636627 -0.01603842 0.00157449 -0.01093139 0.01311509 0.00033673 0.00638101 -0.04844662
0.02742698 0.05772413 -0.12005930 -0.07691419 0.12633197 0.15623656 0.00077570 0.00003191 0.00025572 -0.00223665 -0.00055985 -0.00016077 -0.00114539
0.00175890 -0.00235856 0.01919353 0.03164231 -0.02030210 -0.07446996 -0.10784276 0.08935592 0.05382633 0.07400868 -0.01161680 0.00399354 -0.00890715
0.02624880 -0.00103162 0.01568881 -0.01964135 -0.00233959 -0.00865578 0.07446989 -0.03236651 -0.07188173 0.12228646 0.09025490 -0.18075960 -0.18349240 -
0.06354952 0.25134101 -0.00177082 0.00117880 -0.00138267 0.00280469 -0.00016098 0.00146928 -0.00995243 -0.00240926 -0.00464136 -0.07220248 -0.10962017
0.02273978 0.01290544 0.02292201 0.01423505 -0.00203962 0.00101805 -0.00767324 0.06852395 0.00012687 0.00008798 0.00008987 0.00043932 -0.00006337
0.00047099 0.00229795 0.00146328 0.00081654 -0.09542666 -0.31877509 0.03025900 -0.00137081 -0.03042725 -0.00927962 -0.00327037 0.00294567 0.00680991
0.09623124 0.34297490 -0.00138056 0.00009822 -0.00031867 0.00383959 0.00195029 0.00112474 -0.01061059 -0.00244657 -0.00467553 0.03473206 0.03231629 -
0.05915232 -0.00121965 -0.02132878 0.01246356 -0.00485292 0.00074331 -0.00108019 -0.02377745 -0.02715234 0.04599880 -0.00283376 -0.00239615 -0.00194465
0.00437671 0.00237164 0.00301724 -0.00528466 0.00198849 -0.00717551 -0.11276601 -0.07267750 0.13141542 -0.02155232 0.00373609 0.02043597 0.00967137
0.00303840 -0.00058137 0.00173127 0.00097246 0.00326952 0.12665741 0.00029012 -0.00117780 0.00075185 -0.00134574 0.00100474 -0.00113781 0.00131650 -
0.00059388 0.00118243 -0.07407453 -0.10832953 0.09862081 0.01968740 0.01192388 -0.02762718 0.00031936 -0.00198486 -0.00177110 -0.00915968 0.00179387
0.01581958 0.06296657 0.09736357 -0.00015800 -0.00115923 0.00026527 0.00033869 0.00111948 -0.00021199 -0.00216399 0.00185449 -0.00319011 0.13832819
0.08177885 -0.22347984 0.01058779 0.00824334 -0.01944350 0.00247332 -0.00398400 0.00425463 -0.00096939 -0.00201435 0.00563960 -0.14843661 -0.08583858
0.23616595
</matrix>
</property>
<property dictRef="me:frequenciesScaleFactor">
<scalar>1</scalar>
</property>

</propertyL.ist>

<me:ExtraDOSCMethod xsi:type="me:HinderedRotorQM1D">

<bondRef>bl</bondRef>

<me:HinderedRotorPotential format="numerical" units="kJ/mol" expansionSize="10" UseSineTerms="yes">

<me:PotentialPoint angle="61.649766455425265" potential="0.0"/>

<me:PotentialPoint angle="71.6497707355341" potential="-1.5225771251134574"/>

<me:PotentialPoint angle="81.64981698124777" potential="2.461686839815229"/>

<me:PotentialPoint angle="91.64982834465461" potential="1.9290307241026312"/>

<me:PotentialPoint angle="101.6498698023692" potential="4.822058274177834"/>

<me:PotentialPoint angle="111.64979727250011" potential="4.222958638914861"/>

<me:PotentialPoint angle="121.64981409364079" potential="6.258631907403469"/>

<me:PotentialPoint angle="131.64983239527146" potential="5.435133443796076"/>
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<me:PotentialPoint angle="141.6497842969692" potential="7.060462122433819"/>
<me:PotentialPoint angle="151.64977578474034" potential="6.231946329004131"/>
<me:PotentialPoint angle="161.64985364344676" potential="7.669643676257692"/>
<me:PotentialPoint angle="171.64981579668685" potential="6.830809669103473"/>
<me:PotentialPoint angle="181.6498198240206" potential="7.891532527166419"/>
<me:PotentialPoint angle="191.64977760844127" potential="6.8944596567889675"/>
<me:PotentialPoint angle="201.64972534807634" potential="7.551015726057813"/>
<me:PotentialPoint angle="211.64977285991506" potential="6.5665216244524345"/>
<me:PotentialPoint angle="221.6497953057978" potential="6.907553023775108"/>
<me:PotentialPoint angle="231.6498348029502" potential="5.482174520730041"/>
<me:PotentialPoint angle="241.6497605517806" potential="5.985805738018826"/>
<me:PotentialPoint angle="251.6497928386061" potential="5.0816466744290665"/>
<me:PotentialPoint angle="261.6497889511581" potential="6.2623968737898394"/>
<me:PotentialPoint angle="271.64981946416157" potential="6.511575168231502"/>
<me:PotentialPoint angle="281.64985655251365" potential="9.631514150067233"/>
<me:PotentialPoint angle="291.64977712033397" potential="12.151586850523017"/>
<me:PotentialPoint angle="301.64982001090914" potential="18.556656000437215"/>
<me:PotentialPoint angle="311.6497697104546" potential="22.09848914446775"/>
<me:PotentialPoint angle="321.6498452735534" potential="27.274328243685886"/>
<me:PotentialPoint angle="331.6497865731461" potential="24.808942075120285"/>
<me:PotentialPoint angle="341.64979271678453" potential="23.57524342427496"/>
<me:PotentialPoint angle="351.6497759283049" potential="17.33919869014062"/>
<me:PotentialPoint angle="1.6498750614656263" potential="14.450203907908872"/>
<me:PotentialPoint angle="11.649726334443015" potential="10.30183571355883"/>
<me:PotentialPoint angle="21.64981925854016" potential="9.27679339563474"/>
<me:PotentialPoint angle="31.64985430340482" potential="7.317579927737825"/>
<me:PotentialPoint angle="41.64979827459801" potential="7.082621339592151"/>
<me:PotentialPoint angle="51.6498432309229" potential="6.2676531239412725"/>
<me:PotentialPoint angle="61.649766455425265" potential="0.0"/>

