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Abstract

Atmospheric chambers are integral in the understanding of key issues
surrounding the atmosphere. Atmospheric chemical processes can be studied both
kinetically and mechanistically under predetermined and controlled conditions to
better understand VOC oxidation processes occurring in the atmosphere. Wide arrays
of atmospheric chambers enable the underpinning of key issues surrounding the
behaviour of atmospheric trace gases and aerosols. Moreover, their input has also
spread increasingly into mechanism development and development of new methods
for detecting and investigating trace gases by intercomparison of different measuring
instruments. The Highly Instrumented Reactor for Atmospheric Chemistry (HIRAC)
chamber at the University of Leeds is a 2.25 m?® stainless steel reactor that allows the
study of a wide range of kinetics and mechanistic investigations over the full range of
tropospheric temperatures and pressures.

A temperature control system has been setup and tested in HIRAC. Absolute
rate measurements ozonolysis reactions with propene were performed over a
temperature range of ~220 — 320 K to characterise this system. Relative rate
measurements have also been used to measure the kinetics of a number of reactions,
using Gas Chromatography (GC-FID) and Fourier Transform Infra-red (FTIR)
spectrometry detection. An investigation of chlorine atom reactions with butanes and
pentanes over a similar temperature range relevant to the entire troposphere were
performed and branching ratios calculated over varying temperatures using GC and
FTIR detection. High precision measurements were also obtained for several chlorine
atom reactions and the rate coefficients of a series of higher ketones, esters and
alkanes were generated in HIRAC using this method. GC-FID and FTIR were also
useful in a preliminary investigation on the reaction of chlorine atoms with ethanol,

and initial results on HCI and DCI ratios were obtained from this study.

Relative rate experiments were also useful in the assessment of different OH
radical generation techniques under low NOy conditions. A characterisation of tert-
butyl hydroperoxide photolysis in HIRAC was performed under low NOy conditions
utilising the HIRAC FAGE for absolute OH measurements.

iii



Kinetics and mechanistic studies in the HIRAC chamber

Table of Contents

ACKNOWIEAGEMENTS ...ttt enes i
ADSIFACT ... i
Table Of CONENES ... s \Y%
FIgUIES ettt r et re e re et e nres IX
LISt OF TADIES. ... xiii
LISE OF FIQUIES .. Xiii
Chapter 1 — Introduction to atmospheric chemistry and chamber studies ......... 1
1.1 INEFOAUCTION .ottt 1
1.2 TropoSPheric ChEMISIIY ........cciiieiic e 3
121 CompoSition and STIUCLUIE .........ccveieieieie e 3
122 VOC OXIAALION ...t 5
1.2.3  OH ChEMISIIY .o 9
124 NOZCREMISIIY ..ottt 12
1.25  Clatom ChEMISIIY ....ccooiviiiiiiieeeee s 13
1.3 Atmospheric chemistry in the laboratory ...........ccccocevveieiiciicic e, 18
1.3.1  Conventional gas phase kinetic teChniques............cccccoevveiecieveeieenean, 18
1.3.2  AtMOSPhEric ChambErS..........cceiiiiiee e 22
1.4 Atmospheric models and the Master Chemical Mechanism (MCM) ............ 31
1.5 TheSIS OULIING ....ocuiiiiice e 33

Chapter 2 — Highly Instrumented Reactor for Atmospheric Chemistry (HIRAC):

INSEFUMENTATION ... s 35
2.1 INEOAUCTION ..o 35
2.2 HIRAC e 36
221 INEOAUCTION ...ttt 36
2.2.2  Gas delivery and mMiXing .......ccocceeiveiiiioiie i 40
2.3 ChromatographiC teChNIQUES...........coeiiiiiiiiee s 41
2.3. 1 INrOAUCTION ..viiiiiciieeee e 41
2.3.2  Gas management in GC SYSEMS........ccuieiiiereneni e 42
2.3.3  ChromatographiC theOrY .........ccoiviiiiiiei e 43



Kinetics and mechanistic studies in the HIRAC chamber

2.34  GC INIEt SYSEMS ...c.veeiieie e ans 45
2.3.5  Gas SampPling SYSLEIM .......ccviiieieiie e 47
2.3.6  GC columns and stationary phases ..........ccccceevevieeiieresieesieese e 49
2.3.7  DEBIECIOIS ...t 50
2.3.8  Peak OPtiMISALION........cciiiiieieie it 54
2.3.9  CrYOTOCUSING.....eiiiitieiiieie sttt enes 57
2.3.10 Chromatographic techniques in other chambers............cccocevviininennenne. 61
2.4 SPeCtroSCOPIC tECANIQUES ........oiviiiiiiiiiieiieieie et 62
2.4.1  Fourier transform infra-red spectroscopy (FTIR) ......ccccccvvvevviievvernene 62
2.4.2  Cavity ring down spectroscopy (CRDS) ......ccccvevveveiiieneee e 65
2.4.3  Fluorescence assay by gas expansion (FAGE).......c.cccocvvveieiieiveinene, 68
2.4.4  Spectroscopic techniques in other chambers ..........c.cccooeviviieieeieecnee, 70
2.5  Commercial ANAIYSEIS......ccooiiiiiiieieee e 72
2.6 SUIMMAEIY ..oiieiiiiieiee ettt sb e n e nn e 74
Chapter 3—  Instrument development and characterisation............c.c.c.c....... 75
3.1 INErOTUCTION ... 75
3.2 Mini photolysis Chamber...........ccooi i 76
KI5t R I 1= T | SO PS 76
3.2.2  INSEIUMENTALION ....vitiiiieiesie e 78
3.2.3  PhotolySiS [ampPS .....c.ccovieiiiiccece e 80
324 IMIXING TANS ..ot 81
3.2.5  OZ0NE ANAIYSET ...ttt 82
3.3 Mini photolysis chamber charaCterisation .............cccoccevoveveiinieeresie e 83
3.3 1 AIKENE OZONOIYSIS ..o 83
3.3.2  Experimental method...........ccccoe i 84
333 RESUIES. .. 85
3.4 ACEONE PNOLOIYSIS.....ciiiiiieciee ettt 87
341 INErOAUCTION....c.eiiiiiii e 87
3.4.2  Experimental Method........cccooiiiiiiiiiiiieeee e 88
3.4.3 Preliminary reSUILS .......cocviiiieieieee e 91
3.5:  Temperature control system in HIRAC ... 93



Kinetics and mechanistic studies in the HIRAC chamber

35.1 INSEFUMIBNTALION «...eeeeeeeeeee ettt e e e e e e e e e e 93
3.5.2  CharaCleriSAtION .....eeeeeeeee et e e e e e e e e e e ae s 95
3.5 CONCIUSIONS ..ottt e e e e e e e e e e e e e e aaan 99

Chapter 4 — Relative rate studies and Structure Activity Relationships (SARs) of

chlorine atoms with oxygenated hydrocarbons..........c.cccceevvvevieceiieseece e 101
4.1 INEOTUCTION .ot 101
4.2 Chlorine in the atmOSPNEre ........ccccviiiiii s 102
4.3  Relative rate Method.........cccooiiiiiiiiiie e 104
4.4  Cl atom relative rate experiments in HIRAC ..........cccoce v ieevecce e 107
AA41  APPATALUS ..ot 108
4.4.2 Cl + hydroCarbONS..........coveiiiieci e 109
443 SEADTHLY TESTS . s 111
4.4.4 [CI] €StIMALION ... 112
445 Error CalCUIAtIONS ..........ooviiiiiii e 113
446 DISCUSSION ...ceiiiiiiiieiteite sttt sttt 114
4.5  Cl atom reactions with oxygenated VOCS ..........cccouviriirieieneiene s 114
4.8 Cl A KELONES. ...ttt 115
4.6.1  Ketones in the atmOoSPhere .........cccvevveiieiicie e 115
4.6.2  Experimental method...........c.cccooviiiiiiiiece e 117
4.6.3  RESUIS.....eiiiiiic e 117
4.6.4  DISCUSSION ...oeiiiiiiniiiteite sttt sttt bbb 121
AT Cl A BSIEIS .ot 125
4.7.1  Esters and the atmoSPhere ... 125
4.7.2  Experimental Method...........ccooiiiiiiiiiiee s 126
A.7.3  RESUIS ... 127
4.8  Structure activity relationships........cccceeiiieiiciiciccee e 130
4.9  AtMOSPheric IMPICALIONS .......c.ccciiiiieiie e 133

Chapter 5 —Kinetics and mechanistic study of chlorine atom initiated hydrogen

ADSTraCtioN FEACTIONS ........iciiiiii e 135
o700 A 1011 0T L1 Tt 1 o] o I PSSR 135
5.2  Hydrogen abstraction of Cl atom reactions with butanes and pentanes....... 137

vi



Kinetics and mechanistic studies in the HIRAC chamber

521 INrOAUCTION....cuiiiiiiiiiitieieiee et 137
5.2.2  EXPEriMeENtal..........cccooiiiiiiiiiieie et 140
5.2.3  Kinetics of Cl atoms with a series of butanes andpentanes.................. 142
5.2.4  Temperature dependence of Cl atom reactions with butanes and pentanes
.................................................................................... 146

5.3  Product study and branching ratios of CI reactions with n-butane and iso-
UM ... 152
5.3.1  INrOTUCTION. ...c.eiiiiiiie e e 152
5.3.2  ProduCt @NalYSIS ........cccueiuiiiiiieie e 153
5.3.3  Branching ratios for iso-butane with CI between 235 -320K ............ 158
5.3.4  Branching ratio results for n-butane with Cl over 235 -320K ........... 163
5.4 CONCIUSION w.ouviiiiiiiiieiieie ettt 166

Chapter 6 - Hydrogen abstraction reaction of ClI atoms with

BENANON.....ei e nre s 163
6.1 INEFOAUCTION. ...t bbb 163
6.2  EXPErimental..........cccooveiiiii i 167
6.3  Preliminary RESUILS..........coviiiiie e 175

6.3.1 Relative rate method for the study of the reaction of Cl atoms with
ethanol and CD3CH2O0H..........ccooiiececeee e 175

6.3.2 Isotopic branching ratios for Cl atom reactions with ethanol.......... 180
6.4 Discussion and CONCIUSIONS..........cceiierieieieeie e 183

Chapter 7 — Investigations of OH generation methods under low NOx

CONAITIONS. ...ttt bbbt bbbttt nb s 185
7.1 INEOAUCTION. .....iiiiieeceee et 185
7.2 OH sources in chamber StUTIES............ccooeiiiiiic e 187
7.3 Ozonolysis of simple alKENES...........c.coeiieiiciiicsece e 189
7.3. 1 INEFOTUCTION. ....cueiiiiietecic et 189
7.3.2  Experimental Method............ccooviiiiiiiiiiceeee e 191
7.3.3  RESUILS....coiieeie ettt 193
7.3.4  DISCUSSION. ....cuviiitiitiiteiti ettt bbb 196
7.4 Low pressure acetone photolyYSIS........ccceivveiieiie i 196
TAL  INrOAUCTION. ..o 196



Kinetics and mechanistic studies in the HIRAC chamber

7.4.2  Experimental Method...........cccooviiiiieii e 197
7.4.3 OH estimation from low pressure acetone photolysis..................... 199
744 DISCUSSION......ciuiriiiitiiteieie sttt 202
7.5 Peroxide PROTOIYSIS. .......oveiiiiiiiieisee e 203
7.5. 1 INrOQUCTION. ....c.uiiiiiiiiiieieiee e 203
7.5.2  Experimental Method...........ccoooiiiiiiiniiie e 205
7.5.3  Hydrogen PeroXide..........ccooiriiieieieieniesie e 208
7.5.4  Tert-butyl hydroperoXide.........cccoovevueiiieiieie e 208
7.5.5  DISCUSSION......etiiiiiiiiiteieii sttt 213
7.6 CONCIUSIONS. ..ottt 214
Chapter 8 —  Conclusions and proposed future research.............ccccccoevvnennee. 227
RETEIENCES ...t bbb 231

Appendix A — Gas phase reactions of NOs radical in a flow tube using CRDS.... 259

Appendix B — Simplified FACSIMILE model for acetone photolysis in HIRAC.276

viii



Kinetics and mechanistic studies in the HIRAC chamber
List of Figures

Figure 1.1: The temperature profile of the Earth’s atmosphere at varying altitude (km)
and pressure (mbar) (Wayne, 2000)........coooeiierieiirninie e 3

Figure 1.2: Flow diagram showing the VOC oxidation processes and end products at
different stages of the degradation in the troposphere (Blake et al., 2002). ............... 5

Figure 1.3: Diagram representing the HOx cycle, showing the creation, termination
and regeneration of HO radicals (Seakins and Blitz, 2011)........cccccoocvniviivnvnieninnnnenn 9

Figure 1.4: Mechanism of OH recycling. Os photolysis produces the hydroxy! radical
(OH) and subsequent oxidation by VOCs, such as isoprene, generates peroxy radicals,
for example, HO>. Possible fates of HO. include OH production and catalytic Oz
generation via NO to NO2 conversion in polluted regions (pathway I). Pathway II
shows OH regeneration in clean-air environments via reaction of hydroperoxyl
radicals with organic peroxy radical species. Pathway Il shows deposition of
peroxides and a net loss of OH (Lelieveld et al., 2008).........cccccevveiviiieieenecieenen, 11

Figure 1.5: Two mechanisms leading to formation of CINO: in the troposphere. The
mechanism on the right shows gas phase reactants entering an aerosol or water
particle; mechanism on the left shows the new proposed mechanism involving surface
chemistry (Ravishankara, 2009)...........ccoouiiiiiiiiiieee e 17

Figure 1.6: Schematic of flow tube systems with moveable inlet (Howard, 1979)..19
Figure 1.7: The EUPHORE (European Photoreactor) facility at CEAM, Valencia,

SPAIN. .. 23
Figure 1.8: Highly Instrumented Reactor for Atmospheric Chamber (HIRAC) at the
UNIVEISITY OF LEEAS. ...oveiieiie ettt 24
Figure 1.9: The SAPHIR simulation chamber in Julich Research Centre, Germany.
................................................................................................................................... 28
Figure 1.10: The UCPH chamber in Copenhagen, Denmark............ccccoovviiieicnnnnn. 29

Figure 2.1: EUPHORE chamber in Valencia and SAPHIR chamber in Jalich. ....... 36

Figure 2.2: The HIRAC chamber at the University of Leeds showing the stainless steel
channels through which the thermofluid is circulated and black neoprene for
insulation of the chamber. The inlet manifold is also shown, which is a series of taps
used to isolate particular sections of the steel tubes. ..........cccevvveveiiciicc i, 37

Figure 2.3: SolidWorks 2004 views of HIRAC chamber showing interior and external
flanges and ports in its frame; (a) and (d) show the FAGE instrument coupled to
HIRAC (Glowacki et al., 2007a). ......ccoeiieiieeiie e 38

Figure 2.4: Output spectrum of all four lamps within HIRAC measured using a
spectral radiometer with a resolution of 0.25 nm. The spectrum on the right is for a
new set of lamps used in Chapter 7 for photolysis of peroxides............c.ccocevvrruennnn. 39



Kinetics and mechanistic studies in the HIRAC chamber

Figure 2.5: At a plane located at the centre of HIRAC, the above plots indicate that
the region of + 15% radiation homogeneity represents ca. 86% of the cross sectional
area of HIRAC. (a) and (b) Are comparison of the analytical form derived to describe
NO: photolysis with the ray trace simulations for two radial transects on (a) line a and
(b) line b in Figure 2.3(c) and (d) Comparison of the analytical form derived to
describe NO photolysis as a function of position along HIRAC’s cylindrical
symmetry axis (Glowacki et al., 2007@)..........ccccereririiierieie e 40

Figure 2.6: HIRAC GC-FID (Agilent HP 6890N series Gas Chromatograph). ....... 42
Figure 2.7: Gas management system for helium carrier gas (Agilent, 2000). .......... 43

Figure 2.8: Van Deemter curves for gas chromatography of n-C17Hss at 448 K using
N2, He, or Hz in a 0.25 mm diameter x 25m long wall-coated column with OV-101

stationary phase (Freeman, 1979). ...t 44
Figure 2.9: Split/splitless split mode inlet system (Taken from:
http://www.chromatography-online.org). ........cccoceverineiininiieeee e 46
Figure 2.10: GC sampling system present in HIRAC. .........cccooviiiiinciiicee 47

Figure 2.11: “Load” and “Inject” positions of the Valco 6-way solenoid valve. At
Load position — the sample gas is expanded into the loop. The column is flushed with
carrier gas; At Inject position — the filled loop is inserted into the carrier gas stream
and the sample is flushed onto the column via the inlet. The run is controlled using an
in-house LabView software which automates solenoid sampling in the HIRAC GC-
FID. (AgIlent, 2000) ........ccuiiiieieieriesiesiese et sb e 48