</me:HinderedRotorPotential>

<me:CalculatelnternalRotorInertia phaseDifference="0"/>

</me:ExtraDOSCMethod>
<me:ExtraDOSCMethod xsi:type="me:HinderedRotorQM1D">
<bondRef>b2</bondRef>
<me:HinderedRotorPotential format="numerical™ units="kJ/mol" expansionSize="10" UseSineTerms="yes">



286

<me:PotentialPoint angle="6.63406438354096" potential="0.0"/>

<me:PotentialPoint angle="16.63915864335284" potential="-1.0431818949291483"/>
<me:PotentialPoint angle="26.647779690473328" potential="4.6127665704116225"/>
<me:PotentialPoint angle="36.651223368819124" potential="7.0494455262087286"/>
<me:PotentialPoint angle="46.648055570040924" potential="13.895926802651957"/>
<me:PotentialPoint angle="56.64713306107582" potential="17.24709616310429"/>
<me:PotentialPoint angle="66.6413765649965" potential="23.537307580118068"/>
<me:PotentialPoint angle="76.63800559297037" potential="25.075356774381362"/>
<me:PotentialPoint angle="86.62719768838669" potential="29.463855791138485"/>
<me:PotentialPoint angle="96.62130497491349" potential="29.69955214462243"/>
<me:PotentialPoint angle="106.61387783671614" potential="32.44572762318421"/>
<me:PotentialPoint angle="116.61509190647261" potential="31.516067081829533"/>
<me:PotentialPoint angle="126.61707337868596" potential="32.38918748870492"/>
<me:PotentialPoint angle="136.61913696912336" potential="30.93268106202595"/>
<me:PotentialPoint angle="146.62695422650555" potential="30.918534869910218"/>
<me:PotentialPoint angle="156.6289701290035" potential="29.31992064998485"/>
<me:PotentialPoint angle="166.63101065538245" potential="29.18253613030538"/>
<me:PotentialPoint angle="176.63331784293433" potential="28.02628971892409"/>
<me:PotentialPoint angle="186.6335693844957" potential="28.260106214671396"/>
<me:PotentialPoint angle="196.63315420633253" potential="27.777127177803777"/>
<me:PotentialPoint angle="206.63370184198402" potential="28.666024211794138"/>
<me:PotentialPoint angle="216.63438526689652" potential="28.93558163428679"/>
<me:PotentialPoint angle="226.63757766086908" potential="29.975767834112048"/>
<me:PotentialPoint angle="236.65386617221534" potential="29.844708143384196"/>
<me:PotentialPoint angle="246.65174551279995" potential="30.689050448709168"/>
<me:PotentialPoint angle="256.64424094109125" potential="29.57719598489348"/>
<me:PotentialPoint angle="266.6468642664007" potential="29.49859902798198"/>
<me:PotentialPoint angle="276.6378585031653" potential="27.434662255691364"/>
<me:PotentialPoint angle="286.6387133843822" potential="26.646012048819102"/>
<me:PotentialPoint angle="296.63066928756757" potential="23.79759436310269"/>
<me:PotentialPoint angle="306.6346430595059" potential="21.828125693951733"/>
<me:PotentialPoint angle="316.6311143787251" potential="18.088836598210037"/>
<me:PotentialPoint angle="326.63491466478735" potential="15.41187191568315"/>
<me:PotentialPoint angle="336.6332128842909" potential="11.595647804089822"/>
<me:PotentialPoint angle="346.6344203982221" potential="9.13276898744516"/>
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<me:PotentialPoint angle="356.63348582669806" potential="6.622436890611425"/>
<me:PotentialPoint angle="6.63406438354096" potential="0.0"/>
</me:HinderedRotorPotential>
<me:CalculatelnternalRotorInertia phaseDifference="0"/>
</me:ExtraDOSCMethod>
<me:ExtraDOSCMethod xsi:type="me:HinderedRotorQM1D">
<bondRef>b3</bondRef>
<me:HinderedRotorPotential format="numerical" units="kJ/mol" expansionSize="10" UseSineTerms="yes">
<me:PotentialPoint angle="350.38144916049134" potential="0.0"/>
<me:PotentialPoint angle="0.48638838561308434" potential="0.2631407013395801"/>
<me:PotentialPoint angle="10.59312102516287" potential="9.902284553041682"/>
<me:PotentialPoint angle="20.662910184438896" potential="17.77590592193883"/>
<me:PotentialPoint angle="30.62156428212205" potential="33.67800062755123"/>
<me:PotentialPoint angle="40.71952448118727" potential="46.61297093308531"/>
<me:PotentialPoint angle="50.651433024580605" potential="64.51283456920646"/>
<me:PotentialPoint angle="60.74469442875526" potential="78.04294263059273"/>
<me:PotentialPoint angle="70.7100821489505" potential="90.79811872076243"/>
<me:PotentialPoint angle="80.5058010920952" potential="98.1927124292124"/>
<me:PotentialPoint angle="91.17771763534085" potential="93.94599564396776"/>
<me:PotentialPoint angle="100.62865340092534" potential="94.88420218683314"/>
<me:PotentialPoint angle="110.54800223093844" potential="84.44689069199376"/>
<me:PotentialPoint angle="120.39377880464025" potential="67.23360571346711"/>
<me:PotentialPoint angle="130.38993579860747" potential="51.576548888580874"/>
<me:PotentialPoint angle="140.42066147780946" potential="38.292153461952694"/>
<me:PotentialPoint angle="150.43375821392527" potential="27.163112079142593"/>
<me:PotentialPoint angle="160.45793613168723" potential="19.955926534719765"/>
<me:PotentialPoint angle="170.45941752001337" potential="13.74368195515126"/>
<me:PotentialPoint angle="180.44028300619527" potential="13.435899883275852" />
<me:PotentialPoint angle="190.457196396965" potential="13.566074780886993"/>
<me:PotentialPoint angle="200.42313154596295" potential="21.286303958506323"/>
<me:PotentialPoint angle="210.47742847255276" potential="30.91149065445643"/>
<me:PotentialPoint angle="220.4087365534245" potential="48.50401067745406"/>
<me:PotentialPoint angle="230.46870073485064" potential="68.65872954274528"/>
<me:PotentialPoint angle="240.42065703642862" potential="90.4376218674006"/>
<me:PotentialPoint angle="250.44291747230412" potential="111.25706735660788"/>
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<me:PotentialPoint angle="260.44877245861153" potential="124.62050607532728"/>
<me:PotentialPoint angle="270.9246548232789" potential="127.43577157706022"/>
<me:PotentialPoint angle="280.6970084126812" potential="113.79398788860999"/>
<me:PotentialPoint angle="290.68790008252427" potential="90.45137423428241"/>
<me:PotentialPoint angle="300.52552283566996" potential="70.39567083667498"/>
<me:PotentialPoint angle="310.50083944757324" potential="50.6281685346039"/>
<me:PotentialPoint angle="320.4399471796961" potential="36.082540842471644"/>
<me:PotentialPoint angle="330.5009704301126" potential="25.715217291377485"/>
<me:PotentialPoint angle="340.7609824740177" potential="17.815894906641915"/>
<me:PotentialPoint angle="350.38144916049134" potential="0.0"/>
</me:HinderedRotorPotential>
<me:CalculatelnternalRotorInertia phaseDifference="0"/>
</me:ExtraDOSCMethod>
</molecule>
<molecule id="OOCH20ONO">
<propertyL.ist>
<property title="Energy" dictRef="me:ZPE">
<scalar units="kJ/mol">-156</scalar>
</property>
<property title="Vibrational Frequencies" dictRef="me:vibFreqgs">
<array units="cm-1">36.5724 107.5697 110.1268 162.985 194.5654 210.5406 540.5284 699.1192 781.9472 920.726 1053.4548 1261.2692 1439.7321 1450.9565
1642.9652 1768.4335 3142.5373 3290.3128</array>
</property>
<property title="Rotational Constants" dictRef="me:rotConsts">
<array units="GHz">7.45177 2.19286 1.79541</array>
</property>
<property title="Symmetry Number" dictRef="me:symmetryNumber">
<scalar>1 </scalar>
</property>
<property dictRef="me:MW">
<scalar units="amu">92</scalar>
</property>
</propertyL.ist>
<me:energyTransferModel xsi:type="me:ExponentialDown">
<me:deltaEDown units="cm-1">250</me:deltaEDown>
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</me:energyTransferModel>
<me:DOSCMethod>ClassicalRotors</me:DOSCMethod>
</molecule>
<molecule id="TS6">
<propertyL.ist>
<property dictRef="me:ZPE">
<scalar units="kJ/mol">-86</scalar>
</property>
<property dictRef="me:rotConsts">
<array units="GHz"> 5.5119500 3.3180200 2.2246400 </array>
</property>
<property dictRef="me:vibFreqs">
<array units="cm-1"> 128.2076 164.4839 177.3422 301.3451 345.3390 419.2101 499.9614 541.4747 836.4649 1127.2150 1238.2106 1342.1804 1465.5587 1623.9678
2022.4283 3019.7531 3111.5250 </array>
</property>
<property title="ImaginaryFrequency" dictRef="me:imFreqgs">
<array units="cm-1"> 532.2821 </array>
</property>
<property dictRef="me:frequenciesScaleFactor">
<scalar>1</scalar>
</property>
<property dictRef="me:symmetryNumber">
<scalar>1</scalar>
</property>
<property dictRef="me:MW">
<scalar units="amu">92</scalar>
</property>
<property dictRef="me:spinMultiplicity">
<scalar>3</scalar>
</property>
</propertyL.ist>
<me:DOSCMethod name="ClassicalRotors"/>
</molecule>
<molecule id="HCHO">
<propertyL.ist>
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<property title="Energy" dictRef="me:ZPE">