Figure 2.12: Types of stationary phases in GC capillary columns: stationary liquid
phase (WCOT), solid supported liquid phase (SCOT), and solid phase particles
(PLOT) (Taken from: http://www.chem.uidaho.edu) ...........ccoceoveviriniiniiiciciens 49

Figure 2.13: Common polysiloxane stationary phases and respective R groups used in
modern gas chromatography columns (Hemavibool, 2009). ..........cccccceevveviveveieenne. 50

Figure 2.14: FID system in the HIRAC GC-FID instrument (Taken from:
Nttp://WWW.CEM.MSU.EAU/). ...t 52

Figure 2.15: Schematic of a Pulsed discharge detector (Taken from:
http://www.vici.com/support/manuals/d4_var.pdf). .......cccceveiiiiiiieieceee e 53

Figure 2.16: Effects of varying purge flow on a GC-FID chromatogram for two
injections of propane (first two peaks) and cyclohexane (last two peaks): (a) purge
flow at 25 mL minutes™ (b) purge flow set to 5 mL minutes™. ..........ccccceveeverennee. 55

Figure 2.17: Varying the injection time ((a) 1 minutes (b) 0.8 minutes (c) 0.6 minutes)
for GC-FID measurements of methane and propane. .........ccccccevvviiiiciicie e, 56

Figure 2.18: Cold trap installation in sampling loop; Adapted from (Borgerding and
WIIKEISON, 1996). .. .ciieiiiiieciieiie ettt et e e e ae e nreesnesneenneenne s 58

Figure 2.19: Liquid CO. system installed on the wall of the HIRAC GC-FID
instrument (Taken from: http://WWW.SGE.COM/)....c.oeiviiiiiiiiiiiiiieeee e 59

X



Kinetics and mechanistic studies in the HIRAC chamber

Figure 2.20: Modified multipass Chernin cell optics in HIRAC (Glowacki et al.,

2007D). 1ottt ettt et e e re s 63
Figure 2.21: Schematic of the HIRAC CRDS system (Malkin 2010). ..................... 66
Figure 2.22: NOs detection synthesised from NO2+Osin-situ using HIRAC CRDS
(MaIKIN 2010). .oeeeiiiieciee ettt sr e e nne s 66

Figure 2.23: Schematic illustrating the principles of CRDS. (L = length of flow tube;
lo = initial light intensity going into cavity; | = light intensity leaking out of cavity; |
= pathlength of [iIght)........coo i 67

Figure 2.24: FAGE cells coupled to HIRAC chamber. .........ccccccevveviiieviicesieen, 69

Figure 2.25: A schematic of the laser used to detect OH using LIF. (a) The v'=1 level
is pumped A = 282 nm. V: vibrational energy transfer, induced by collisions with
ambient N2 and Oz. Fluorescence detected at A = 308 nm. (b) The v'= 0 level is
pumped with A = 308 nm and fluorescence detected at 308 nm. Q and R denote

collisional quenching and rotational energy transfer (Crosley, 1995). ........cccccco.... 70
Figure 2.26: Schematic diagram of the evacuable chamber at APRC, University of
California, Riverside (Finlayson-Pitts and Pitts, 2000) ..........cccceeveiieeieeieiiee e 71
Figure 2.27: A schematic of the SAPHIR chamber and the positioning of OLIF and
@ DOAS INSEIUMENTALION ...ttt 72
Figure 3.1: A side view of the recently refurbished mini photolysis chamber. ........ 76
Figure 3.2: Cross-section of the mini photolysis chamber (Orr, 2012). ................... 77

Figure 3.3: Example of GC-FID calibration plot for proprene in the mini photolysis
chamber at 290 + 3 K and 1000 mbar (error bars represent 16). .....c.ccvvverivviieennnns 80

Figure 3.4: Plots of peak area vs. time for a dark propene decay monitored using a
GC-FID before mixing fan installed (left) and after mixing fan installed (right) (Orr,

2002). ettt bbb e Rt R s et et e be e beereereene et e e 82
Figure 3.5: General mechanism for the reactions of Oz with alkenes (Marston, 1999).
................................................................................................................................... 83
Figure 3.6: A relative rate plot of the reaction of propene with ozone using ethene as
a reference compound at 292 £ 3 K and 1 Dar. ........cccocvreiiiiiieieic e 86
Figure 3.7: Output of 254 nm Philips 75W/HO TUV T8 UV C lamps. .........ccee.e. 88

Figure 3.8: IUPAC reference absorption cross section of acetone. Vertical lines
around 340 nm show o outside the scale of this graph. Region of interest to the
troposphere and this work is the region at < 320 M. ....ccocvvieiieieniie e 89

Figure 3.9: Typical chromatogram of acetone photodissociation experiments carried
out in the mini photolysis chamber in OFN nitrogen at 270 mbar and 290 + 3 K.... 90

Figure 3.10: Measured acetone decay and ethane production in the photodissociation
of acetone at 320 mbar at 290 + 3 K in the mini photolysis chamber using GC-FID.
(Erors qUOTEA £0 10). ..voueeueeieieieiie sttt sttt bbbt 92

xi



Kinetics and mechanistic studies in the HIRAC chamber

Figure 3.11: The thermofluid inlet manifold in HIRAC and the various taps used to
control the flow of liquid through the temperature control system...............cccceeue.. 93

Figure 3.12: Temperature gradients measured at 321 £ 3K (a+b)and 227 £ 3K (c +
d) at 1000 mbar across the length of HIRAC. ... 94

Figure 3.13: (a) Measured [Oz3] trace from the reaction with propene in excess (2.2 x
10'* molecule cm™) at 294 + 3 K and 1000 mbar in HIRAC (b) Pseudo first order
decay Of O3 fOr SAME FEACLION. ......cueiuieiieieeie et 96

Figure 3.14: Bimolecular rate plots for the reaction of O3 with propene (~1 x 104 —
10 molecule cm™) at 326, 304, 294, 269, 255 and 234 K and 1000 mbar in HIRAC.

Figure 3.15: Arrhenius plot for propene at 1000 mbar and over a temperature range of
233 = 323 Koottt b reereenes 98

Figure 4.1: A schematic of night-time NOy activation of chlorine in tropospheric urban
environment (Thornton et al., 2010). ......cceiiiiiiieieiee e 103

Figure 4.2: Relative rate data for reaction of Cl atoms with propane and ethane
(reference) at 298 K and 1000 mbar in nitrogen, measured using GC-FID............ 110

Figure 4.3: Linear regression plot for relative rate of n-butane reaction with CI with
propane as a reference COMPOUNG. .........ccveieiieieeie e 111

Figure 4.4: Stability tests carried out over a time period of 20 — 30 minutes for
methane, propane and n-butane in the presence of molecular chlorine in HIRAC at
292 £ 2 KanNd L DA .o 112

Figure 4.5: Example of decay plot of propane used to estimate [CI] in HIRAC. ...113

Figure 4.6: Relative rate plots for the reaction of Cl atoms with a series of ketones
relative to propane and n-butane at 292 £ 3 K and 1000 mbar in U.H.P. nitrogen
MEASUred USING GC-FID...........coiiiee et 119

Figure 4.7: Relative rate data for reaction of Cl atoms with methylacetate at 298 K
and 1000 mbar in U.H.P. nitrogen measured using GC-FID. ...........c.ccccevvevvrrnnnne. 128

Figure 4.8: Relative rate plots for reaction of Cl atoms with methyl, ethyl and propyl
propionates at 298 K and 1000 mbar in U.H.P. nitrogen measured using GC-FID.

Figure 4.9: Relative rate plots for reaction of Cl atoms with n-butyl and iso-butyl of
propionates at 298 K and 1000 mbar in U.H.P. nitrogen measured using GC-FID.

Figure 5.1: A comparison of relative rate plots obtained for reaction of Cl atoms with
n-butane in HIRAC at 1000 mbar and 292 + 3 K. Error bars represent 1o. ........... 144

Figure 5.2: Relative rate results using GC-FID measurements obtained for reaction of
Cl atoms with butanes and pentanes in HIRAC at 1000 mbar and 292 + 3 K. Error
DAIS FEPIESENT L0 weiutiiiieitieiieeie sttt b et sb e e e sbe b 145

xii



Kinetics and mechanistic studies in the HIRAC chamber

Figure 5.3: Arrhenius plots for n-butane and iso-butane at 1000 mbar and over a
temperature range of 220 - 320 K. Error bars represent 16. ........cccocvvevvrieneiennen, 148

Figure 5.4: Arrhenius plots for n-pentane and iso-pentane at 1000 mbar and over a
temperature range of 220 - 320 K. Error bars represent 16. .....cccccevvevveieeieeiennn, 149

Figure 5.5: FTIR software used for chlorobutane branching ratio analysis. (a) Shows
fitting of spectral analysis between 2800 — 3100 cm™ and (b) Shows profiles for
reactants and products for reaction of iso-butane with Cl over at 320 K................ 155

Figure 5.6: Concentration profiles of reactants and products for the reaction of n-
butane with CI atoms in HIRAC at 320 K using both FTIR and GC measurements.

Figure 5.7: Concentration profiles of reactants and products for the reaction of iso-
butane with CI atoms in HIRAC at 320 K using both FTIR and GC measurements.

Figure 5.8: Concentration profiles for 1-chloro-2-methylpropane and 2-chloro-2-
methylpropane from the reaction of iso-butane (1.3 x 10** molecule cm) with ClI
atoms IN HIRAC at 320 K. ....eoeiecie et 159

Figure 5.9: Concentration profiles for 1-chloro-2-methylpropane and 2-chloro-2-
methylpropane from the reaction of iso-butane (1.6 x 10* molecule cm=) with ClI
atoms iN HIRAC at 290 K. ....ooiiieeecesce s 159

Figure 5.10: Concentration profiles for 1-chloro-2-methylpropane and 2-chloro-2-
methylpropane from the reaction of iso-butane (2 x 10** molecule cm™3) with Cl atoms
INHIRAC At 235 K. oottt ens 160

Figure 5.11: Concentration profiles for 1-chlorobutane and 2-chlorobutane from the
reaction of n-butane (4 x 10*® molecule cm®) with Cl atoms in HIRAC at 320 K. 163

Figure 6.1: Potential energy surfaces for the reactions of OH with ethanol (Xu and

LN, 2007). coceoeeeeeceeeeeses e 171
Figure 6.2: FTIR spectra of HCI and DCI in HIRAC at 292 K and 1000 mbar in OFN
NItFOGEN DALN Q8S. ...viiiiiici e 175

Figure 6.3: Infrared spectra of the analysed portion of the spectra, containing HCI
(2600 — 3100 cm™) and DCI (1900 — 2100 cm™) for the reaction of Cl atoms with
CD3CH20H in HIRAC. Irradiation was turned on and off every 120 — 150 s. The
presence of CO2 (2300 cm™) and CO (2100 cmY) is also noted in these spectra... 176

Figure 6.4: A comparison of residual HCI recorded at the start of the experiment in
HIRAC using Oxygen-free and Ultra High Purity No. ..., 177

Figure 6.5: Fans on experiment for reaction of CH3sCD,OH (2 ppmv) with Cl atoms
(20 ppmv) at 292 + 3 K and 1000 mbar in HIRAC. ... 178

Figure 6.6: Fans off experiment for CH3CD.OH+Cl (2ppmv) with ClI atoms (20
ppmv) at 292 £ 3 K and 1000 mbar in HIRAC. ... 179

xiii



Kinetics and mechanistic studies in the HIRAC chamber

Figure 6.7: FTIR spectra of isotopologues of ethanol (2 ppm) in HIRAC at 292 K and
1000 mbar in OFN nitrogen bath gas. ........ccccceiieii i 181

Figure 6.8: Comparison of FTIR and GC relative rates obtained for the reaction of
ethanol with Cl atoms using ethane as a reference compound in HIRAC at 292 K and
1000 mbar and nitrogen bath gas. ... 182

Figure 6.9: GC relative rate obtained for the reaction of CD3CH>OH with Cl atoms
using ethanol as a reference compound in HIRAC at 292 K and 1000 mbar and
NITFOGEN DALN QAS. ..o.veieieciice e 183

Figure 6.10: FTIR HCI and DCI relative changes of the absorption measurements for
reaction of the different ethanol isotopologues with Cl atoms in HIRAC at 292 K and
1000 mbar in OFN nitrogen (fans off). .......ccccoviiiii i 186

Figure 6.11: Absorbance of DCI versus HCI from reactions of Cl atom with
CD3CD>0OH, CH3CD,0OH and CD3CH,0H in HIRAC at 292 K and 1000 mbar OFN
nitrogen bath gas (errors are reported as 16)......covvrieiiiiiiiiiiieee e 187

Figure 6.12: A[DCI] versus A[HCI] from reactions of Cl atom with CD3CD,0OH,
CH3CD20H and CD3CH>0OH in HIRAC at 292 K and 1000 mbar OFN nitrogen bath
2as (errors are rePOTted AS 1G). ..uuiiiiiiieiiiiii et 187

Figure 7.1: Simplified HOyx cycle with high NOx (polluted) pathway in dashed lines
while background conditions are in solid lines (Olson et al., 2006). .............c........ 191

Figure 7.2: Simplified HOyx cycle with high NOx (polluted) pathway in dashed lines
while background conditions are in solid lines (Elshorbany et al., 2012). ............. 192

Figure 7.3: Mechanism of OH radical generation via Criegee intermediate
rearrangement during the ozonolysis of trans-2-butene (Johnson and Marston, 2008).

Figure 7.4: [O3] decay with trans-2-butene, 3 ppmv, in the presence of a cyclohexane
scavenger, 500 ppmv, in HIRAC at 1000 mbar and 292 K. .........ccccocvvviivevinseene. 200

Figure 7.5: Comparison of MCM modelled trans-2-butene decay with experimental
decay from reaction of trans-2-butene, 3 ppmv, with Os, 2 ppmyv, in the presence of a
cyclohexane scavenger, ~500 ppmv each, in HIRAC at 1000 mbar and 292 K. ....200

Figure 7.6: Relative hydrocarbon (n-butane/iso-butane, 1ppmv each) pairs included
during trans-2-butene (2 ppmv) with Oz (3 ppmv) in HIRAC at 1000 mbar and 292
K e ettt e E et E et bR e R Rt R et et ne ettt et re s 201

Figure 7.7: Average Jacetone fOr acetone at 290 + 5 K over a pressure range of 150 —
200 mbar in the mini photolysis chamber. ... 207

Figure 7.8: Hydrocarbon decays of propane and n-butane pairs reaction with OH at
200 mbar in the mini chamber at 292 K. 208

Figure 7.9: Relative rate for acetone photolysis at 200 mbar in the mini chamber at
290 £ 5 Kottt e re e reareenes 209

Figure 7.10: Hydrocarbon decay of n-pentane measured using the HIRAC GC....214

X1v



Kinetics and mechanistic studies in the HIRAC chamber

Figure 7.11: UV absorption cross sections of H,O2, CH:OOH, HOCH,OOH (Sander
et al., 2010) and (CH3)3COOH measured at 296 K (Baasandorj et al., 2010). ....... 215

Figure 7.12: Tert-butyl hydroperoxide photolysis rate obtained in HIRAC at 1000
mbar and 292 K in the presence of a cyclohexane scavenger. .........c.ccoeevvvveinennenn. 217

Figure 7.13: Hydrocarbon decays for cyclohexane and iso-butene in HIRAC using
GC and FTIR detection at 292 + 3 K and 1000 mbar. iso-butene was below the
detection limit on the FTIR and could not be shown. ..........c.ccooivviiiiiiiieieee, 218

Figure 7.14: Relative rate for the reaction of OH with iso-butene and cyclohexane in
HIRAC at 292 + 3 K and 1000 MDA ......ccccereiiiiiieisesieiee e 219

Figure 7.15: Initial n-pentane HC decay experiment using FAGE and GC in HIRAC
at 292 K and 1000 mbar (measurements corrected for dilution, errors to 15)........ 221

Figure 7.16: [OH] from HC decay (GC) compared with measured [OH] from FAGE
for cyclohexane experiment in HIRAC at 292 + 3 K and 1000 mbar (measurements
corrected for dilution, €rrorS t0 16)....cccvuvviiereeie e 221

XV



Kinetics and mechanistic studies in the HIRAC chamber

List of Tables

Table 1.1: Typical sources sinks and concentrations of select classes of tropospheric
VOC species that are investigated in this thesiS. ... 8

Table 1.2: A comparison of the rate coefficients for the reactions of alkanes with OH
radicals and CI atoms at 298 K (IUPAC recommendations) (Table adapted from:
(Tanaka et al., 2000).........coiiiiiieesie e et eas 15

Table 1.3: HIRAC instrumentation and known detection limits and time resolutions
of detectable stable and radiCal SPECIES. ..........coviiiiieiiiiii e 25

Table 1.4: Comparison of a number of different atmospheric simulation chambers that
form part of the European simulation chambers (EUROCHAMP). (*FEP: fluorine
ELhENE POIYMEN). .. re e 26

Table 1.5: Comparison of a number of different atmospheric simulation chambers
OULSTAE OF EUFOPE. ..evviiieeieee ettt te e sreenreeee s 27

Table 2.1: Chromatographic data (retention time, width, area and height) for a series
of n-alkanes with the cold trap turned on and off. The ratio reflects the change due to
the Cold trap DEING ON. ....oouiiiiicc e 60

Table 3.1: Comparison of the minutes photolysis chamber with the EXTRA chamber
(Leather et al., 2010).(*projected performance). ........cccceverieerenieeieerieseeseee e 78

Table 3.2: Relative and absolute rate coefficients obtained for the ozonolysis of
propene in the mini photolysis chamber at 290 + 3 K and 1000 mbar of OFN nitrogen.

Table 3.3: Acetone ((2.59 — 4.14) x 10 molecule cm) photolysis experiments
carried out over a range of pressures (150 — 1040 mbar) in the mini photolysis chamber
using the GC-FID at 290 £ 3 K. ..ot 91

Table 3.4: Experimentally determined bimolecular rate coefficient (knim) for the gas
phase reaction of Oz with propene at temperature range of 234 — 326 K and 1000 mbar
INHIRAC . <. ettt st s ettt e b et st ere et tns 98

Table 4.1: Measured rate coefficients for propane + Cl and n-butane + CI from relative
rate ratios obtained in HIRAC compared with current IUPAC recommendations
(ALKINSON et al., 2006Q). .......cveiieiiieieiie e e 109

Table 4.2: Relative increase in error in In([A]o/[A]t) as a function of reaction time
(Brauers and Finlayson-PittS, 1997)........ccccuiiiriiiiiere e 118

Table 4.3: A comparison of relative rate ratios for the reaction of Cl atoms with
ketones obtained in HIRAC with previous work by Kaiser and Wallington using
propane as a reference compound in both StUdies. .........cccceeveiiiivie e 118

Table 4.4: Measured rate coefficients for ketone+ClI reactions obtained by relative rate
using hydrocarbon/ketone/Cl mixtures in UHP nitrogen measured using GC-FID.



Kinetics and mechanistic studies in the HIRAC chamber

Table 4.5: Structure activity predictions for CHx group rate coefficients of OH+ketone
reactions in 102 cm® molecules? (Mellouki et al., 2003). Values in brackets
represent work by (Kwok and Atkinson, 1995b). ........ccccccevviieiiicic v, 119

Table 4.6: Comparison of experimental and calculated rate coefficients (k, cm?
molecule*st) for CI + ketone (Calvert et al., 2011).*results shown are the average of
two separate relative rate determinations from results presented in Table 4.4. ...... 124

Table 4.7: Measured rate coefficients for methyl acetate + Cl from relative rate ratios
obtained in HIRAC compared to previous work from HIRAC and other laboratories.
RR: relative rate method, PLP-RF: pulsed laser photolysis-resonance fluorescence
L1010 1T [0TSR 127

Table 4.8: Comparison of rate constants and relative rate ratios of reactions of ClI
atoms with a series of propionates (*relative to CoHsCl). .....ccovevviviiinieeiiciieen, 130

Table 4.9: Summary of the rate coefficients for the reaction of Cl atoms with the
studied acetates and propionates: comparison between the experimental values and
the calculated ones using the SAR method. # Calculated using factors F(-CO) and F(-
C(0)0-),  Calculated using factor F(-C(O)OCH2-), ¢ (Malkin 2010). .................. 131

Table 4.10: ®Comparison of the rate coefficients at room temperature for the reactions
of Cl and OH with the studied esters and the corresponding lifetimes. @ Malkin 2010,
bE] Boudali et al., 1996 € Platt et al., 2004 ([CI] = 2.6 x 10% molecule cm™) (24 hr
global average) ¢ Spicer et al., 1998 ([CI] = 1 x 10° molecule cm™, high coastal
concentration) ¢ Dorn et al., 1996 (12 hr day/night cycle, daytime global average [OH]
=1 x 10® molecule cm®), T Picquet et al., 1998 9 Szilagyi et al., 2004, " Cavalli et al.,
2000, ' Cometto et al., 2009, ' Liang et al., 2010. ........cocceevuerrrreeererereieeesereeeeenans 134

Table 5.1: Relative rate ratios and coefficients for Cl atom reactions with butanes and
pentanes at 292 + 3 K and 1000 mbar in the HIRAC chamber (? relative rate study,
PADSOIULE FALE STUTY). ...ttt sttt 143

Table 5.2: Experimentally determined relative rate ratios (k/ kref) and relative rate
coefficients (k (T)/ 10°2° cm® molecule s 1) for n- and iso- butane and pentane over a
temperature range of 220 — 320 K and at 1000 mbar in HIRAC. Errors represent
averaged results from GC/FTIR measurements and averaged errors to standard
AEVIALION OF 10 .ottt 147

Table 5.3: A summary of Arrhenius parameters for n- and iso- butane and pentane
obtained over a temperature range of 220 — 320 K and at 1000 mbar in HIRAC. Error
O R =] o] (=710 A K TSRS 150

Table 5.4: GC and FTIR measured branching ratios for Cl atom reactions with iso-
butane in HIRAC at 1000 mbar. (* Extrapolated from Arrhenius plot) .................. 162

Table 5.5: % Branching fractions (Kproduct/krn) for Cl atom reactions with n-butane in
HIRAC at 1000 MDA, ....ocviiiiieieicecee et 164

xvii



Kinetics and mechanistic studies in the HIRAC chamber

Table 6.1: Relative rate ratios and coefficients for Cl atom reactions with ethanol and
its isotopologues at 292 + 3 K and 1000 mbar in the HIRAC chamber compared with
literature values ( relative rate study, "absolute rate study). ..........cocoeevrererrrennns 184

Table 6.2: Taatjes’s HCl yields calculated for Cl reactions with selectively deuterated
BENANOIS. ... 188

Table 7.1: [OH] estimation from propane and n-butane decays at 200 mbar in the mini
PROTOIYSIS ChAMDEL. ... 209

Table 7.2: Experimental conditions in HIRAC for tert-butyl hydroperoxide
(TbuOOH) photolysis at 292 + 3 K and 1000 mbar using HIRAC FAGE and GC-FID
instruments. Mean [OH] was calculated using EQ 7.2. .......ccccovveveieevvcie e 220

Table 7.3: Advantages and disadvantages of low NOx OH generation methods
available for chamber studies. All methods have the advantage of not having any NOx
CREMISTIY. .ot 224

xviii



Introduction to atmospheric chemistry and chamber studies

Chapter 1 - Introduction to atmospheric

chemistry and chamber studies

1.1 Introduction

The study of the detailed chemistry of atmospheric processes is of
fundamental importance to fully understand both current and future global
environmental problems. Increased concentrations of gas pollutants and particulate
matter have arisen from increased transport emissions as well as industrial, land use
changes and biomass burning processes, leading to several consequences including
climate change and the degradation of air quality (Monks et al., 2009). Atmospheric
chemistry is a broad field of study, both in the problems addressed and in the
approaches taken to understand them. The genesis of the field lies in air pollution in
the troposphere, for which there is documentation dating as far back as the 13" century
(Finlayson-Pitts, 2010). There are various examples of air pollution phenomena that
have occurred in the 20" century, such as smog formation. Nitrogen oxides are one of
the key ingredients required for smog formation, and these are emitted along with
Volatile Organic Compounds (VOCs) from the combustion of fossil fuels.

The analysis of the behaviour of polluted air and its oxidation processes by
directly taking samples from the atmosphere has several downfalls including different
sources, weather and transport conditions rendering the interpretation extremely
difficult. Atmospheric chambers are capable of replicating the atmospheric conditions
under more controlled environments without any issues on transport factors. Section
1.3 of this chapter will go through the pros and cons of studying the processes leading

to air pollution and smog formation using atmospheric chambers.

It took a number of decades to understand the gas-phase chemistry of these
processes, and it was not until the 1970's that the OH radical was recognised as the
key driver of chemistry throughout the atmosphere (Finlayson-Pitts and Pitts, 2000,
Heard and Pilling, 2003). Since this discovery, the role of O3, NO3 and halogen atoms

as oxidants has also become evident (Finlayson-Pitts, 2010), and further studies into
1
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the fundamental chemistry of this kind of pollution revealed that similar intermediates

and processes were occurring as well in photochemical smog formation.

These discoveries expanded the scientific interest in the field, and were
followed by further interest in the close linkage between the chemistry of the
troposphere and stratosphere in the 1970's. This led to studies of species that could be
transported from the troposphere to the stratosphere, such as chlorofluorocarbons
(CFCs), which had sufficiently long lifetimes to reach this altitude. The photolysis of
CFCs in the stratosphere would lead to the destruction of Oz, and the discovery and
understanding of this destruction mechanism brought about by anthropogenic
emissions was credited to Crutzen, Molina and Rowland. The latter authors were
awarded a Nobel Prize in Chemistry in 1995 for their contributions to the
understanding of halogen chemistry in the stratosphere, as well as NOy and O3
destruction (Molina and Rowland, 1974, Crutzen, 1971). This milestone has led to
further studies on NOy and O3 loss phenomenon and to the need to further understand
the heterogeneous chemistry involved, which was clearly playing a key role along

with photochemistry.

Despite this gain in knowledge, much more work remains in order to better
understand these processes on a molecular level, and in most cases this still remains
quite challenging. All forms of atmospheric research (laboratory, theoretical, field
work and modelling) must be brought together in order for the complexity of
atmospheric processes to be better understood, and indeed the full integration of these
approaches is needed in order to obtain a molecular level insight that would otherwise
be even more challenging. In a similar manner, inter-comparison of results in the field
with model and laboratory studies has been vital in reducing the uncertainties of our
understanding of these processes. Chamber studies have come into play as well as will
be mentioned further on, as they bridge the gap between fieldwork and laboratory
studies, and are an important recent addition to the field of atmospheric chemistry to
be demonstrated gradually over the course of this thesis. The main aims of this thesis

are highlighted at the end of this chapter.
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1.2 Tropospheric chemistry

1.2.1 Composition and structure

The major constituents of the atmosphere are nitrogen 78% (N2), 21% oxygen
(02) and 1% argon (Ar), with liquid water (H20) varying between ~0 — 4% by latitude,
lower in the polar regions and higher in the tropics, as well as by altitude, being low
in the dessert surface and high near the tropopause. Small amounts of a wider range
of species are also present, such as ~400 ppm carbon dioxide (CO.) and ~1.8 ppm
methane (CHs) (Tarasova et al., 2013). These are known as trace species, and their

concentrations are dependent upon altitude and geographical location.

The pressure and temperature variations of the atmosphere as a function of
altitude are illustrated in Figure 1.1. The region of the atmosphere of most relevance
to the work reported in this thesis is the troposphere which is the lowest level of the
atmosphere, of topical interest due to its direct effect on human health. The
temperature in the troposphere falls at a rate of ~4 — 7 K km™ until a minimum of
~220 - 230 K at ~10 — 17 km in a region of the atmosphere known as the tropopause.

Pressures in the troposphere vary from ~1000 — 100 mbar.
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Figure 1.1: The temperature profile of the Earth’s atmosphere at varying altitude
(km) and pressure (mbar) (Wayne, 2000).
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The temperature drop in the troposphere is due to strong heating effects arising
from UV radiation absorbed at Earth's surface. This heat rises as hot air parcels that
expand as they rise due to the drop in pressure at higher altitudes and these air parcels
do work against the surroundings but do not gain heat in exchange, hence energy is
lost resulting in a decrease in temperature. This process results in strong vertical
mixing and causes the emitted gases and particles from the Earth's surface to travel to
the higher troposphere and tropopause, depending on their reactivity (Finlayson-Pitts
and Pitts, 2000).

On average it will take 1 — 2 days to exchange between the boundary layer and
the free troposphere, and around a month to the tropopause (Seinfeld, 1998).
Stratospheric temperature inversion significantly limits vertical mixing between the
troposphere and the stratosphere, limiting transport of many ground level VOCs to
the stratosphere. This limitation results in mixing times being in the order of years
between the lowest two strata of the atmosphere (Wayne, 2000). The temperature

profile of the stratosphere means it is much more stable than the troposphere.

The temperature at the tropopause changes upwards into the stratosphere due
to the Chapman cycle (Chapman, 1930) involving the two most abundant oxidants in
the atmosphere, ozone and molecular oxygen. The ozone layer at this stratum of the
atmosphere absorbs solar radiation which is liberated as heat. This ozone layer is
formed from molecular oxygen present in the stratosphere that photodissociates
through absorption of low energy photons present in this region of the atmosphere.
The oxygen atoms formed collide with oxygen molecules in the presence of a third
body to form ozone. The bonds in 0zone molecules are weaker than those in oxygen
molecules and therefore photolysis resulting in dissociation is achieved with lower
energy photons present in the stratosphere (Finlayson-Pitts and Pitts, 2000).

The ability to reproduce the full range of tropospheric conditions i.e. pressure,
temperature and light in a controlled manner allows for important investigations into
the chemistry of the troposphere that will help to improve our understanding of key

processes such as climate change and air quality.
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1.2.2 VOC oxidation

VOCs are the major gas pollutants emitted in large quantity by both
anthropogenic and biogenic sources and have a major influence on the chemistry of
the troposphere, which is of most interest to humans due to the direct impact to human
and plant health. This has led to the development of detailed VOC oxidation schemes
explaining the degradation processes of these pollutants in the troposphere. Figure
1.2(a) shows a flow of the different stages of VOC oxidation in the troposphere, and
the secondary VOCs formed from this degradation process. A major component in
the atmospheric oxidation of gas pollutants in the troposphere is the extremely
reactive hydroxyl (OH) radical. The importance of OH chemistry is highlighted in the
next section, and work done on assessing different OH generation methods under low

NOy conditions in atmospheric chambers is reported in chapter 7.

R"05 Alcohols,
—» ROH |+| R'R"CO |aidenydes
& ketones

ROQOH |Hydroperoxides

Organic
nitrates

Aldehydes,
ketones

| +
OH', hv
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(R)+[co,| <= (Re(000 s, | TEOPH oo
R'C(O)OH

Thermal
decomposition T i NO, Carboxylic acids

R'C(0)OONO,
Peroxyacyl nitrates (e.qg., PAN)

Figure 1.2(a): Flow diagram showing the VOC oxidation processes and end products
at different stages of the degradation in the troposphere (Blake et al., 2002).
VOC oxidation is initiated by a range of oxidants, with OH, NOz and Oz being

the most important. An EKMA diagram, or ozone isopleth, shown in Figure 1.2(b)
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was devised by the EPA (Environmental Protection Agency, USA) and is a useful
regulatory control of ozone using two known precursors (NOx and VOCs) and looking

at the sensitivity of ozone production for different mixing ratios.
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Figure 1.2(b): Typical ozone isopleth plot (Dodge, 1977)

In general, NOx limited areas are located downwind of urban areas while VOC
limited areas are typically in highly polluted urban areas. As has been already
highlighted, the dominant oxidising agent during daytime is the hydroxyl radical,
which is key to ozone formation and both VOCs and NOyx (mainly as NO2) will
compete for OH. VOC oxidation processes (as shown in Figure 1.2(a)) are initiated
by OH radicals and produce an alkyl radical (R-), which reacts in the presence of

oxygen to form a peroxyl radical (RO>-), as is shown in R1.1 —1.2:
OH: + VOC — R- (R1.2)
R-+ 02 — ROz (R1.2)

In urban polluted environments the presence of NOy (nitrogen dioxide, NO>
and nitrogen monoxide, NO), are high and RO>- radicals react with NO to produce
alkoxy radicals (RO) and NO2. NO is photolysed by sunlight to give NO and O(P),

which reacts with O to give Os:
ROz + NO — RO- + NO2 (R1.3)

NO; + hv(< 420nm) — NO + O(°P) (R1.4)
6
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O(3P) + 02 — O3 (R1.5)

Os photolysis is the main precursor of OH, as it gives O(*D) radicals which
may react with H>O to give two OH radicals as is shown in R1.6 — 1.7, which is
however a minor pathway, shown in R7.1a (10% conversion), and only occurs if it is
not quenched back to its ground state through a collision with a third body (nitrogen
or oxygen molecules). The quenching process, resulting in the formation of O(P), is

the major pathway, shown in R1.7b, accounting for 90% conversion (Wayne, 2000):

O3+ hv — 02 + O(*D) (R1.6)
O(*D) + H20 — 20H- (R1.7a)
O(*D) + M —»O(P) + M (R1.8b)

The photolysis of NO2 also leads to the formation of O(®P) and NO, which
reacts with O to make Os. RO- radicals formed in R1.3 may later react with oxygen
to give HO> and a carbonyl product, RO as is shown in R1.8. The carbonyl product
may undergo further oxidation in the presence of OH and other oxidants (R1.1) while
the HOgzradical produced reconverts to OH (R1.9) in a similar manner to the RO>
radical reaction with NO (R1.3):

RO + 02 — RO + HO2 (R1.9)
HO2 +NO — OH- +NO2 (R1.10)

By rapidly converting the hydroperoxide radical (HO2) to OH, NO increases
tropospheric OH abundances and thus indirectly reduces the atmospheric burdens of
carbon monoxide (CO), methane (CH4), and halofluorocarbons (HFCs) (Hallett,
2002). VOCs found in the troposphere can be transformed by several processes, such
as photolysis, as well as reactions with OH, NOs, halogens and Oz(Atkinson, 2000).
The VOC oxidation cycle shown in Figure 1.2 demonstrates the further oxidation
steps that give rise to subsequent oxidation products, each undergoing further
oxidation processes. VOC oxidation proceeds until both parent and generated VOCs
are completely oxidised to carbon dioxide and water. The complexity of
understanding fully VOC oxidation processes in the troposphere lies in the importance

in simultaneously knowing the oxidation of all the subsequent products generated
7
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from the parent VOC, and this is where mechanistic studies become important. A

number of mechanistic investigations will be highlighted in chapters 5 and 6. The

lifetimes and consequent influence of both parent and generated VOCs on different

parts of the troposphere are dependent upon their sources, sinks and concentration

ranges. Table 1.1 gives an overview of the typical sources, sinks and concentration

ranges of a select range of VOCs present in the troposphere. The majority of these

classes of compounds have been investigated in kinetic and mechanistic investigations

to be reported in this thesis.