<scalar units="kJ/mol">-75</scalar>

</property>

<property title="Vibrational Frequencies" dictRef="me:vibFreqgs">

<array units="cm-1">1213.6323 1273.5787 1540.0681 1870.2951 2945.3436 3015.4336</array>

</property>

<property title="Rotational Constants" dictRef="me:rotConsts">

<array units="GHz">284.78174 39.46619 34.66252</array>

</property>

<property title="Symmetry Number" dictRef="me:symmetryNumber">

<scalar>1 </scalar>

</property>

<property dictRef="me:MW">

<scalar units="amu">30</scalar>
</property>

</propertyL.ist>
<me:energyTransferModel xsi:type="me:ExponentialDown">
<me:deltaEDown units="cm-1">250</me:deltaEDown>
</me:energyTransferModel>

<me:DOSCMethod>ClassicalRotors</me:DOSCMethod>
</molecule>

<molecule id="NO">

<propertyL.ist>

<property title="Energy" dictRef="me:ZPE">

<scalar units="kJ/mol">-50</scalar>

</property>

<property title="Vibrational Frequencies" dictRef="me:vibFregs">

<array units="cm-1"> 2066.0389</array>

</property>

<property title="Rotational Constants" dictRef="me:rotConsts">

<array units="GHz">0 52.5361972 52.5361972</array>

</property>

<property title="Symmetry Number" dictRef="me:symmetryNumber">

<scalar>1 </scalar>

</property>
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<property dictRef="me:MW">
<scalar units="amu">30</scalar>
</property>
</propertyL.ist>
<me:energyTransferModel xsi:type="me:ExponentialDown">
<me:deltaEDown units="cm-1">250</me:deltaEDown>
</me:energyTransferModel>
<me:DOSCMethod>ClassicalRotors</me:DOSCMethod>
</molecule>
<molecule id="02">
<propertyL.ist>
<property title="Energy" dictRef="me:ZPE">
<scalar units="kJ/mol">-50</scalar>
</property>
<property title="Vibrational Frequencies" dictRef="me:vibFreqgs">
<array units="cm-1">1754.4088</array>
</property>
<property title="Rotational Constants" dictRef="me:rotConsts">
<array units="GHz">0 44.6349128 44.6349128</array>
</property>
<property title="Symmetry Number" dictRef="me:symmetryNumber">
<scalar>1 </scalar>
</property>
<property dictRef="me:MW">
<scalar units="amu">32</scalar>
</property>
</propertyL.ist>
<me:energyTransferModel xsi:type="me:ExponentialDown">
<me:deltaEDown units="cm-1">250</me:deltaEDown>
</me:energyTransferModel>
<me:DOSCMethod>ClassicalRotors</me:DOSCMethod>
</molecule>
<molecule id="N2">
<atom elementType="N"/>
<propertyL.ist>