Atmospheric

Class of lifetime Principal Principal Typical mixing
Formula . . . )
compound (reaction with source sinks ratios (ppb)
OH)*
Alkanes
methane CH, 10 years FSS?:]IJUEI 1.7-19x 103
ethane CzHs 80 days . 9 02-20
biomass, OH
propane CsHs 17 days . 0-1.0
vehicle
n-butane CsH1o 6 days emissions 0-05
n-pentane CsH12 4 days 0-03
Alkenes Vehicle
emissions, 0-01
ethene CoHy 1.7days B_|oma§s, OH, NOs, O3 0.01
propene CsHs 7 hours Biogenic, 0-10
isoprene CsHs 1.5 hours Vegetation '
Carbonyls
formaldehyde HCHO 4 hours Biogenic,
acetone CH3COCH;3 16 days VOC OH, ho 03-1.0
glyoxal OCHCHO 2.9 hours oxidation
methylglyoxal | CH3C(O)CHO 1.6 hours
Peroxides
VOC
methyl hydro- CH3;00H 2 days oxidation OH, ho 0-1.0
peroxide
Alcohols Biogenic,
VOC
methanol CH:OH 16 days oxidation OH, NOs 0-02

Table 1.1: Typical global atmospheric sources sinks and concentrations of select
classes of tropospheric VOC species that are investigated in this thesis. Atmospheric
lifetimes are calculated from IUPAC recommended kinetic data(Atkinson et al.,
2006a) and based on mean global [OH] = 10° molecules cm (Stone et al., 2012).
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1.2.3 Hydroxyl radical chemistry

The hydroxyl (OH) radical is of fundamental importance in the understanding
of tropospheric chemistry. OH is the key species in that it controls the removal rate of
the majority of atmospheric pollutants. VOCs major loss process in the troposphere is
from reaction with the OH radical and this in turn has its effect on local, regional and
global scales. OH reactivity with VOCs results in OH being very short-lived (ton<few
seconds) and playing a major role in radical chemistry in the troposphere, with
reactions often resulting in the formation of peroxy radicals. The average daytime
concentration of OH radicals in the troposphere measured from various field
campaigns was found to be ~1 x 10® molecule cm™ (Stone et al., 2012). Figure 1.3

represents the cycling of OH in the troposphere.

RH (+0,)

7

Figure 1.3: Diagram representing the HOx cycle, showing the creation, termination
and regeneration of HO radicals (Seakins and Blitz, 2011)

OH is involved in the formation of tropospheric ozone as well as secondary
organic aerosols (SOASs). It is also responsible for controlling the major atmospheric
trace gases’ lifetimes due to its high reactivity (Ehhalt et al., 1998, Ehhalt, 1998,
Hausmann et al., 1998), and is regarded as being the primary cleansing agent of the
troposphere as it provides the dominant sink for the majority of greenhouse gases and
pollutants. Due to all these contributions, it is important to accurately understand all
the sources and sinks of this radical in the troposphere. OH is commonly used as a
probe of our understanding of fast photochemistry (Heard, 2006) through comparison

with model calculations (Stone et al., 2012). There are uncertainties that need
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addressing with regards to sources and sinks of OH in rural environments (Di Carlo
et al., 2004, Stone et al., 2012, Whalley et al., 2012).

Photodissociation of VOCs such as peroxides and carbonyls are also thought
to be a significant source of OH radicals, particularly in the upper troposphere (Singh
et al., 2004). Field measurements over the lower troposphere have also suggested
contribution from acetone photolysis and other unsaturated hydrocarbons sustaining
a large pool of radicals in continental regions (Heard et al., 2004). Acetone photolysis

will be discussed in chapters 3 and 7 as a source of OH radicals in chamber studies.

Nitrous acid (HONO) photolysis can be a dominant OH source in the urban
environment. HONO accumulates at night due to high NO2 levels resulting in it being
a major source in the early morning when the high zenith angle of the sun prevents
short-wavelength UV-B from penetrating the troposphere (Alicke et al., 2003). Its
importance has also been measured in low NOx environments in forest canopies
(Kleffmann et al., 2005) during daylight through heterogeneous formation on surfaces
treated with nitric acid (Harris et al., 1982).

H.0 + 2 NO, — HNO3 + HONO (R1.11)
A= 400
HONO + hv———"5 OH + NO (R1.12)

HONO has been tested as a photolytic source of OH radicals in atmospheric
chambers (Rohrer et al., 2005), and similar tests will be described in chapter 7 on low

NOy alternatives.

OH radicals react with the majority of atmospheric trace gases, often leading to
the formation of HO2, which reacts further with ozone or NO recycling back to OH
as has been discussed in the previous section (R1.9). The major loss processes of OH
radicals in the troposphere are through radical-molecule reactions resulting in the
formation of peroxides (under low NOy conditions) as is shown in R1.12 and R1.13,
or through reaction with NO, forming nitric acid (R1.14):

HO2 + HO2 — H202 + O3 (R1.13)
CH302 + HO2 — CH300H + O2 (R1.14)
OH + NO2 + M — HNO3z + M (R1.15)

VOC emissions from vegetation, particularly in tropical forests, are a significant

contributor of VOCs in the troposphere (Goldstein and Galbally, 2007). These are
10
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generally removed by oxidation by OH and deposition, and it was previously assumed
that their atmospheric oxidation would reduce the oxidative capacity in these
unpolluted environments (Lelieveld et al., 2002). However several field campaigns
found discrepancies between the modelled and measured OH in these low NOy
environments. Figure 1.4 shows the mechanism of OH recycling in polluted and clean
air environments. Termed as “missing OH”, this has been a topic of great discussion
in the atmospheric chemistry world, with several looking deeper into the oxidation of
important biogenic VOCs such as isoprene and a-pinene as possible contributors to

OH recycling which has as of yet not been fully understood.

VOCs
\Y

Deposition

Oxidized
VOCs

VOCs
Carbon

monoxide %-

Figure 1.4: Mechanism of OH recycling. Oz photolysis produces the hydroxyl
radical (OH) and subsequent oxidation by VOCs, such as isoprene, generates peroxy
radicals, for example, HO». Possible fates of HO include OH production and
catalytic Oz generation via NO to NO> conversion in polluted regions (pathway I).
Pathway I11 shows OH regeneration in clean-air environments via reaction of
hydroperoxyl radicals with organic peroxy radical species. Pathway I11 shows
deposition of peroxides and a net loss of OH (Lelieveld et al., 2008)

Several pathways have been proposed that may influence the fate of OH in non-
polluted environments. It is apparent that isoprene chemistry is directly responsible in
the recycling of OH via pathway I11 in Figure 1.4, and further products yield OH more
than previously thought (Whalley et al., 2012). These hypotheses are based on OH
radical studies in the field as well as laboratory and modelling studies that have been
looking into the low NOx chemistry of biogenic VOC oxidation processes, particularly
isoprene, to answer the questions surrounding this OH recycling in tropical forests.

Due to this increased interest in low NOx chemistry, chapter 7 will examine the
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characterisation of suitable generation methods of OH radicals under low NOx
conditions in HIRAC, a stainless steel atmospheric chamber to be discussed in Section
1.3.

1.2.4 Nitrate radical chemistry

There has been extensive documentation on the properties of NO3z including
its atmospheric formation and consumption, which are well characterised (Hahn et al.,
2000). The NOs radical plays an important role in chemical transformation processes
in the atmosphere (Wayne, 2000). NOs is the predominant night-time radical, since
the majority of OH radicals are produced through photolytic processes and are

therefore not as abundant during night-time.

Nitrogen oxides have a short lifetime (~1 day) with respect to conversion to
nitric acid, and are removed from the atmosphere by direct dry or wet deposition,
contributing to acid deposition (Wayne, 2000). Daytime [NOs] concentrations are
very low (3 ppt) (Wayne, 1991) as most of it rapidly photolyses, however night-time
measurements could reach~300 ppt in the urban troposphere (Atkinson, 1990b). NO3
has been shown to contribute to the oxidation of terpenes and other very reactive
VOC:s (e.g.: phenol) during the daytime (Geyer et al., 2003, Brown et al., 2004).

The NOz radical is formed in the upper and lower atmosphere in one of two
ways: (i) from the reaction of NOx with Oz (R1.15— 1.16) or (ii) from the dissociation
of N20s (R1.17):

NO + O3— NO2 + O2 (R1.16)
NO2 + O3— NO3 + O2 (R1.17)
NO2 + NO3 + M < N205 + M (R1.18)

The equilibrium reaction (R1.17) is the major nocturnal NO3 sink, which is
dependent on the concentration of NO>. NOz also reacts with HO.and ROto produce
OH under low NO conditions. Several side-products are formed from the oxidation
processes of VOCs by NOs radicals, including the night-time production of HO,
which is converted to OH by NOx (Finlayson-Pitts and Pitts, 2000).
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N20Os— NO3 + NO2 (R1.19)
N20s + 2 HoO — 2 HNO3 + H,O  (R1.20)
NOz + organic — products (R1.21)

Several groups have used an inexpensive compact instrument known as cavity
ring-down spectroscopy (CRDS) for detection of NOz in the field. This ultra-sensitive
method of measuring NOz has been employed by various atmospheric research groups
(Simpson, 2003, Brown et al., 2002, Dorn et al., 2013) and has been a successful way
of studying NOz radical chemistry both in the field as well as in the laboratory. Some
cavity ring down flow tube experiments have been carried out during the course of
these studies in an attempt to obtain a suitable NOz generation method in HIRAC
(from the decomposition of N20s). The results obtained however were inconclusive
and only relative rate measurements for the reaction of NOs; with alkenes and

aldehydes could be obtained. These are presented in Appendix A.

1.2.5 Atomic chlorine chemistry

Tropospheric halogen chemistry has been extensively reviewed over the past
decade (Carpenter, 2003, Simpson et al., 2007, Saiz-Lopez and von Glasow, 2012,
Faxon and Allen, 2013). Reactive halogen species are generally associated with
stratospheric chemistry (Prather et al., 1984), however are also known to play an
important role in tropospheric chemistry and influence oxidising capacities of a
number of reactive species (Saiz-Lopez and von Glasow, 2012). Several different
halogen species exist in the troposphere, mainly halides that are readily activated by
sunlight in order to play an important role in the chemistry of the troposphere (Platt
and Honninger, 2003). This section will focus on the chemistry of chlorine (Cl) atoms
in the troposphere, since it is reported extensively in this thesis. Chapters 4 — 6 are
devoted solely to work carried out on Cl atom chemistry in the Highly Instrumented
Reactor for Atmospheric Chemistry (HIRAC).

Chlorine-containing compounds in the environment originate predominantly
from the coastal boundary layer (aerosols and from marine organisms, i.e. inorganic
halides and methyl halides respectively) (Graedel and Keene, 1996, Ravishankara,
2009). Molecular chlorine (CI2) is emitted directly through industrial processes as well

as in situ via multiphase chemistry of reactive chlorine reservoirs (e.g.: CIONO: and
13
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HOCI) (Riedel et al., 2012). Other anthropogenic sources, such as biomass burning
and power stations are also known to contribute to molecular chlorine in the
troposphere (Cuevas et al., 2005a). A number of reactive chlorine species exist in the
troposphere, with the most abundant being CH3CCls and CH3Cl, accounting for 62%
of the total reactive species according to emissions inventories (Khalil et al., 1999;
Montzka and Reimann, 2010). Reactive halides account for around 7% while the
remainder of reactive species include HCI, Cl, HOCI, CHCIF,, CH>Cl,, COCI; and
CHCI3.HCI is predominantly formed from the reaction of OH radicals with HCI.
According to a recent field and model study in Los Angeles, the relative contributions
of CINOg, Clz and HCI to CI production are 45%, 10% and 45%, respectively (Riedel
etal., 2012).

Cl atoms are formed from all these precursors, and are an important reactive
species in the troposphere, particularly in the marine boundary layer and polar regions,
but also recently identified sources have been uncovered in urban mainland
environments such as in mainland USA, Colorado (Thornton et al., 2010). The
activation or photolysis of these reactive species leads to the formation of CI atoms.
The nitryl chloride nocturnal source of chlorine is produced by the reaction of N2Os
on chloride containing aerosols. There is significant uncertainty concerning the
sources and sinks of Cl atoms in the troposphere (Monks et al., 2009). The dominant
source of Cl atoms in the troposphere is believed to be sea salt activation, given the
large abundance of chlorine in the oceans, present as sea salt. There is also significant
debate concerning the magnitude of the Cl atoms present in the marine environment
since there is little direct evidence for Cl atom chemistry as it is generally inferred
from the differential losses of non-methane hydrocarbons (NMHCs) with respect to
OH and ClI reactivity (Wingenter et al., 1996), or from the concentration of its stable
precursors such as CINO: (Riedel et al., 2012, Phillips et al., 2012). The sources of CI
atoms also remain highly uncertain, however the potential consequences for air
quality in polluted coastal regions is evident and clearly undisputed (Riedel et al.,
2012).

The competition of OH and Cl atom chemistry is a topic of much debate given
the great uncertainties associated with unknown sources of Cl atoms in polluted
environments, and it is apparent from recent evidence the Cl atom influence on VOC

oxidation processes could be much greater than initially thought (Finlayson-Pitts et
14
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al., 1989, Thornton et al., 2010). According to Riedel (2012), the contribution of Cl
atoms to the oxidation of alkanes can be as high as ~25% of the total during the day
urban marine environments, and that Cl atom chemistry dominates in the early
morning chemistry of alkanes (Riedel et al., 2012). These are based on the assumption
that precursors for both OH and CI atoms are collocated over the same air mass
volume during the entire day. This work was based on continuous measurements of
CINO2 and Cl concentrations in California. A significant finding from this campaign
was that of well-confined Cl> plumes observed largely independent of CINO2, which
the author correlated with localised industrial emissions of reactive chlorine (Riedel
etal., 2012). Riedel concluded that Cl atoms, especially during the early morning, can
affect the chemistry of polluted marine environments especially that of alkane
oxidation given the higher reactivity of Cl atoms with respect to OH.

A recent study in London predicted ~56% Cl-atom driven oxidation for
alkanes (Riedel et al., 2012). A comparison of the rate coefficients for reactions of Cl
atoms with alkanes are up to 2 orders of magnitude faster than with OH radicals as is
shown in Table 1.2 for C1 — Cs alkanes, and this has been shown to promote the
formation of ozone in the presence of VOCs and NOx (Tanaka et al., 2000), which is
limited by the lifetime of NO..

k / (10** cm?® molecule? s?)
Compound OH Cl
methane 0.64 10
ethane 24 5,900
Propane 110 14,000
n-butane 244 22,000
n-pentane 400 28,000
n-hexane 545 34,000

Table 1.2: A comparison of the rate coefficients for the reactions of alkanes with OH
radicals and Cl atoms at 298 K taken from IUPAC recommendations (Atkinson et
al., 2006a). Table adapted from: (Tanaka et al., 2000).

In polar regions during springtime a unique photochemical process (due to
greater UV intensity) converts halide salt ions such as CI" and Br~ into reactive halogen
species such as CI, Br, CIO and BrO species that are responsible for the depletion of

O3 in the polar boundary layer (Simpson et al., 2007). The main consequence of these
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processes is quite severe given the destruction of Oz results in the less OH being
formed in these environments, and therefore halogen atoms and oxides result as
primary oxidants. Since the discovery of these ozone depletion events in the 1980s,
key advances have been made in understanding the central role played by bromine
photochemistry (Pratt et al., 2013), however there is a lack of knowledge on how salts
are transported and oxidised to become reactive halogen species (Simpson et al.,
2007). The activation of Cl atoms from halides is now known to be coupled to bromine
chemistry (Mielke et al., 2011, Thornton et al., 2010).

The difference in reactivity between halogen reactive species and OH has
broad impacts on polar atmospheric chemistry, including removal of mercury from
polar environments (Stephens et al., 2012), as well as altering the oxidative fates for
different VOCs (Simpson et al., 2007). These ozone depletion processes resemble the
halogen chemistry taking place in the stratosphere, where Cl atom chemistry plays a
major role in ozone depletion processes (Solomon, 1999). This however is due to a
larger pool of stable chlorine-containing molecules that make it to the stratosphere
and are photolysed by a wider range of UV radiation to produce ClI atoms. In the
troposphere the conditions are slightly different given the different radiation and
scarce stable precursors available for Cl atoms to be sustained. Moreover Cl atoms
are highly reactive and thus immediately end up forming HCI which precipitates out
of the troposphere by rainout (Ravishankara, 2009).

Two different pathways shown in Figure 1.5 have been proposed to explain
the mechanism that leads to the formation of CINO: in the troposphere. The latest
proposed heterogeneous reactions of HCI on surfaces in the presence of NO2 and N2Os
leading to the formation of CINO and CINOz respectively (Raff et al., 2009) (R1.21).
The photolysis of these species results in the formation of Cl atoms in the troposphere.
The mechanism shown on the right of Figure 1.5 shows the gas phase N20Os entering

an aerosol leading to the formation of aqueous nitric acid (shown in R1.22) or CINO..

N20s (g) + Cl'agy—CINO2(g) + NO3"(ag) (R1.21)
N20s (g) + H20 (ag)—2HNO3(aq) (R1.22)
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Figure 1.5: Two mechanisms leading to formation of CINO: in the troposphere. The
mechanism on the right shows gas phase reactants entering an aerosol or water
particle; mechanism on the left shows the new proposed mechanism involving

surface chemistry (Ravishankara, 2009)

In a paper by Thornton et al., a novel direct method for simultaneous
measurements of CINO: (product) and N2Os (reactant) was reported using chemical
ionisation mass spectroscopy (CIMS) (Thornton et al., 2010). Work was carried out
as part of the ICEALOT 2008 Field Campaign which focussed on CINO:
measurements. The same group have also published a report in Nature on their
observation of a large Cl atom source inferred from mid-continental nitrogen
chemistry (Thornton et al., 2010). These observations were made 1,400 km from the
nearest coastline. A persistent and significant production of CINO, was observed

relative to the consumption of its nitrogen oxide precursors.

Thornton and his group suggest that from comparison of their results and
comparison with models that the composition data obtained from long-term
monitoring suggests CINOz production in mid-continental regions is at a similar level
to global estimates for marine and coastal areas. Moreover, they suggest that Cl atoms
may also arise directly from anthropogenic sources (Thornton et al., 2010). Although
Cl atom concentrations are still typically lower than OH radicals, the higher reactivity
relative to OH mainly with most VOCs leads to an observable affect in the influence
Cl atoms have on air quality particularly due to the increase in ozone production rates

(von Schneidemesser and Monks, 2013).
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1.3 Atmospheric chemistry in the laboratory

1.3.1 Absolute gas phase kinetic techniques

Two main types of conventional experimental techniques may be
distinguished for use in gas phase kinetics studies: laser flash photolysis and flow
reactors (discharge flow systems). Laser flash photolysis is a basic technique that
requires the flow of a pre-mixture of reactants and precursors into a photolysis cell at
a defined pressure. It normally employs two different laser sources, a fixed frequency
pulsed laser that generates the reactive species being studied (e.g.: excimer laser), and
a wavelength tunable species (e.g.: excimer pumped dye laser) that excites the reactive
species, making it fluoresce. The atom or radical reacting is formed in-situ in a
photolysis cell via a pulse of light from a pulsed laser or lamp. The concentration of
the latter species would then be monitored using LIF detection in the case of OH
radicals, which are commonly studied using this technique. Alternatively, the
appearance of product with time could be monitored using an optical detector. This
technique has been employed for several Cl atom investigations with ketones and
acetates (Albaladejo et al., 2003, Cuevas et al., 2005a, Cuevas et al., 2004), which
will be detailed further in chapter 4.

Mixing times in the region of milliseconds to a few seconds exist in such
systems and timescales of only a few seconds to a couple of minutes are studied,
depending on the pulse repetition rate of the laser. High-powered laser pulses enable
studies at nanoseconds or even femtosecond timescales. The reactant species from the
photolysis is generated in the centre of the photolysis cell, and therefore excludes any
wall reactions. Flash photolysis can be used to study elementary reactions over a wide
range of pressures and temperatures, however the number of reactions that can be
studied is limited to reactants that have a photolytic precursor and must be detectable

in at least millisecond timescales.

A typical flow tube system consists of a movable injector used to add the
reactant to the radical or atom source, present constantly in the flow tube usually in a
nitrogen or argon bath gas (Figure 1.6). The reactant gas is usually introduced in

excess of the radical or atom source in order to approach a pseudo-first order condition
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for radical removal. The flow of the bath gas is set high enough to avoid any back

mixing within the flow tube.

Figure 1.6: Schematic of flow tube systems with moveable inlet (Howard, 1979).

The flow in discharge tubes is described by the Reynolds number, which in
the majority of studies of elementary reactions has been in the laminar flow regime.
The contact time between the reactant and radical or atom can be calculated from the
distance between the point at which the reactant come out of the injector and the
detector (distance Z) if the velocity of gas in the flow tube is known. The operation of
flow tubes is typically based on the relation between reactant concentration and
contact time, and is achievable through the shifting of the position of the moveable
inlet. The relative concentration of radicals is plotted relative to time which is changed
by the moved inlet, resulting in a decay profile that is pseudo first order, i.e. could be
calculated from k = k’ [reactant] or from the bimolecular rate coefficient obtained
through varying reactant concentrations and plotting a graph of k’ against reactant

concentration.

Flow tube studies normally involve in-situ generation of radicals or atoms
during the experiment. NOs radicals are, for instance, produced by either having an
excess of NO., introducing Oz, or by thermal decomposition of N2Os prepared
beforehand. OH radicals are generated by either photolysis of HONO or through
introducing a mixture of hydrogen in helium, which is passed over a microwave
discharge lamp giving H atoms, which are injected in the flow tube with an excess
NO. giving OH and NO products. The reactions producing radicals in-situ are
generally very fast and lead to conversion before subsequent introduction of reactant

species.
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Several detection techniques may be used for flow tube studies, depending on
the radical or atoms that are being studied. In the case of OH radicals laser-induced
fluorescence (LIF) is the most common method of detection, while for NO3 absorption
spectroscopy is commonly used, particularly cavity ring down spectroscopy (CRDS)
which is a relatively new technique compared to LIF, with pulsed-laser (CRDS) only
being developed in the late 1980s (Dorn et al., 2013). Cl atoms are commonly
measured indirectly using hydrocarbon ratios. A direct way of measuring Cl atoms
does exist, but the problem faced with regeneration of ClI atoms is a hard issue to
overcome. The reaction of Cl atoms with hydrocarbons (shown in R1.23 and R1.24)
is the same as for OH. The subsequent reaction of the alkyl radical with Cl, present as
a precursor of Cl atom chemistry results in the regeneration of the Cl atoms in the

system.

Cl+RH — HCI +R (R1.23)

R + Cl,— RCI + Cl (R1.24)

Adding O to the system is commonly used to minimise this since the reaction
of the alkyl radical with O would outcompete the reaction with Cl,, however the
subsequent reaction of the alkylperoxy radical with Cl atoms would interfere instead.

Although less common than OH given the precursors available for Cl atoms
in gas phase kinetics are more straight forward to prepare than for OH and other
reactive radicals in the laboratory. A recent technique used in such systems has shown
that the reactions of peroxy radicals with HO> radicals can generate OH radicals
(shown in R1.25c) (Dillon et al., 2008; Jenkin et al., 2007; Hasson et al., 2004):

R + Cl, —» CH3C(O)O2H + O2 (R1.25a)
— CH3C(O)OH + O3 (R1.25Db)

— OH + CHsC(0)0 + 0,  (R1.25C)

Fast flow reactors have been coupled to laser induced fluorescence, LIF
(Parker et al., 2007) and chemical ionisation mass spectrometry, CIMS (Suh and
Zhang, 2000) to detect the reactants and products in the reaction of Cl atoms with
various VOCs. The two studies cited investigate two important species in the
troposphere, methane and isoprene respectively. These absolute kinetic experiments
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differ from OH absolute kinetic experiments in that it is the reactants and/or products
that are detected, while for majority of OH absolute rate experiments, most of which
employ LIF detection, it is the OH radical that is probed directly. In contrast, the
relative rate method, used widely in modern kinetics and mechanistic, to be discussed
extensively in chapters 4 and 5, differs in the way it obtains kinetic data as it is not

the radical but the reactants and/or product decays that are monitored.

The timescales at which most flow tube studies are generally carried out range
from a few milliseconds to several seconds. This often requires high concentrations
of radicals or atoms which could be problematic in diffusion-limited reactions owing
to difficulty in obtaining proper mixing in such short timescales. Higher
concentrations of radicals or atoms may also lead to secondary chemical reactions
taking place, which could potentially compete with the reaction being studied, and
thus may lead to non-linearity between the radical or atom concentration and reaction
time. Flow tubes can be used to study a great number of elementary reactions owing
to the facility in introducing radicals in different generation methods, and using

several different detection systems that could be implemented into the flow tube.

The main advantage of flash photolysis is the ability to study reactions over a
wider range of both temperatures and pressures. It is also a direct way of monitoring
the loss of a reactant species, and also excludes any wall losses. However being a laser
based method, it is limited to reactants that have a photolytic source, and must be able
to react over rapid timescales. Flow tubes on the other hand are able to study a greater
number of reactions since they can use several different methods of generating
radicals or atoms in-situ. It is a very cheap technique, but reactions studied cannot be
characterised to a full range of temperature and pressure, owing to limitation in going
to higher pressures in laminar flow regimes. Moreover at lower temperatures wall

losses become quite large.

Due to limitations of both techniques, a large number of reactions, particularly
radical-radical reactions which are complicated owing to the difficulty of generating
two different radicals, have been studied at a small range of temperatures and
pressures. Several direct observations at wider ranges of these conditions are often
based on extrapolations. With so many gas phase bimolecular reactions displaying

temperature and pressure dependences, further experimental work is required in order
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to achieve a better understanding of several elementary reactions of importance to the

atmosphere.

1.3.2 Atmospheric chambers

Atmospheric chambers (also referred to as smog chambers) bridge the gap
between traditional laboratory studies and large outdoor field campaigns in obtaining
information on complex chemical processes in the atmosphere (Seakins, 2010a). The
earliest atmospheric chambers were intended to study the smog phenomena occurring
in Los Angeles in the early 1970s. The success of these studies, which provided
fundamental knowledge on VOC and NOy reactions in the troposphere (Atkinson,
2000), led to the development of a broad range of chambers which have aimed at
covering wider applications and targeting different aspects of atmospheric chemistry.

Modern day chambers are useful tools in addressing gaps in the current
knowledge of atmospheric processes such as the impact of biogenic VOCs on the
ozone budget, contribution of aromatic VOCs to photooxidation processes, biofuel
combustion and photoxidation products, and response of oxidising capacities of HOy

and NOx to anthropogenic emissions (Seakins, 2010a).

Chamber studies are useful in studying such reactions with greater control
over predetermined conditions than field campaigns. The greater size of atmospheric
chambers when compared to flow tubes and other small scale kinetic setups allows
for larger timescales and also the use of a wider range of instrumentation. Large
atmospheric chambers have several other advantages over flow tubes and other
smaller scale vessels. Figure 1.7 illustrates the largest European atmospheric chamber

facility at present, known as EUPHORE.

A distinct advantage of EUPHORE and other similarly large atmospheric
chambers is the ability to allow the use of a large variety of analytical detection
instruments which provide in-situ detection of both stable molecules but also free
radicals such as OH and HO.. In the case of the EUPHORE chamber shown in Figure
1.7, a Fourier Transform Infrared (FTIR) spectrometer (optical path length of 560 m),

UV spectrometer (optical path length of 1100 m) detect the majority of trace elements
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present in the chamber in parts per billion (ppb) levels (Siese et al., 2001). FAGE is
also present for the detection of HOx radicals (HO2 and OH), while other instruments
are present to measure other conditions such as intensity of solar spectrum, NOy, and
other trace gases.

Figure 1.7: The EUPHORE (European Photoreactor) facility at CEAM, Valencia,
Spain.

The ability to carry out experiments under predetermined and controlled
conditions, with the extra advantage of indoor chambers along with the ability to vary
temperature and pressure conditions; in most cases enables chambers to generate
information relevant over the entire range of the troposphere. This characteristic, in
addition to the ability to perform over longer timescales, results in more detailed
kinetic and mechanistic information, such as rate coefficients branching ratios, which
are inputted into complex atmospheric models such as the Master Chemical
Mechanism (discussed in Section 1.4). Chambers are also used as test beds for
calibration and characterisation of field instrumentation. A use to which they are
particularly suited owing to their large volume and their ability to control the
conditions and concentrations of species introduced, thus providing the best possible
reproduction of the atmosphere in the laboratory.

Some limitations do however exist with large atmospheric chambers. This
includes the dilemma of chamber instrumentation detection limits and the requirement

to often have to investigate trace gas chemistry at higher than ambient concentrations.
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This can be a significant limitation in the utility of certain VOC oxidation data
obtained for mechanism evaluation and the range of conditions that studies may take

place in chambers (Carter et al., 2005).

An example of an atmospheric chamber to be mentioned frequently in this
thesis, is the Highly Instrumented Reactor for Atmospheric Chemistry (HIRAC for
short), developed at the University of Leeds in 2007. HIRAC (Figure 1.8) forms part
of an integrated European consortium of atmospheric simulation chambers known as
EUROCHAMP. Chapter 2 will describe this atmospheric chamber in further detail

and describe the different instrumentation available for use in this vessel.

-

Figure 1.8: Highly Instrumented Reactor for Atmospheric Chamber (HIRAC) at the
University of Leeds.

HIRAC, as its name suggests, is interfaced with a number of different
instruments, including two gas chromatography instruments with flame ionisation
detection (GC-FID), a Fourier Transform Infra-Red spectrometer (FTIR), a Cavity
ring-down spectrometer (CRDS), a Fluorescence Assay by Gas Expansion (FAGE)
instrument and commercial NOy, ozone and water analysers. Table 1.3 gives all the
different techniques used in HIRAC as well as the detection limit ranges and time

resolutions of commonly detected organic species in the HIRAC chamber. A distinct
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advantage of chambers over smaller scale experiments is the ability to make use of

multiple instruments, enabling simultaneous detection of both stable and radical

species.
) o Time
Instrument Species detected Detection limit )
resolution
organic species (e.g.:
GC-FID hydrocarbons and oxygenated 0.01 - 0.05 ppmv 20 s averages

compounds)

O3, organic species
FTIR 60 - 80 ppbv 60 s
(CH3CHO, CH4, HCHO)

CRDS NOs 6 pptv 4s
FAGE OH and HO; 0.1-0.02 pptv 1-30s
NOy 50 pptv 120's
Commercial Analysers O3 1 ppbv 20s
H20 25% 10s

Table 1.3: HIRAC instrumentation and known detection limits and time resolutions
of detectable stable and radical species.