<property dictRef="me:epsilon">
<scalar>48.0</scalar>
</property>
<property dictRef="me:sigma">
<scalar>3.9</scalar>
</property>
<property dictRef="me:MW">
<scalar units="amu">28.0</scalar>
</property>
</propertyL.ist>
</molecule>
</moleculeList>
<reactionList>
<reaction id="R1">
<reactantList>
<reactant>
<molecule ref="CH200" role="deficientReactant"/>
</reactant>
<reactant>
<molecule ref="NO2" role="excessReactant"/>
</reactant>
</reactantList>
<productList>
<product>
<molecule ref="prc" role="modelled"/>
</product>
</productList>
<me:MCRCMethod xsi:type="me:MesmerILT">
<me:preExponential units="cm3molecule-1s-1">3.e-10</me:preExponential>
<me:activationEnergy units="cm-1">0.0</me:activationEnergy>
<me:ninfinity>0</me:nInfinity>
</me:MCRCMethod>
<me:excessReactantConc>1.0E16</me:excessReactantConc>
</reaction>
<reaction id="R2">
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<reactantList>
<reactant>
<molecule ref="prc" role="modelled"/>
</reactant>
</reactantList>
<me:transitionState>
<molecule ref="TS1" me:type="transitionState" />
</me:transitionState>
<productList>
<product>
<molecule ref="O0CH2NO2" role="modelled"/>
</product>
</productL.ist>
<me:MCRCMethod name="SimpleRRKM"/>
</reaction>
<reaction id="R3">
<reactantList>
<reactant>
<molecule ref="prc" role="modelled"/>
</reactant>
</reactantList>
<me:transitionState>
<molecule ref="TS2" me:type="transitionState" />
</me:transitionState>
<productList>
<product>
<molecule ref="O0CH20NQ" role="modelled"/>
</product>
</productList>
<me:MCRCMethod name="SimpleRRKM"/>
</reaction>
<reaction id="R4">
<reactantList>
<reactant>
<molecule ref="O0CH20NQ" role="modelled"/>
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</reactant>
</reactantList>
<productList>
<product>
<molecule ref="HCHO" role="sink"/>
</product>
<product>
<molecule ref="NQO" role="sink"/>
</product>
<product>
<molecule ref="02" role="modelled"/>
</product>
</productL.ist>
<me:transitionState>
<molecule ref="TS6" role="transitionState"/>
</me:transitionState>
<me:MCRCMethod name="SimpleRRKM"/>
</reaction>
</reactionList>
<me:conditions>
<me:bathGas>N2</me:bathGas>
<me:PTs>
<me:PTpair units="Torr" P="50" T="223" precision="dd"> <me:bathGas>N2</me:bathGas><me:experimentalEigenvalue EigenvaluelD="3" error="1.97E3" >
1.97E4 </me:experimentalEigenvalue> </me:PTpair>
<me:PTpair units="Torr" P="25" T="242" precision="dd"> <me:bathGas>N2</me:bathGas><me:experimentalEigenvalue EigenvaluelD="3" error="1.83E3" >
1.83E4 </me:experimentalEigenvalue> </me:PTpair>
<me:PTpair units="Torr" P="50" T="242" precision="dd"> <me:bathGas>N2</me:bathGas><me:experimentalEigenvalue EigenvaluelD="3" error="1.85E3" >
1.85E4 </me:experimentalEigenvalue> </me:PTpair>
<me:PTpair units="Torr" P="200" T="242" precision="dd"> <me:bathGas>N2</me:bathGas><me:experimentalEigenvalue EigenvaluelD="3" error="1.86E3" >
1.86E4 </me:experimentalEigenvalue> </me:PTpair>
<me:PTpair units="Torr" P="25" T="254" precision="dd"> <me:bathGas>N2</me:bathGas><me:experimentalEigenvalue EigenvaluelD="3" error="1.65E3" >
1.65E4 </me:experimentalEigenvalue> </me:PTpair>
<me:PTpair units="Torr" P="50" T="254" precision="dd"> <me:bathGas>N2</me:bathGas><me:experimentalEigenvalue EigenvaluelD="3" error="1.70E3" >
1.70E4 </me:experimentalEigenvalue> </me:PTpair>
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<me:PTpair units="Torr" P="200" T="254" precision="dd"> <me:bathGas>N2</me:bathGas><me:experimentalEigenvalue EigenvaluelD="3" error="1.41E3" >
1.41E4 </me:experimentalEigenvalue> </me:PTpair>
<me:PTpair units="Torr" P="50" T="273" precision="dd"> <me:bathGas>N2</me:bathGas><me:experimentalEigenvalue EigenvaluelD="3" error="1.31E3" >
1.31E4 </me:experimentalEigenvalue> </me:PTpair>

<me:PTpair units="Torr" P="50" T="277" precision="dd"> <me:bathGas>N2</me:bathGas><me:experimentalEigenvalue EigenvaluelD="3" error="1.37E3" >
1.37E4 </me:experimentalEigenvalue> </me:PTpair>
<me:PTpair units="Torr" P="25" T="298" precision="dd"> <me:bathGas>N2</me:bathGas><me:experimentalEigenvalue EigenvaluelD="3" error="1.35E3" >
1.35E4 </me:experimentalEigenvalue> </me:PTpair>
<me:PTpair units="Torr" P="50" T="298" precision="dd"> <me:bathGas>N2</me:bathGas><me:experimentalEigenvalue EigenvaluelD="3" error="1.11E3" >
1.11E4 </me:experimentalEigenvalue> </me:PTpair>
<me:PTpair units="Torr" P="100" T="298" precision="dd"> <me:bathGas>N2</me:bathGas><me:experimental Eigenvalue EigenvaluelD="3" error="1.26E3" >