As has already been highlighted, HIRAC forms part of EUROCHAMP, a
European-wide consortium of chambers that integrates the existing atmospheric
chambers and aims at initiating collaboration between different communities for
studying atmospheric processes. A wide range of chambers form part of this
consortium, with 17 countries forming part of this European collaboration, and some
details of a selection of chambers in EUROCHAMP are highlighted in Table 1.4.
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Temperature Pressure Volume/
Chamber Reference
ranges/ K ranges/ mbar m?
(Glowacki
HIRAC, Leeds ~220-330 ~10 - 1000 2.25 etal.,
o 2007a)
Aluminium/
LISA/CESAM, Wang et
Steel _ ~230 - 450 10— 1500 4.20 (Wang
chambers Paris al., 2011)
(M@hler et
AIDA, Karlsruhe ~180 - 330 102-1100 84.3
al., 2003)
(Barnes et
QUAREC, al., 1983,
Glass/ ~265 - 315 1-1000 1.08
Wuppertal Barnes et
Quartz al., 1994)
chambers -
UCPH, (Nilsson et
~240 - 350 102-1000 0.10
Copenhagen al., 2009)
EUPHORE, Atmospheric (Siese et al.,
. 298 - 308 187
Valencia pressure 2001)
] Atmospheric (Rohrer et
SAPHIR, Jiilich 293 — 298 270
Teflon/ EEP* pressure al., 2004)
chambers Atmospheric (Thuner et
CRACL1, Cork 293 -298 3.91
pressure al., 2004)
. Atmospheric (Paulsen et
PSI, Villigen 290 — 298 27
pressure al., 2005)

Table 1.4: Comparison of a number of different atmospheric simulation chambers
that form part of the European simulation chambers (EUROCHAMP). (*FEP:
fluorine ethene polymer).

Table 1.4 shows the different ranges of pressure and temperature operational

in each chamber. Atmospheric chambers are generally categorised as evacuable and

collapsible chambers, depending on their construction. Various materials have been

used in construction of these chambers, including Teflon (collapsible), stainless steel,

quartz and aluminium (evacuable). A brief understanding of the diversity of these

atmospheric chambers as well as the advantages and disadvantages in comparison to

our HIRAC chamber will be reviewed in this section.
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Other well-known examples of atmospheric chambers elsewhere outside of

Europe are tabulated in Table 1.5 and include the Ford smog chamber in Dearborn,
UCR chamber in Riverside, NCAR chamber in Boulder and NIES chamber in

Tsukuba.
) Temperature Pressure Volume/
Chamber Wall Material Reference
ranges/ K ranges/ mbar m?
Ford Smog )
(Wallington and
Chamber, Pyrex ~200 - 350 ~10 - 1000 2.25
Japar, 1989)
Dearborn
UCR
Chamber, FEP Teflon Atmospheric
] ] ~280 - 320 180 (Carter et al., 2005)
California bag pressure
Riverside
NCAR o (Shetter et al., 1987,
Aluminium
chamber, r ~215-470 ~10%-10* 0.05 Orlando and
allo
Boulder Y Tyndall, 2002)
(Volkamer et al.,
NIES, Tsukuba | Stainless steel ~273 - 473 ~10 - 1000 6.07 2002, Akimoto et al.,
1979b)
Caltech
Chamber, .
FEP Teflon Atmospheric
California ~280—320 56 (Cocker et al., 2001)
) bag pressure
Institute of
Technology

Table 1.5: Comparison of a number of different atmospheric simulation chambers
outside of Europe.

The majority of atmospheric chambers are made of Teflon (essentially Teflon
bags). Teflon chambers, such as the SAPHIR chamber shown in Figure 1.9, are

generally larger in volume than metal or glass chambers (due to construction

limitations and cost), and the fact that they are outdoor chambers.
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Figure 1.9: The SAPHIR simulation chamber in Jilich Research Centre, Germany.

Teflon film chambers are easily constructed in comparison to metal and glass
chambers, and the size of these constructions is easily varied owing to the flexibility
of these FEP/Teflon materials. Due to this property, they are not very rigid structures
and are therefore are only able to operate under room temperatures and pressures. Out-
gassing of organics from the chamber walls is less predominant than metal chambers
in particular and also glass chambers, however can still result in contamination during
experiments, and in contrast with other chambers, Teflon bags are not easily cleaned,
given they cannot be scrubbed or heated to degas the organics on the walls. This
would make them less suitable in investigating low NOy chemistry for instance, given
the need for the chamber walls to be clean and rid of any contamination (such as
HNO:s) that could lead to NOy evolution. HIRAC is particularly suitable for such
experiments, and chapter 7 is devoted to the characterisation of a low NOx source of

OH for use in future isoprene oxidation studies.

In contrast, metal or glass chambers are able to conduct experiments over a
wider range of temperatures and pressures; however these chambers are generally kept
indoors. Indoor chambers require a light source to simulate photochemistry and
therefore depend on artificial light which may be different from solar radiation and
result in different photochemistry. In contrast, outdoor chambers rely on sunlight;
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however this varies primarily due to clouds and zenith angle, rendering the photolytic

conditions difficult to model and characterise.

Glass and quartz reactors such as the QUAREC chamber at Wuppertal, Ford
motor company smog chamber and the UCPH chamber at Copenhagen (Figure 1.10)
are generally constructed out of borosilicate or quartz and are relatively inexpensive
and convenient reactors. Glassware is also readily available and repairable. Similar to
metal chambers like HIRAC, they are evacuable chambers. This means experiments
can be carried out over a larger range of pressures. One consequence of evacuable
chambers, however, is their size limitation during construction: the smaller the size of
the chamber the higher the surface area to volume ratio, and in turn the higher the rate

of heterogeneous reactions occurring on chamber walls.

Figure 1.10: The UCPH chamber in Copenhagen, Denmark.

A major difficulty with the use of glass chambers is that glass absorbs light at
critical wavelengths for atmospheric photochemistry. This depends on the
transparency and the thickness of the glass used, but in some cases the absorption of
light <350 nm by glass reactors has been reported in several investigations (Wildt,
2013), therefore making it only possible to study photochemistry under longer
wavelength radiations. A way around this is to have lamps present inside the glass
chamber rather than externally. Metal chambers do not possess this problem and have

the facility to study photolysis experiments over the full range of wavelengths relevant
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to the troposphere. In contrast glass is able to transmit some natural light which is a
better representation of the real atmosphere than artificial light sources used in metal

chambers. The photolysis sources of HIRAC will be further discussed in Chapter 2.

Metal chambers are generally either made of stainless steel or aluminium and
a few examples are shown in Tables 1.4 and 1.5. Stainless steel chambers are used at
the National Institute for Environmental Studies (NIES), Japan, the National Center
for Atmospheric Research (NCAR), Boulder, USA and HIRAC at the University of
Leeds while aluminium alloy with FEP/Teflon coated walls is used at Air Pollution
Research Center (APRC), University of California, Riverside, USA. Similar to glass
reactors, metal chambers allow the control of pressure and temperature, however are
a more expensive option since internal artificial lighting is required and the designing
of ports for coupling instruments to chamber increases design time and cost. In
contrast however the wavelength of light used in a metal chamber is not an issue as

for glass chambers and lamps can be altered in intensity.

Few other differences exist between metal and glass chambers. Wall effects
are the other major difference since the two materials are expected to have different
surface chemistries. In the case of metal chambers, this disadvantage can be
minimised by surface coating with inert polymers, such as Teflon
(polytetrafluoroethylene — most commonly used) or polyethylene and polypropylene
coatings. Following experiments in metal or glass chambers, adsorption of
hydrocarbons and other compounds occur at the chamber walls. This can be removed
by “baking out” by pumping to low pressures, and where possible heating the walls
prior to pumping. Chemical treatment is another possibility and is either carried out
by introducing a reactive gas in the chamber such as Oz or by manually cleaning the
surface of the walls with soap and water, ensuring the removal of any contaminants

on the chamber walls.

The development and widespread use of atmospheric chambers has led to
important advances in atmospheric chemistry in particular in mechanistic studies and
model development. Prior to their contributions to atmospheric chemistry, kinetic data
were only obtainable through laboratory studies of elementary reactions and field
measurements. Elementary kinetic techniques are useful tools for obtaining Kinetic

data, however their inability to look into mechanistic implications and secondary
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chemistry of atmospheric processes is a major limitation that is hard to address on
such a small scale given instrumental limitations. On the other hand, the high degree
of uncertainty in field measurements from physical variables (e.g.: transport and cloud
coverage) as well as complexity from the multitude of reactive species that need
measuring provide quite a difficult task to understand the chemistry of the atmosphere.
This is where atmospheric chambers are able to bridge the gap and obtain knowledge
of mechanistic interest that could be used to back both field measurements and

elementary kinetic experiments.

The main limitations of atmospheric chambers discussed in this section are the
instrument sensitivity for investigating trace gases and NOy concentrations in
concentrations similar to ambient, secondary chemistry due to high concentrations
used in experiments, and heterogeneous surface reactions that are difficult to
characterise. Wall effects and background reactivity may affect the gas phase
chemistry and introduce unknown uncertainties. Despite all this, chamber studies are
an integral tool in the understanding of VOC oxidation processes, as well as other
areas of atmospheric chemistry such as aerosol chemistry. At present the best way to
test and investigate the data collected from chamber studies is through modelling the
data obtained and refining the oxidation mechanism. Due to its importance,
atmospheric models will be briefly discussed in the following section, and their use
in analysing the discrepancies between experimental VOC oxidation data and model
predictions. The predictions and uncertainties obtained from these comparisons are
useful in improving the scope and design of further investigations, both experimental
and theoretical.

1.4 Atmospheric models and the Master Chemical
Mechanism (MCM)

Detailed chemical mechanisms are useful tools in atmospheric chemistry, as
they serve for modelling the chemistry and are also useful for knowledge of the
several chemical processes. The Master Chemical Mechanism (MCM) is a highly

detailed benchmark box model widely used in Europe and the US for research and
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policy applications (Jenkin et al., 1997; Saunders et al., 2003). This chemical
mechanism currently details the gas phase tropospheric degradation of 143 primary
emitted volatile organic compounds (VOCs). Commonly used in conjunction with
field measurements, the MCM has also found recent use in the evaluation of reduced
mechanisms required for chemistry-climate models. The accuracy of the MCM s
dependent on the accuracy of kinetic and photochemical data inputted into this model
(Jenkin et al., 1997).

The latest version of the Master Chemical Mechanism (MCM) consists of over
140 volatile organic compounds (VOCSs) present in the troposphere (Fuentes et al.,
2000, Guicherit, 1997, Brewer et al., 1983). There are several lines of evidence
pointing towards this being only a mere fraction of the real number of VOC species
present. It is now known from 2D GC measurements that there are over a thousand
VOCs present in the troposphere (Hamilton, 2010), most of which have not been
measured. Advances in gas chromatography, a technique mentioned quite frequently
in this thesis and detailed in Chapter 2, have enabled the detection and characterisation
of more detailed VOC inventories, with the growing use of quadropole mass
spectrometry enabling up to 200 VOCs to be isolated and identified (Yassaa et al.,
2001), which can however add additional complexity owing to the practical aspects

of simultaneously analysing such a large amount of VOCs.

A wide range of models are available for describing the chemistry of the
troposphere, from box models to detailed 3-D models. Detailed transport models are
not as necessary for the understanding of the main VOC oxidation processes occurring
in the troposphere as they are primarily influenced by HOx cycles, which have short
lifetimes and thus very limited transport. For this reason, the MCM is sufficient for
describing the chemistry of the troposphere and VOC oxidation processes (Saunders
et al., 2003). Atmospheric chambers are useful tools in obtaining data suitable for
testing VOC oxidation models prior to compiling chemical mechanisms, to predict
the major features of VOC oxidation processes. It is an ideal environment for such
experiments since experiments can be carried out under controlled and well-
characterised conditions. The experimental results can later be compared with those
predicted by models and used as an indicator on how well the chemistry is known.

Several indoor and outdoor chambers have been used in the development of chemical
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mechanisms and their ability to test different aspects of the chemical mechanism have

linked chamber studies very strongly with mechanism and model building.

All conditions of potential interest for control strategies cannot be simulated
experimentally. Consequently, the development and application of mathematical
models capable of accurately describing both the chemical and physical aspects of
atmospheric processes is critical in development and assessment of effective control

strategies.

1.5 Thesis outline

This chapter has outlined the advantages of atmospheric chambers in the study of
atmospheric chemistry as well as the importance of obtaining a better understanding
of various aspects of atmospheric chemistry. In conclusion, atmospheric chambers
enable the investigation under predetermined controlled conditions of complex
atmospheric processes enhancing the application of the results obtained to the
understanding of the real atmosphere. Their use as test beds for field instruments as
well as for inter-comparison of different measuring techniques has enhanced the
importance of these vessels in the study of atmospheric chemistry, and resulted in
several breakthroughs in the knowledge of atmospheric trace species and aerosol

chemistry.

The importance of understanding VOC oxidation processes has been
highlighted in this chapter and is essential in the predictions made on air quality and
climate change and decisions made in setting emission limits as well as for
interpreting the effects to human health of these pollutants (Ravishankara et al., 2012,
Ravishankara, 2005). VOC oxidation mechanisms play an important role in the
understanding the chemistry and fates of oxygenated organics formed during the
oxidation of parent VOCs which play a role in secondary aerosol formation
(Baltensperger et al., 2005).

The work described in this thesis aims at accomplishing the main aims of

HIRAC which are: to validate mechanisms of VOC oxidation and provide a test bed
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for instrument calibration and development. Chapter 2 will describe in further detail
the HIRAC chamber and its existing suite of instrumentation. Chapter 3 follows on
instrumentation and goes through improvements made to HIRAC and instrument
development carried out during these studies aimed at increasing the potential for
studying wider atmospheric chemistry applications. Chapters 4 and 5 both deal with
relative rate studies of VOC reactions with Cl atoms, with chapter 4 describing
reactions with oxygenated hydrocarbons aimed at demonstrating the capability of
HIRAC for use in kinetic experiments. Chapter 5 provides a further demonstrating of
the capabilities of HIRAC for both kinetic and mechanistic applications, and also
extends to investigate temperature dependence of hydrocarbon reactions with ClI

atoms.

Chapter 6 also involves CI atom chemistry with ethanol and consists of an
isotopic branching ratio study of ethanol and deuterated ethanols, and is aimed at
demonstrating the capabilities of HIRAC to carry out similar experiments. Chapter 7
Is dedicated to the characterisation and testing of an OH generation method in HIRAC

under low NOy conditions.
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Chapter 2 - Highly Instrumented Reactor for
Atmospheric Chemistry (HIRAC):

Instrumentation

2.1: Introduction

Atmospheric simulation chambers aim at bridging the gap between the study
of elementary reactions in the laboratory and atmospheric field studies. Mechanism
evaluation of VOC oxidation requires studies over a range of temperature and
pressure, a limiting factor for several existing chambers. The Highly Instrumented
Reactor for Atmospheric Chemistry (HIRAC) was designed at the University of Leeds
(Glowacki et al., 2007b) and was intended to address these limitations, allowing for
control of temperature, pressure and photolytic conditions, which are important
variables that affect the rates of reactions in atmospheric processes.

The controlled conditions of environmental chambers provide an ideal test bed
for characterising field instrumentation and examples of studies range from inter-
comparison of physical instrumentation such as spectral radiometers (Bohn et al.,
2008), through oxygenated VOCs (Apel et al., 2008), to calibrations of OH radical
detection systems (Hard et al., 1984, Bloss et al., 2004, Schlosser et al., 2007,
Schlosser et al., 2009). Many field instruments draw significant sample volumes and
hence some studies are limited to larger chambers such as EUPHORE or SAPHIR,
shown in Figure 2.1 (Seakins, 2010b).

The purpose of this chapter will be to highlight the details of the HIRAC
chamber and the instrumentation available, and to discuss recent instrument
development, with a particular focus on gas chromatography. Chapter 3 will follow
on the latter and extend to further instrument development carried out over the past

few years at the University of Leeds.
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Figure 2.1: EUPHORE chamber in Valencia and SAPHIR chamber in Jilich.

2.2 HIRAC

2.2.1 Introduction

The Highly Instrumented Reactor for Atmospheric Chemistry, HIRAC
(shown in Figure 2.2), is a ~2.25 m?® stainless steel indoor chamber consisting of 4
circulating fans and 8 rows of photolysis lamps. This chamber is built out of grade
304 stainless steel. This was chosen over glass for manufacturing reasons to allow
easier construction of ports and access holes for the inclusion and accessibility of
instrumentation. Furthermore stainless steel tubes could be easily welded in this way
in order to allow for a heating and cooling fluid to flow on the outer body of the
chamber. HIRAC enables studies over varying pressures ranging from ~50 — 1050
mbar, and more recently temperatures through these aforementioned stainless steel
channels welded to the outer body of HIRAC connected to a Huber thermostat Model
690W temperature control unit, and filled with a thermal fluid (DW-Therm) evenly
circulated to cover the full range of temperatures relevant to the troposphere of ~220
—330 K. This setup has been recently set up and characterised and the discussion of
this work is to be highlighted in chapter 3. Chapter 5 will look at the first extensive
temperature dependent studies carried out in HIRAC, and this thesis will demonstrate

the chamber’s potential to carry out similar experiments in future planned research.
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Figure 2.2: The HIRAC chamber at the University of Leeds showing the stainless
steel channels through which the thermofluid is circulated and black neoprene for
insulation of the chamber. The inlet manifold is also shown, which is a series of taps
used to isolate particular sections of the steel tubes.