1.26E4 </me:experimentalEigenvalue> </me:PTpair>
<me:PTpair units="Torr" P="200" T="298" precision="dd"> <me:bathGas>N2</me:bathGas><me:experimentalEigenvalue EigenvaluelD="3" error="1.41E3" >
1.41E4 </me:experimentalEigenvalue> </me:PTpair>
<me:PTpair units="Torr" P="300" T="298" precision="dd"> <me:bathGas>N2</me:bathGas><me:experimentalEigenvalue EigenvaluelD="3" error="1.18E3" >
1.18E4 </me:experimentalEigenvalue> </me:PTpair>
<me:PTpair units="Torr" P="50" T="318" precision="dd"> <me:bathGas>N2</me:bathGas><me:experimentalEigenvalue EigenvaluelD="3" error="9.57E2" >
9.57E3 </me:experimentalEigenvalue> </me:PTpair>
<me:PTpair units="Torr" P="50" T="323" precision="dd"> <me:bathGas>N2</me:bathGas><me:experimentalEigenvalue EigenvaluelD="3" error="8.39E2" >
8.39E3 </me:experimentalEigenvalue> </me:PTpair>
<me:PTpair units="Torr" P="50" T="335" precision="dd"> <me:bathGas>N2</me:bathGas><me:experimentalEigenvalue EigenvaluelD="3" error="7.79E2" >
7.79E3 </me:experimentalEigenvalue> </me:PTpair>
<me:PTpair units="Torr" P="50" T="353" precision="dd"> <me:bathGas>N2</me:bathGas><me:experimentalEigenvalue EigenvaluelD="3" error="5.77E2" >
5.77E3 </me:experimentalEigenvalue> </me:PTpair>
<me:PTpair units="Torr" P="50" T="363" precision="dd"> <me:bathGas>N2</me:bathGas><me:experimentalEigenvalue EigenvaluelD="3" error="5.98E2" >
5.98E3 </me:experimentalEigenvalue> </me:PTpair>

</me:PTs>

</me:conditions>

<me:modelParameters>

<me:grainSize units="cm-1">50</me:grainSize>
<me:energyAboveTheTopHill>25.0</me:energyAboveTheTopHill>
</me:modelParameters>

<me:control>

<me:testDOS />
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<me:printSpeciesProfile />
<me:testRateConstant />
<me:printGrainDOS />
<me:printGrainkft />
<me:printGrainkbE />
<me:eigenvalues>0</me:eigenvalues>
</me:control>

</me:mesmer>



Appendix 8. Investigating the Potential for a Reaction between CH.OO and Water

Trimers

Figure A.10 shows the dependence of (k’-ky)[H20]? on [H20], where the dashed blue lines
represent the equation (k' — kx)[H20]? = ke1[H20]™" + ke2 + ks3[H20], with rate coefficients
for ke1, ke2 and kss representing reaction with the water monomer, dimer and trimer
respectively. Values for rate coefficients were obtained from the parameterisation reported by
Wau et al. The data obtained in this work indicate that there is no significant contribution from

a reaction with the water trimer under the conditions studied in this work. Plots for data at
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262 K, 298 K and 353 K are shown in Chapter 6.

‘n

(K" - k) [H,012 / cm® molecule® s*

(K - k) [H,012 / cm® molecule? s*

T T T T T
a)
m 270K
1.5x103 — = Wu et al. parameterisation
LOX -1
\
\
. ==
1.0x10°! 4 N - L B i
L] ] "
} .
5.0x10°% - 1 -
0.0 T T T T T
0.0 2.0x10%° 4.0x10%° 6.0x10%® 8.0x10%® 1.0x10Y7 1.2x10Y7
[H,0] / molecule cm™
1.4x10°% T T T T
b)
B 276K
1.2x10°%1 4 — - Wu et al. parameterisation -
R
1.0x10% 4 \ i E
\
8.0x10%24 \ ] =
N L
6.0x10°% S - s J
% L]
4.0x102 4 § E
2.0x10°%2 " E
0.0 1 % E
T T T T
0.0 4.0x10'° 8.0x10'¢ 1.2x10Y 1.6x10

[H,0] / molecule cm™



298

1.0x10°3* 1 T T T T T T
o 1 [ . m 285K ©)
‘n 1 — = Wu et al. parameterisation
o 8.0x10%4 1 I 4
2 1
3
S
6.0x10°2 4
IS \
u:)E \ l
° 32 \ [ N "a
30 | [} I
o 40x10 }‘—____————"A'—i
o []
N
.:I_:, | ]
. 2.0x10%2 + <
x
4
N i
4
0.0 E -
T T T T T T
0.0  4.0x10* 8.0x10%° 1.2x10Y7 1.6x10%7 2.0x10'7 2.4x10%
[H,0] / molecule cm
T T T T
40x10%2 4\ d) -
D) \
@ 8 N
B Sy - _ 5 _ n
ks 0.0 [ - =t S -
)
[8)
Q
o
£ -4.0x10°%? ~ i -
s "
3 L
o
~ -8.0x10°2 4 -
o
(@)
~
I, -1.2x10°%! 4 L
>
X
o 31 ] i
x -16x10 s 318K
I = = Wu et al. parameterisation
-2.0x10°% T T T T
0 1x10%" 2x10Y7 3x10Y7 4x10Y 5x10Y7
[H,0] / molecule cm
9.0x10°%® T T T T
e)
< 8.0x10° 4 -
% f
o
D 7.0x10% - i I
> Ik I
[}
2 eox10®f ~ _ % i
1S S o< o
€ 5.0x10°% < =~ < - _ - -
o - - - -
; 4.0x10° < -
e}
-33 | i
E“\‘3.O><:LO
2 2.0x10°%° L
2 m 324K
< 1.0x10°% 4 — = Wu et al. parameterisation
0.0 T T T T
1.5x10Y7 2.0x10% 2.5x10% 3.0x10% 3.5x10%

[H,0] / molecule cm



299

2.0x10%2 +— T T T T T
— l f)
oA .
o 1.5x10°%2 - E
Q \
]
2 \
g 1.0x10°%2 4 \ E
©o \
g N
~
o 5.0x10% + ~ - g
— =~ - -
Q, - - - =
L
—~ 0.0 4 -
4
2 334K
< — = Wu et al. parameterisation
-5.0x10% 4 b
T T T T T
0 1x10Y7 2x10Y7 3x10Y7 4x10Y7 5x10%7
[H,0] / molecule cm™
3x10% T T T T T
- \ 9)
oA \
o 2x107%2 -
2 \
3 N
o N
o
£ 1x10°%2 4 AN k
© ~ o
g I R
& 04 1
o
N
L
& -1x10°%2 4 g
N 343K
=< — = Wu et al. parameterisation
-2x10°%2 4 E
T T T T
0.0 8.0x10'° 1.6x10 2.4x10Y 3.2x10Y

[H,0] / molecule cm™

Figure A.10. Dependence of (k’-kx)[H20]? on [H.O] for data obtained in this work at
temperatures between 270 and 343 K. The blue dashed line represents the equation (k' —
kx)[H20]2 = ke.1[H20] + K2 + ks 3[H20], where ks 1, ke.2 and ke 3 were obtained from the work
of Wu et al.” Results at 262, 298 and 353 K are shown in Chapter 6.



Appendix 9. Comparison of Pseudo-First-Order Losses of CH,OO in the Presence of

300

Water Vapour with Literature

There is good agreement in the total pseudo-first-order rate coefficients as a function of water
monomer concentration observed in this work and reported by Wu et al. Figure A.11 compares
the total pseudo-first-order losses observed in this work at temperatures between 270 and
343 K and the work of Wu et al. as well as the individual contributions of ke1 and ke 2Keq from
this work and ks 1, ks.2Keq and ke from Wu et al. Comparisons between the pseudo-first-order
losses observed in this work and in the work of Wu et al. at 262, 298 and 353 K are shown in

Chapter 6.
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Figure A.11. Pseudo-first-order losses as a function of H-O concentration for experiments at
262 - 353 K. Black points represent the experimental data, the green and blue solid lines
represent losses due to reaction with the water monomer and the water dimer and the solid red
line represents the total loss. The results of Wu et al. are also included in the plot, where the
orange, pink and grey dashed lines represent reactions with the water monomer, dimer and
trimer, and the purple dashed line represents the total loss. Comparisons for data at 262, 298

and 353 K are shown in Chapter 6.
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Appendix 10. Experimental Data for the Reaction between CH,OO and Water Vapour

T/K

262

270

270

276

276

285

285

[CH2l,]o / 10%
molecule cm™

5.7

5.8

5.8

5.9

6.1

6.2

6.3

[H.0]/ 10"
molecule cm™

[(H20)2] / 10°
molecule cm™

k'/s?

641 + 13
626 + 19
685 + 26
725+ 16
573+ 7
672+ 10
754 + 13
803 + 14
801+ 14
470+ 6
463 £ 10
588 + 10
718 + 17
920 + 23
1372 + 28
1573 + 42
342 +11
386 + 11
328 +12
378+ 14
975 + 27
620 +7
461+ 8
492 +£10
858 + 25
2098 + 82
2200 + 83
316 + 10
312+ 9
343+ 11
236 + 13
398 + 15
635 + 14
818 + 21
1986 + 65
572+6
551+8
492 +9
736 £ 15
1177 + 27
1137 + 27
2058 + 60
2543 + 79
225+ 9
262 +9
253 +11

161 + 20
146 + 24
205 + 30
245 + 22
-15+18
84 +19
166 + 21
215+ 21
213+21
80 + 34
73+35
198 + 35
328 + 38
530 +40
982 + 44
1183 + 54
32+24
76 24
18+24
68 + 25
665 + 34
217 + 83
58 + 83
89 + 84
455 + 87
1695 + 117
1797 + 118
84 + 39
80 + 39
111 +39
4 +40
166 + 40
403 £ 40
586 + 43
1754 £ 75
109 £ 74
88 + 75
29+ 75
273 %76
714+ 79
674+ 79
1595 + 95
2080 + 109
20 + 33
57 £33
48 + 34



298

298

318

318

324

334

343

353

4.1

6.4

4.2

3.8

4.1

4.2

4.8

4.8

4.78
5.54
7.57
18.3
19.3

3.77
5.97
8.51
14.0
17.5
28.6

8.12
20.4
39.5
44.1

3.52
5.63
7.99
13.4
16.8
20.4
30.3
38.4
40.9

4.42
6.56
8.40
11.4
37.8

16.8
19.1
25.3
30.3
35.6

4.37
13.3
25.5
35.5
54.8

3.98
6.93
114
26.7
33.0
33.3

304

0.60
0.81
151
8.80
9.82

0.29
0.74
1.49
4.06
6.30
16.9

0.14
0.86
0.32
0.40

0.18
0.47
0.95
2.64
4.16
6.17
13.6
21.8
24.7

0.29
0.64
1.04
1.93
21.1

3.8
4.92
8.65
12.4
17.2

0.22
2.08
7.59
14.7
35.1

0.17
0.50
1.35
7.40
11.3
115

408 £11
212 +9
441 + 13
1766 + 39
1866 + 43
522 +5
445+ 6
459 + 7
687 + 11
991 +19
1051 + 20
2035 + 34
313+7
292 + 10
1247 £ 37
2669 + 120
3722 + 245
496 + 18
418 +19
460 + 24
654 + 29
958 + 63
1028 + 81
1370 + 25
1549 + 48
1803 + 77
1875+ 74
585+ 9
455+ 13
581 + 16
616 + 18
779 + 22
2148 + 114
590 + 11
728 + 14
841 +13
949 + 27
1212 + 38
1425 + 80
465 + 8
475 + 7
678 + 14
864 + 16
1263 + 46
2453 + 122
385+ 12
375+ 14
500 +21
402 + 28
766 * 28
992 + 33
874 + 28
532+4

203 + 34
7+33
236 + 34
1561 + 50
1661 + 54
32+41
-45 + 41
-31+41
197 £ 42
501 +45
561 + 45
1545 + 53
-5+ 148
-26 + 148
929 + 152
2351 + 190
3404 + 286
-146 £ 91
-224 + 91
-182 £ 92
-13+93
316 + 109
386 + 120
728 + 92
907 + 101
1161 + 117
1233 + 116
43 + 36
-87 + 37
39 + 38
74+ 39
237 +41
1606 + 119
21+28
159 + 29
272 + 29
380 + 37
643 + 46
856 + 84
-13 + 28
-3+28
200 £+ 30
386 = 31
785 * 53
1975 + 125
-10 + 34
-20+35
105 + 39
8+43
371 %43
597 *+ 46
479 =43
80 + 26
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3.44 0.11 471+ 4 19 + 26
5.48 0.27 394+5 -58 + 26
7.11 0.46 434 £ 5 -18 + 26
14.0 1.79 479 + 7 27 + 27
22.1 4.44 725+9 273 + 27
27.3 6.79 801 +10 349 + 28
31.9 9.28 907 +19 455 + 32
36.1 11.9 937 + 20 485 + 33
38.4 13.5 1087 + 22 635 + 34
353 5.1 0 0 468 + 13 0+14
19.8 3.57 618 + 22 150 + 22
23.4 4.98 686 + 28 218 + 28
28.2 7.25 777 + 28 309 + 29
353 9.5 0 0 502 +8 -58 + 35
4.70 0.20 611 +10 51+35
14.9 2.03 701 + 17 141 + 38
22.5 4.60 735+ 20 175 + 39
30.6 8.55 961 + 29 401 + 44