The chamber has also been covered with an insulating double layer of 20 mm
thick neoprene as is shown in Figure 2.2. The temperature control system in HIRAC
facilitates detailed mechanistic studies of tropospherically relevant reactions. This
system also makes HIRAC invaluable in that it can vary both temperature and
pressure. The installation and testing of this temperature control system is detailed in
Chapter 3.

The various instrumental ports and flanges around the chamber (Figure 2.3)
were cut and welded to the stainless steel skin of HIRAC, allowing a range of
instruments to be simultaneously connected, including: Gas Chromatography by
Flame-lonisation Detection (GC-FID) and Fourier Transform Infra-Red spectroscopy
(FTIR) for VOC detection, Fluorescence Assay by Gas Expansion (FAGE) for HOx
radical detection, Cavity ring down spectroscopy (CRDS) for NOz detection and
various commercial analysers (O3, NOx, H20 and CO).
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(©)

Figure 2.3: SolidWorks 2004 views of HIRAC chamber showing interior and
external flanges and ports in its frame; (a) and (d) show the FAGE instrument
coupled to HIRAC (Glowacki et al., 2007a).

The design approach taken was to develop a chamber capable of performing
under varying conditions of temperature and pressure, and being able to monitor both
free radicals and stable species. In doing so, HIRAC is now utilised as a useful tool
for carrying out both kinetic and mechanistic studies (Malkin, 2010, Malkin et al.,
2010), and also in the development and calibration of field apparatus (Winiberg,
2014).

The pressure of the chamber is monitored by a Leybold Ceravac CTR90 (0 —
100 Torr). HIRAC may be pumped from 1000 mbar down to ~2.5 x 10 ~3 mbar within
~60 — 70 minutes by using a combination of a rotary pump (Leybold Trivac D40B)
backed roots blower (Leybold Ruvac WAU251) with a charcoal filled catchpot trap
(BOC Edwards, 1TC300) to avoid oil backflush into the evacuated chamber (Malkin
2010).

HIRAC contains 8 rows of 2 mm thick quartz tubes that run the length of the
chamber and can house up to 24 lamps (dependant on length) mounted on the circular
faces of the chamber. These tubes are flushed using a purge of nitrogen gas to avoid
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any condensation or ice formation. The purge also reduces the likelihood of lamp
overheating, which is more common when HIRAC is heated up. Lamp output has an
optimal operational temperature of ~310K.The purge flow is adjustable depending on
the reading given by the thermocouples also mounted within the quartz tubes. Quartz
is used since it does not absorb in the UV range, which is important given that the

majority of VOCs absorb in this region.

Four different types of lamps are available for use in HIRAC: Philips
TLK40W/05 actinic UV lamps, GE G55T8 / OH 7G UV-C lamps, Philips TL 40W/12
RS SLV UV-B medical therapy lamps and Philips TL-D 36W/BLB mercury UV

lamps. The spectral outputs of these lamps are shown in Figure 2.4.
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Figure 2.4: Output spectrum of all four lamps within HIRAC measured using a
spectral radiometer with a resolution of 0.25 nm. The spectrum on the right is for a
new set of lamps used in Chapter 7 for photolysis of peroxides.

The homogeneity of the radiation profile within HIRAC is important as this
greatly simplifies analysis and modelling of results of photolytic studies, and
moreover in the case of radical measurement, it is necessary in order to avoid radical
gradients within HIRAC. Modelling of the radiation distribution in HIRAC was
performed for the purpose of designing a light arrangement that maximised the
volume of uniform light in the chamber, shown in Figure 2.5. The model consisted of
the generation and evaluation of an NO> photolysis map (Glowacki et al., 2007a).
Through a combination of experimental, analytical and ray tracing results it has been
shown that Jno2 is within +15% of the average for ~75% of HIRAC's volume.
Additionally, measurements of OH across the chamber diameter showed that there is

no significant radical gradient (Malkin, 2010).
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Figure 2.5: At a plane located at the centre of HIRAC, the above plots indicate that
the region of £15% radiation homogeneity represents ca. 86% of the cross sectional
area of HIRAC. (a) and (b) Are comparison of the analytical form derived to
describe NO- photolysis with the ray trace simulations for two radial transects on (a)
line a and (b) line b in Figure 2.3(c) and (d) Comparison of the analytical form
derived to describe NO2 photolysis as a function of position along HIRAC’s
cylindrical symmetry axis (Glowacki et al., 2007a).

2.2.2 Gas delivery and mixing

In order to ensure good mixing of gases, HIRAC has four circulation fans,
with two mounted on each end plate. The fans are made of aluminium, 225 mm in
diameter, and coupled to externally-mounted variable speed DC motors via ferro
fluidic feedthroughs (Ferrotec SS-250-SLBD). A flexible coupling between the
motors and the feedthroughs, in conjunction with the neoprene pads between the

motor housing and the end plates leads to significant reduction in vibrations, which
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gives improved signal to noise ratios (S/N) in the spectra obtained by the FTIR optical

system (which is described in Section 2.4).

Measurements were performed to investigate mixing times in HIRAC
(Glowacki et al., 2007a). Mixing time is defined as 195, the time required for the
concentration of a stable species to reach 95% of its maximum value (Pinelli et al.,
2001). NO in N2 (474 = 14 ppbv NO in N2, NPL certified) was measured with a
commercial NOy analyser, and several combinations of injection and sampling points
around the chamber were investigated with respect to the number of fans running as

well as the speed at which the fans were run.

Mixing measurements were insensitive to the particular locations of the
injection and sampling points. Furthermore, the measurements indicate that at lower
fan speeds (<1500 rpm), mixing time is reduced significantly by running all of the
fans whereas at higher fan speeds, mixing time is insensitive to the number of fans
that are running. With all fans running at 1500 rpm and 3000 rpm (100%), mixing
times are ~70 s and ~60 s, respectively, and show good reproducibility. In the majority
of experiments carried out in HIRAC all fans were running at a speed of 1500 rpm,
with the exception of the isotopic branching ratio study in Chapter 6.

2.3 Chromatographic techniques

2.3.1 Introduction

Gas chromatography is a versatile technique capable of separating a sample
into individual components, and at the same time qualitatively and quantitatively
analysing the separated components. Separation of gases and volatile substances is
achieved through their distribution between a mobile and stationary phase, and they
are registered through transport by the mobile phase to the detector. The output from
chromatographic separation is observed as peaks, which give both guantitative and
qualitative information in a chromatogram as the intensity of the detector signal for

each compound against their time spent in the column.
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This technique can be used for a wide range of organics, and a good portion
of the work presented in this thesis has been performed using this technique. For this
reason this section will go through the basic theory of gas chromatography in
sufficient detail highlighting the main areas of interest whilst comparing and
contrasting the different techniques available for sampling, inlets, column selection,
and detector performance, with a particular emphasis on the HIRAC Agilent 6890N
Gas Chromatograph instrument shown in Figure 2.6 is available with Flame lonisation
Detection (FID).

Figure 2.6: HIRAC GC-FID (Agilent HP 6890N series Gas Chromatograph).

2.3.2 Gas management in GC systems

High purity gas (~99.999%) flows into the injector and through the sampling
line, column and detector, with noble gases being commonly used as carrier gases due
to their inertness. The HIRAC GC-FID system uses helium carrier gas (Fluka,
>99.999%) with a number of gas filters installed prior to entry into the GC-FID
instrument (Figure 2.7) preventing any contamination of the column and any
interference in chromatograms from the carrier gas. Impurities such as oxygen and
water are damaging to the GC column, and are a common problem with GC columns
systems. Hydrocarbon traps are also useful to ensure the high purity gases used are
free from any contaminants, and are commonly filled with activated charcoal, while

oxygen and moisture traps are normally adsorbent cartridges.
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Figure 2.7: Gas management system for helium carrier gas (Agilent, 2000).

These traps are regularly maintained and routinely leak tested. In the helium
supply used for the HIRAC GC-FID the moisture and oxygen traps are combined into

one multifunctional adsorbent trap.

2.3.3 Chromatographic theory

All chromatographic processes can be regarded as a continuous repetition of
partition steps between two phases, the stationary and mobile phase. Numerous
separating steps take place and individual components elute out one after the other
from these series of partitions, commonly referred to as plates (McNair and Miller,
2009). The separating capacity of the column on each partition corresponds to a
theoretical plate, with the length of each plate called the height to equivalent to a
theoretical plate (HETP). HETP is calculated from the column length divided by

number of plates:

HETP=L/N (Eq 2.1)

The theoretical plate number, N shows the relation between retention time and
peak width and describes column quality and separation power. The number of plates
(N) can be calculated from the peak profile on the chromatogram (peak maximum and
width); the more plates a column has the more effective it is in separating individual

components:
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N =16 (tr / Wp)? (Eq2.2)

Where t; is retention time and W is peak width. Retention time may be defined
as the width at half maximum. The factors affecting HETP are described in the Van

Deemter equation:

HETP = A + (B/u) + C + u (Eq 2.3)

Where A is the eddy diffusion term, B is the longitudinal diffusion term, u is
the linear velocity and C is the resistance to mass transfer coefficient. An important
factor that affects column efficiency is the mobile phase velocity, which varies all
these terms effectively, as do particle size and morphology. The optimum mobile
phase velocity is therefore achieved from the understanding of the van Deemter
equation. HETP is affected by various factors such as column length, linear velocity

in column (flow rates), particle size, retention factor and dead volume (instrument

quality).

Figure 2.8 shows the ideal linear velocities for different carrier gases for a
specific column. The smaller the plate height, the greater the number of plates and
therefore the greater the efficiency of the column; this would be defined as the

optimum flow.
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Figure 2.8: Van Deemter curves for gas chromatography of n-C17Hzs at 448 K using
N2, He, or Hz in a 0.25 mm diameter x 25m long wall-coated column with OV-101
stationary phase (Freeman, 1979).

Stationary phase particle size is another of the most important factors in the

van Deemter equation. For a given column length, the plate number is inversely
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related to the particle size of the column packing. Therefore the smaller the particles

are the higher the plate number and the separation power.

Molecular dispersion, diffusion and slow mass transfer are the three main
factors that govern the peak heights and peak broadenings in a GC chromatogram,
and these are all kinetic processes described in the van Deemter equation. Identical
molecules travel differently in the column due to probability processes. Column
packing, and column thickness affect these kinetic processes since different packing
and particle shapes alter the speed of the mobile phase and in turn the flow rate through

the column.

Molecules traverse the column under influence of the flowing mobile phase
resulting in slight dispersions in the mean flow rate due to molecular diffusion. A
chromatographic system is in dynamic equilibrium. As the mobile phase is moving
continuously, the system has to restore this equilibrium continuously. Since it takes
some time to restore equilibrium (resistance to mass transfer), the concentration
profiles of sample components between mobile and stationary phase are always
slightly shifted. This results in additional peak broadening (McNair and Miller, 2009).

2.3.4 GC inlet systems

Inlets are the interface through which samples are introduced onto the GC
column. Various different inlet systems are available, some specifically designed for

purpose, and correct choice is essential for obtaining best quality data.

Inlet systems are generally classified according to the temperature at which
they operate, thus the two main classes are: (a) hot inlets and (b) cold inlets; the former
being the only system employed in our instrument. Injector temperature should be
high enough to volatilise all of the analytes. The initial column temperature should be
just below the temperature at which the first compound elutes (Sparkman et al., 2011).
A split/splitless mode inlet is the most widely used inlet system for GC capillary
columns, and is the one present in the HIRAC GC-FID instrument. A schematic of a
typical split/splitless inlet is shown in Figure 2.9. A total flow controller external to

the inlet system controls the flows of gas going into the inlet.
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Figure 2.9: Split/splitless split mode inlet system (Taken from:
http://www.chromatography-online.org).

Glass liners in split injection setups usually contain a glass frit or cup that
promotes mixing of the sample. Quartz wool is often used in these liners in order to
prevent non-volatile components from entering the column. This is not necessary for
the HIRAC GC-FID given all vapour phase studies do not condense at 523 K, which
is the temperature at which the injector is typically kept. Split mode is generally used

for samples that are fairly concentrated, at levels greater than 100 pg mL™.

The split ratio is determined by dividing the sum of the column flow and vent
flow by the column flow. Typical split ratios range from 10:1 to 400:1 (Sparkman et
al., 2011).

Sp'lt ratio = column flow + vent flow (Eq 24)

column flow

Typical helium flows used for the HIRAC GC-FID inlet system are ~53 mL
minutes™, with 3 mL minutes™ of helium entering the column, and 50 mL minutes™
acting as a purge for the inlet system. The purge flow makes its way through the split
vent outlet. With the purge turned off, the entire sample flowing down the inlet enters
the column. Ina splitless mode, which is what is used in gas phase detection in HIRAC
GC-FID, when the purge is turned on; the split vent is opened to purge the inlet during
injection. This reduces the overload on the column and sharpens peaks in the GC

chromatogram.
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2.3.5 Gas sampling system

The HIRAC GC-FID instrument uses a Valco 6-way rotary gas sampling
valve, which is shown in Figure 2.11. This mechanism is the method for continuous
sampling in most chamber experiments and is used in all experiments presented here.
The HIRAC GC-FID gas sampling system was developed due to the high
uncertainties that were associated with syringing samples into a GC-FID instrument.

The sampling valve is connected to HIRAC and the pump via quarter inch
copper sampling lines that are opened and closed by a set of two solenoid valves
(Figure 2.10). The pump valve is opened and the chamber valve closed under normal
operation in order to evacuate the copper tubing as well as the stainless steel sample
loop. The sample loop is filled by opening the chamber valve and closing the pump
valve, allowing ~30 s for a gas sample from HIRAC to be transferred into the sampling

loop at the current chamber pressure.

6-way solenoid valve

Sample loop
(S

-

Chamber valve

Pump valve

1’4

Figure 2.10: GC sampling system present in HIRAC.

HIRAC

A continuous flow is taking place through a sample loop when in inject
position, the volume of which is interchangeable depending on the volume of sample
desired to be analysed using the GC-FID. Varying the volume of the loop enables an
increased amount of sample available for trace analysis. Several considerations should
be taken into account prior to this being changed. It is important to balance out the
carrier gas flow rate (using Van Deemter curve) with the pressure at the head of the
column in order to determine the optimal time to allow for the sample loop to load the

sample onto the column. Large volume loops reduce separation of chromatographic
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peaks, since they result in a longer time for the sample to be loaded onto the column,

which will in turn result in larger peak widths.

There are two operational positions for the 6-wayrotary valve; load and inject.
In the load position, the volume of the sampling loop is connected to the chamber
sample line, labelled “sample in” and “out”. In the “in” position, an automatic pump
fills the sample loop and the sample is pulled through the valve. A sufficient flush of
gas (generally 10 times greater than the volume of the sample loop installed) is
necessary to ensure that the sample loop contains enough sample for analysis. The
valve is then timed to shift position to inject long enough for introduction of the
sample onto the column. The sample is pushed by the He carrier gas into the inlet and

onto the column.

To column To column
Carrier in
Load Inject
position position
Loop
Sample in Sample in
Sample out Sample out—————-——

Figure 2.11: “Load” and “Inject” positions of the Valco 6-way solenoid valve. At
Load position — the sample gas is expanded into the loop. The column is flushed
with carrier gas; At Inject position — the filled loop is inserted into the carrier gas
stream and the sample is flushed onto the column via the inlet. The run is controlled
using an in-house LabView software which automates solenoid sampling in the
HIRAC GC-FID. (Agilent, 2000)

As shown in Figure 2.11, the gases in the sampling loop are transferred to the
column via the six-way gas sampling valve, and the sample loop is purged by resetting
the chamber and pump valve. This automated sampling method is generally set to
~120 s for an entire cycle. The sampling rate is ~100 sccm (standard cubic centimetres
per minute). All valves used to control sampling in the GC are controlled by in-house
written LabView software, which controls the sampling and timing of the pump and
chamber valves. The Chemstation software controls the timings for the 6-way gas-

sampling valve. Temperature and pressure conditions must be held constant during
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the entire run. A 3 K difference or ~7 Torr difference will cause a 1% change in the
amount of gas sample (Grob and Barry, 2004). Shorter run cycles keep these
uncertainties low, owing to lower variability in pressure or temperature parameters. If
the samples are at a different temperature from the sample lines and valve, it is
recommended to maintain them at an elevated temperature in order to minimise

sample loss, which could occur through adsorption and loss to walls.