Table A.3. Experimental data obtained in this work for the reaction between CH,OO and water

vapour. All experiments were carried out at a total pressure of 760 Torr.
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Appendix 11. A Comparison between Fits to the Data Obtained for syn-CH3;CHOO with
SO,

The data were fit with two different equations to describe the observed pressure dependence
(Chapter 7). Figure A.12 shows a comparison between fits to both equations for temperatures
between 242 and 353 K.
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Figure A.12. Comparison of the fit to Equations 7.9 and 7.13 for k71 at T = 242 - 353 K and
p= 10 - 600 Torr. Both equations were fit globally to each temperature and pressure
investigated. Results from previous studies at ~ 298 K are also shown.? 7 * & The fit result for
Equation 7.9 gave: A;,; = (2.35 = 0.39) x 10™ c¢m® molecule™ s, n;,; = (0.61 + 0.79),
Ag=(329 + 130) x 10® cm® molecule! s, n, = -(952 * 1.78),
As = (4.95 % 0.51) x 10 cm® molecule™® s?, n, = -(2.52 + 0.29) and the fit result for
Equation 7.13 gave: A;,; = (2.39 + 0.28) x 10 cm® molecule™ s?, n;,, = (0.19 + 0.72),
Ay=(6.07 %= 474) x 10® cm® molecule® s' n, = -(10.13 = 1.81),
As = (8.98 £ 7.22) x 10 cm® molecule™ s?, ny, = -(3.34 £ 0.71).
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Appendix 12. Experimental Data for the Reaction between CH;CHOO and SO;

Pressure / [SO,]/ 10"

Torr molecule cm™
242 25 0 790 £ 18 1454 + 86
5.8 1228 + 24 2274 £ 130
6.7 - 2165 + 180
7.5 1103 + 31 2209 + 178
18 2048 + 221 -
22 2176 £ 126 3924 + 575
50 0 958 + 13 2077 £ 89
6.7 1234 + 20 2910 + 161
7.5 - 2587 + 385
8.3 1393 + 26 3225 + 240
11 1496 + 47 3313 £ 413
18 2282 £ 63 -
22 2542 + 66 -
100 0 - 2031 £ 97
6.7 1178 + 23 2675+ 172
8.3 1198 + 27 2758 + 221
13 - 3279 + 583
18 2037 £ 77 -
22 2439 + 23 -
300 0 - 1062 + 42
5.9 957 + 48 1651 + 164
6.7 1228 + 30 1630 + 82
8.3 1322 + 48 2296 210
9.4 1258 + 66 2414 + 286
11 1449 + 69 -
18 2159 + 107 3566 + 584
26 2599 + 97 3545 + 465
450 0 - 1419 + 128
7.1 1246 + 29 2259 + 196
8.8 1587 + 49 2427 + 282
9.9 1515 + 46 2254 + 282
12 1638 + 60 2981 + 435
19 2307 £ 94 -
23 2697 + 104 -
600 0 970 + 34 -
7.1 1480 + 50 -
9 1475 + 56 -
14 1824 + 54 -
31 3425 + 211 -
254 25 0 489 + 18 886 + 51
8.5 808 + 39 1895 + 185



273

50

100

200

300

450

600

25

11
14
31

8.5
12
14
27
31

8.7
12
14
23
28
32

8.7
12
14
23
28
32

23
27

9.6
13
16
26
31
36

10
17
28
33

6.6
7.3
8.6
17
22

310

1028 + 52
1225 + 62
2173 + 127
407 £ 18
848 + 71
1180 + 79
2108 + 173
2300 + 165
327 +15
814 + 29
1004 + 41
1176 + 48
1962 + 98
2117 + 106
2430 + 115
593 + 24
755 + 41
932 + 83
1090 + 82
2378 + 208
2470 + 195
2546 + 152
755 + 28
2187 + 167
2705 + 160
1162 + 47
1343 + 59
1410 + 99
1628 + 103
2624 + 198
3026 + 210
3415+ 180
641 + 28
918 + 64
1669 * 141
2250 + 234
3116 + 272
653 7
893 +9
834 + 11
861 + 14
1250 + 31
1616 * 40

2382 + 278
3797 + 822
343+ 10
585 + 44
1414 + 159
2954 + 492
1098 + 62
1697 + 141
2211 + 249
2430 + 266
3331 £ 549
3755+ 618
4240 * 668
406 + 31
1301 + 159
1246 + 159
3646 + 727

1691 + 43
2488 + 72
2627 + 92
2813 + 131



298

50

100

200

300

450

600

10

6.1
6.7
7.6
7.9
10
11
15
24

6.6
7.3
8.3
8.6
12
17
26

7.5
8.5
8.8
13
17
23

6.7
7.4
13
17
23
27

7.4
8.3
9.7
14
19
25

8.9
15
21
32

311

417 + 14
557 + 15
636 + 18
640 + 19
647 + 18
1380 + 49
851+ 24
1047 + 31
1431 £ 47
537 +15
641 + 16
567 +19
654 + 22
866 + 23
1085 + 41
1549 + 43
587 + 24
641 + 26
906 + 33
1158 + 40
1423 + 74
453 £ 19
795+ 14
793 + 20
1136 + 38
1345 + 37
1729 + 62
1992 + 57

811+ 30
870 £ 50
1157 + 60
1444 + 100
1879 + 119
622 + 27
1048 + 32
1424 + 82
1736 £ 79
2618 + 228
384 +£7

1536 + 89
2206 + 130
2421 + 139
2884 + 192

3174 +£ 201

1208 + 57
2169 + 109
2382 + 118
2528 + 164

1397 + 66
2714 + 330
2707 + 330
2742 + 215
3392 + 480

1258 + 70
1849 + 115
2206 + 182
2529 + 424
3715 + 838

1071 = 37



25

50

100

200

300

8.9
10
15
20
25
30

8.9
10
15
20
24
30
40

7.9
8.8
11
16
20
25
30
50

10
15
20
25
30
8.2
8.9
10
15
20
25
30

10
12
15
20

312

570+ 10
625 + 12
794 + 16
946 + 20
1103 + 24
1249 + 31
532+ 10
665 + 20
723+21
856 + 29
1012 + 32
1166 + 43
1286 + 44
1581 + 49
3747
576 + 21
642 £ 14
765+ 15
868 + 35
1049 + 47
1231 + 56
1475 + 68
2175 + 96
470 £ 11
618 + 17
678 + 19
924 + 27
1139 + 33
1442 + 46
1568 + 44
725 + 17
786 + 17
847 + 17
1085 + 24
1336 + 29
1558 + 38
1692 + 37
601 + 15
876 =25
928 + 24
1009 * 29
1159 + 33
1426 + 33

1477 + 58
1532 + 63
2267 + 110
2851 + 157
3304 + 202
4042 + 318
1465 + 56
1086 + 54
1358 + 75
1729 + 128
2391 + 178
3261 + 353

851+ 35
1546 + 120
2004 + 164
2280 + 218
2930 + 301
3301 £ 431

941 + 47

1864 + 124
3306 + 397
1863 + 121
1353 + 84
1314+ 79
1550 + 95
2074 + 158
2329 + 294
3240 + 345
1363 + 281
2138 + 396
2329 + 390
2978 *+ 565
2812 + 565
4095 + 712



318

450

600

10

25

50

100

25
30

8.1
8.9
10
15
20
25
30
8.9
9.9
12
15
20
25
30

9.5
11
13
15
17
24
33
41

7.9
9.2
10
15
21
31

7.1

9.3
10
15
21
26
31

313

1734 + 56
1855 + 48
652 + 15
844 + 24
875+ 24
1112 + 34
1438 + 41
1806 + 60
1899 + 52
858 + 39
854 + 34
981 + 44
1181 + 50
1377 + 55
1658 + 85
1785+ 73
710+ 10
898 + 12
991 +21
1015 + 20
1030 + 25
1138 + 24
1299 + 31
1597 + 37
1665 + 32
647 + 22
745 + 26
720 + 22
914 + 26
810 + 26
1047 + 34
1229 + 34
1510 + 42
668 * 26
617 + 23
808 + 30
849 + 31
960 * 35
1168 + 43
1224 + 45
1490 + 54

3745 + 1013

1464 + 163
1377 + 158
1770 + 210
2209 + 287
2931 + 442

1540 + 395
1707 + 372
2077 £ 419
2531 + 504
2419 + 471
2956 + 685
3909 + 832
1121 £ 40
1641 + 61
2614 + 152
2209 + 138
3276 £330
5263 + 439
590 + 31
1409 + 74
1771 + 90
1837 + 101
2362 + 146
3566 * 236
322 +22
918 £ 55
990 + 69
2111 + 155
1941 + 132
2429 + 208

3942 + 347
1497 + 60



353

200

300

450

600

10

6.8
7.9
9.2
11
15
20
25

6.8
7.9
8.6
9.4
14
18
23
27

7.5
9.2
10
15
21
25

7.4
8.7
9.4
10
15
20
25
30

6.7
7.3
8.1

15
20
30

4.7
5.3

314

1015 + 34
1048 + 45
1043 + 50
1127 + 54
1269 + 57
1430 + 62
1701 + 82
775+ 15
1043 + 32
1081 + 39
1156 + 35
1420 + 53
1753 + 69
1794 £ 42
692 + 18
1065 + 34
1102 + 35
1118 + 31
1323 + 40
1521 + 49
1732 + 74
1096 + 19
1289 + 32
1271 + 38
1354 + 40
1513 + 39
1667 + 54
1953 + 71
2042 + 47
913+ 25
972 + 26
1064 * 45
1221 + 68
1500 + 84
1643 £ 77
2006 + 83

1926 + 126

2059 + 168
2985 + 261
4048 + 465
669 + 32
1316 + 50
1608 + 100
1648 + 95
2511 + 146

458 + 29
1304 + 87
1764 + 139
2425 + 184
3409 + 318

1635 + 81
2268 + 114
2662 + 166
3097 + 214
2890 + 165

4472 + 370
1286 + 81
1715 + 146
1691 + 106
1887 + 154
2972 + 286

238 + 26
751 +39
818 + 42
820 + 47



25

50

100

200

300

450

5.9

5.5
6.3

7.9
8.9
11
19
22

5.8
6.6
7.4
8.3
9.4
11
20
24

6.1
7.1
8.2

10
14
19
23

6.4
8.4
9.1
10
14
19
27

5.6
7.1

11
19
6.4

315

1190 + 43
1263 + 42
1368 + 46
1305 + 45
1377 £ 47
1335 + 46
1445 + 52
1618 + 57
1715 + 59
1545+ 70
1522 + 67
1642 + 78
1696 + 81
1627 + 83
1870 + 95
1803 + 97
2012 + 100
2115 + 100
1560 + 52
1711 £ 74
1840 + 82
1734 + 77
1738 + 79
1763 + 81
1804 + 79
2094 + 98
2375+ 112
1464 + 43
1619 + 83
1763 + 89

1865 + 103
1898 + 82
2351 + 155
1854 + 103
1918 + 114
2022 + 131
2072 = 119
2441 + 122

1079 + 61
0

595 + 27
781 + 35
751 + 35
974 + 46
796 + 37
941 + 46

2099 + 125

472 £ 26

922 £ 45
1418 £ 92
1456 + 102
1910 + 155

641 + 43
1144 £ 73
2001 + 132
1541 + 96
1804 + 120
2424 + 165

2633 £ 173
889 + 33
1146 + 80

1377 + 103

1782 + 142

1723 + 134

2403 + 190

2965 + 189
518 + 42

1047 + 106

1303 + 100
1401 + 86

2661 + 197

1695 + 108



7.2
8.1
9.1
10
14
19
600 6.7
7.6
8.5
9.6
11
16
23

Table A.4. Experimental data obtained for experiments to investigate the Kinetics of

316

2101 + 89
2191 + 99
2237 + 110
2360 + 108
2486 + 131
2029 + 149
1957 + 80
2032 £ 84
2088 + 86
2261 + 97
2423 +£119

CH3CHOO and SO between 10 and 600 Torr and 242 and 353 K.

1825 + 100
1955 + 110
2027 + 140
2785 + 206
1058 + 106
1312 + 90
1163 + 52
1393 + 78

2521 + 211