2.3.6 GC columns and stationary phases

Solutes are separated in the column, primarily by their physical properties,
such as mass and polarity. Temperature and composition of the column walls also
influence separation. There are two different types of columns: packed and capillary
columns. The latter is the most common and modern GC column, and is a capillary
tube coated with stationary phase leaving a small inner diameter for the analytes to
flow through. Stationary phases can be either liquid or solid phase and present on the
inside of the tubular column. Figure 2.12 shows the different types of stationary
phases available in GC capillary columns: WCOT (wall-coated open tubular column),
SCOT (Support-coated open tubular column) and PLOT (porous-layer open tubular

column) columns.

Solid support
Stationary coated with Stationary
liquid stationary solid-phase
phase liquid phase particles

Column wall
Wall-coated Support-coated Porous-layer
open tubular open tubular open tubular
column column column
(WCQOT) (SCOT) (PLOT)

Figure 2.12: Types of stationary phases in GC capillary columns: stationary liquid
phase (WCQOT), solid supported liquid phase (SCOT), and solid phase particles
(PLOT) (Taken from: http://www.chem.uidaho.edu)
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There are a number of columns available for GC-FID analyses in the HIRAC
lab. The most used are a J&W DB-1 column (50 m, 0.53 mm i.d. and film thickness
of 5.00 um,) and a Varian Chrompack CP-Sil 5CB column (50 m, 0.32 mm i.d. and
film thickness of 5um). These two columns are both non-polar columns coated with
100% dimethylpolysiloxane and can be used for separation of a wide range of

organics. Separation of mixtures in these columns occurs by volatility.

Figure 2.13 shows the polymeric chain in polysiloxane columns, which is the
stationary phase present in all the general purpose columns made use of in the HIRAC
lab. It is also present in the majority of polar and polarisable columns, functionalised

accordingly with cyanopropyl, trifluoropropyl and others depending on required

selectivity.
R = CH, methyl
TH3 T TH3 CH,CH,CH,CN  cyanopropyl
HyC—Si o Ti 0 Ti CH, CH,CH,CF, trifluoropropyl
CH
° R CHs /’s phenyl
N

Figure 2.13: Common polysiloxane stationary phases and respective R groups used
in modern gas chromatography columns (Hemavibool, 2009).

100% Dimethylsiloxane, 5% phenyl/95% dimethylsiloxane and columns are
good general purpose phases that find numerous applications since they are non-polar
and separate mainly by mass and boiling point of analyte. If the latter characteristics
are similar for the analytes being studied, then polar columns are more selective
towards their polarities. Examples of some polar stationary phases include

polyethylene glycol (CarboWax columns).

2.3.7 Detectors

There are various kinds of detectors used in gas chromatography, and the
choice of detector depends on the sample being studied. It is important to note that the
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choice of carrier gas used also depends upon the detector being used. The most
common carrier gases used are helium, nitrogen and hydrogen. The most commonly
used detectors are flame-ionisation detectors, electron-capture detectors, mass
spectroscopy and thermal conductivity detectors. Other examples of detectors used in
gas chromatography include Pulsed discharge detectors (PDD), Electron Capture
detectors (ECD) and Thermal Conductivity detectors (TCD). Mass spectrometers
(GC-MS) and Fourier Transform Infrared instruments (GC-FTIR) are also commonly

found coupled with modern GCs.

FID detectors are mostly used for organics and are mass sensitive detectors
particularly sensitive towards organic analytes. Modern day FIDs are sensitive to ~10°
13 g/s for most organics (Harris, 2003). Flame ionisation detection is much less
sensitive to any oxygen/nitrogen containing compounds (carbonyl, alcohol, amine
groups), thus the FID signal is expected to be significantly lower for these species.
Most FIDs consist of hydrogen/air flames or hydrogen enriched with helium or
nitrogen, burning at a capillary jet. Hydrogen is thoroughly mixed with the
compounds being analysed and carrier gas within the column prior to contact with

flame, as is shown in Figure 2.14.

The detector used for the HIRAC GC is a flame-ionisation detector (FID). The
HIRAC GC-FID normally operates at a flow of 400 mL minutes™ of air and 40 mL
minutes™ of hydrogen and 20 mL minutes™ of helium makeup gas; the latter also
acting as a carrier gas. The FID detector used is maintained at 523 K.
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Figure 2.14: FID system in the HIRAC GC-FID instrument (Taken from:
http://www.cem.msu.edu/).
Once the analytes elute from the column, they mix with the makeup gas and
hydrogen, before pyrolysis in the flame breaks apart the analytes into ion fragments.
The ionised fragments are directed onto a collector plate; a biased electrode, which

produces an electrical signal that is detected by an electrometer.

The intensity of the signal is proportional to carbon number of the components,
since the rate of ion formation would depend on the size of the sample upon injection.
The magnitude of the electrode potential recorded depends therefore on the organic
chain size and nature of the organic species. The output of the detector (converted
from current to voltage) is sent to an integrating recorder that plots, stores, and
analyses the data. The detector voltage (y-axis) is plotted as a function of time (x-
axis). Each peak corresponds to a separate component. The time it takes for a given
peak to appear after injection is called the retention time. If the column conditions
are kept constant, the retention time for each component is quite reproducible from
one sample and injection to the next. The identity of each peak can be determined by
injecting pure samples of the individual components of the mixture and noting their

retention times.
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The HIRAC lab possesses two different pulsed discharge detectors, one used
to detect formaldehyde in the in-built GC-HID instrument (Pulsed Discharge Helium
lonisation Detector, pdHID) and another in an Agilent 6890N GC (Pulsed Discharge
Photoionisation detector, PDPID). The Leeds GC-HID was purposely built for
achieving high sensitivity of detection of formaldehyde in the field with a good time
resolution for determination (Hunter et al., 1999, Hunter et al., 1998, Hopkins et al.,
2003). This method utilises the trapping of analytes in a loop cooled by a cold trap of
liquid nitrogen, separation by GC and subsequent detection using the pulsed discharge

helium ionisation detector doped with argon (Hemavibool, 2009).
HELIUM \NLETlv

DISCHARGE ZONE
SPRING WASHERS

DISCHARGE ELECTRODES
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Figure 2.15: Schematic of a Pulsed discharge detector (Taken from:
http://www.vici.com/support/manuals/d4_var.pdf).

Both pulsed discharge detector types mentioned work in a similar manner, and
have several advantages over FID detection. They are non-destructive (0.01 - 0.1%
ionisation) and highly sensitive, more so than an FID, with detection limits in the
subpicogram ranges, and the response to organic compounds being linear over five
orders of magnitude. lonisation of the analytes is believed to occur by a combination
of two mechanisms, the Penning Effect and the Hopfield emission (Whalley et al.,
2004). The response is obtained from the ionisation potentials of the analyte relative
to that of the discharge gas, which can be changed from pure helium doped with any

of the noble gases depending on the desired discharge emission profile. This results
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in resonance of atomic and diatomic noble gases. Response is constrained to samples

possessing an ionisation potential less or equal to that of the dopant emission.

Electron Capture detectors (ECD) make use of radioactive beta emitters in
order to ionise the carrier gas. A current is produced this way and this flow in between
a biased pair of electrodes. When the carrier gas and organic analyte travel through
the detector, the electronegative functional groups of the analyte will pass by the
detector capturing electrons and reducing the current measured between the two
electrodes. The analytes however have to contain an electronegative functional group
in order to be detected, such as halogens, phosphorus and nitro groups. These
detectors are as sensitive as FIDs, and commonly used for halogen compound

detection, but can detect smaller ranges of compounds than FIDs.

A TCD detector consists of an electrically-heated wire or thermistor. The
temperature of the sensing element depends on the thermal conductivity of the gas
flowing around it. Changes in thermal conductivity, such as when organic molecules
displace some of the carrier gas, cause a temperature rise in the element which is
sensed as a change in resistance. The TCD is not as sensitive as other detectors but it

IS non-specific and non-destructive.

2.3.8 Peak Optimisation

Peak optimisation refers to the efforts made in obtaining higher resolution,
shorter retention time and lower detection limit while at the same time separating at
high throughput and economically. The three first-named goals may be most
important, and of these the improvement of the resolution is the prime concern
(Kromidas et al., 2008).

The effects of changing the purge flow in a split/splitless split mode inlet
system are shown in Figure 2.16. This was a quick test on the HIRAC GC-FID while
optimising conditions for experiments involving propane and cyclohexane. As can be
seen from the chromatogram, the increase in purge flow results in a narrowing of the
peaks widths, making them look sharper, however the peak heights and areas decrease

since less sample is being loaded onto the column. Further testing of the effects of
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these conditions on the output chromatograms is necessary and this is planned to be
incorporated into a report outlining the modifications performed and their effects on
the HIRAC GC-FID.
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Figure 2.16: Effects of varying purge flow on a GC-FID chromatogram for two
injections of propane (first two peaks) and cyclohexane (last two peaks): (a) purge
flow at 25 mL minutes™ (b) purge flow set to 5 mL minutes™.

The peak width determines the resolution of two components at a given

distance between the peak maxima (Hubschmann, 2009), while the quality of the

chromatographic separation (resolution) is measured as the retention difference
divided by the peak width:

At

R=~ Width (Eq 2.5)

Where R is the resolution of two peaks, which is dependent upon the mean of the two
peak widths and their respective At:

R=1.108 x —R2~R1 (Eq 2.6)

Wh1+Wha

Where Wh is the full width half maximum. Resolution is related to the capacity factor,

k’, number of plates, N, and selectivity, «, by:
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i

— (Eq 2.7)

R="T (o 1)
Chromatographic resolution therefore depends on three important terms:
selectivity, retardation (fraction of a compound in the mobile phase) and dispersion
(such as hydrophobic interactivity). The resolution is mostly dependent upon
selectivity, as more plates are required in order to achieve better peak separation.
Selectivity is improved by changing the column stationary phase, such as changing to

a more polar column if the sample contains components with different polarities.

Decreasing the operating temperature of the column also increases the
selectivity, since species take longer in the column under these conditions therefore
allowing more time for separation, but also results in wider peaks. Other ways of
improving resolution include increasing film thickness of stationary phase of GC
column since this increases the number of theoretical plates for separation. Increasing
the length of the column increases the resolution: doubling the length increases the
resolution by a factor of 1.4 using the above equation, since it doubles the efficiency

(number of plates) and doubles analysis time.

Figure 2.17 shows the effects of varying inject time (i.e.: time allowed for
sample loop to flush sample into column) on peak shape. As can be seen, the lower
the inject time, the less time the sample takes to elute, resulting in sharper peaks.
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Figure 2.17: Varying the injection time ((a) 1 minutes (b) 0.8 minutes (c) 0.6
minutes) for GC-FID measurements of methane and propane.
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2.3.9 Cryofocusing

Cryogenic trapping or cryofocusing is a technique commonly used in gas
chromatography to overcome peak distortion and problems with resolution of
chromatographic peaks. Trapping does not directly occur; rather the migration time
of the sample is slowed down by the inclusion of a cold trap is incorporated into a GC
system (Hagman and Jacobsson 1988). The utility of these cryogenic traps has been
reviewed clearly by Brettel and Grob (Brettell and Grob, 1985a, Brettell and Grob,
1985b, Grob and Barry, 2004).

This technique has been extensively used to improve separation during the
analysis of VOCs in the real environment (Simmonds, 1984, Wylie, 1986, Kolb et al.,
1986, Shimoda and Shibamoto, 1990, Buser et al., 1982, Hagman and Jacobsson,
1988, Pankow, 1983, Werkhoff and Bretschneider, 1987, Mehran et al., 1990), with
majority of reported studies using a “conventional” GC-FID instrument similar to that

used for experiments in HIRAC.

Cryofocusing can be carried out by either cooling the entire column to sub-
ambient temperatures during sample injection, or more conveniently by using the first
coil of the capillary column (Kolb et al., 1986). The former has a few shortcomings
as it takes a longer time to cool down the entire column and will also consume copious
amounts of coolant, generally liquid nitrogen or carbon dioxide. Cooling the whole
column is a still regarded as a viable “simpler” method as no trapping loop
connections is necessary and this method has been shown to provide good
chromatographic efficiency (Pankow, 1983). According to the literature, it is thought
that cryofocusing occurs primarily by slowing down the migration rates of the sample
components by increasing their capacity factors, which can be expressed as:

Re=1/(1+Kk)=us/ e (Eq 2.8)

where Rr is the migration rate, k is the capacity factor of the solute, and us and uc are
the respective velocities of the sample vapour and the carrier gas respectively (Kolb
et al., 1986).
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Figure 2.18: Cold trap installation in sampling loop; Adapted from (Borgerding and
Wilkerson, 1996).

The most common method of cryofocusing makes use of a high-pressure
liquid that can reduce the column temperature to as low as ~230 K within seconds, as
is shown in Figure 2.18. This is similar to a recently installed liquid carbon dioxide
cryogenic cold trap in the HIRAC GC-FID system (Figure 2.19). This section will
describe the function and purpose of this recently installed cold trap, and discuss

recent tests using n-alkanes.

The efficiency of a cold trap, measured on its ability to retain compounds, is
dependent upon a number of factors, including the lowest temperature achievable.
This is the reason liquid nitrogen and liquid carbon dioxide are used since they are
inexpensive and can cool a trap to low enough temperatures to retain the majority of
VOCs. Other factors include the temperature of the GC oven, the amount of analyte
loaded onto column, timing of cooling and temperature gradients in the column.
Compounds with very low capacity factors have also been found to exhibit problems
as a short portion of the column may not be sufficient for the trapping of these
analytes. Increasing the sampling time and trapping time can make this problem less
pronounced, but if the capacity factor is too small, some of the compound could break

through the trap.
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Figure 2.19: Liquid CO2 system installed on the wall of the HIRAC GC-FID
instrument (Taken from: http://www.sge.com/).

The aim of this cold trap was to improve the separation of peaks in GC-FID
chromatograms, which would be beneficial for more elaborate product studies in
HIRAC. This setup aims at improving the quality of chromatographic peaks observed
during runs by giving ideal peak shapes through focusing of components into a narrow
band resulting in reduced peak tailing and band broadening, depending on the cause
of the poor peak shape in the chromatography.

This SGE CO: cold trap system installed works by controlling the flow of
liquid CO2 to a low thermal mass trap through a pneumatically actuated valve.
Focusing takes place at the head of the column through cooling the first section of the
column using liquid CO». The cold trap is designed to rapidly cool and efficiently
reheat afterwards. The cold trap setup consists of a tee that is mounted in the GC-FID
oven and connected to the cooling CO: liquid via insulated transfer lines. The flows
are controlled by a pneumatic head switching valve that requires an actuating gas
(nitrogen) pressure of ~4 bar. A three-way solenoid valve has been installed in order
to automate this system by switching on and off the pneumatic nitrogen gas flow
which in turn controls the switching valve for the cold trap which switches on and off
the flow of CO into the tee. This is controlled using an in-house National Instruments
LabView software added on to the already existing solenoid program used to control

the GC solenoids described earlier.
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Initial tests of the cold trap were performed on a series of n-alkanes in HIRAC.
The results presented in Table 2.1 were obtained in HIRAC at 1000 mbar and 292 K

n-pentane hexane n-octane
Ret ) ) Ret ] ] Ret ] ]
) width | area | height | width | area | height | width | area | height
time time time
Coldtrapon | 219 | 0.04 | 4518 | 1774 | 296 | 005 | 292 | 86.6 | 7.18 | 0.12 | 3835 | 507
Cold trap off | 2.05 | 0.11 |[4290 | 664 | 277 | 011 | 278 | 39.9 | 6.84 | 0.15 | 3400 | 357
Ratio 1.07 | 036 | 1.05 | 2.67 | 1.07 | 046 | 1.05| 217 |1.05| 080 | 1.13 | 1.42

Table 2.1: Chromatographic data (retention time, width, area and height) for a series
of n-alkanes with the cold trap turned on and off. The ratio reflects the change due to
the cold trap being on.

These results demonstrate the potential for using a cold trap in the effect it has
on the width of the peaks, particularly for the smaller alkanes used. This seems to
point toward a trade-off between the time the cold trap is “holding” the analytes in the
column with their retention times (Hagman and Jacobsson, 1988). As can be noted
the cold trap is having a more pronounced effect on the n-pentane peaks; this is due
to a higher vapour pressure compared to n-octane. The timings used for the cold trap
were the same for every consecutive injection and the peak parameters shown in Table
3.1 are taken from the average of 7 injections. In fact the width decreases by a factor
of 2.67 for n-pentane, while the height increases by the same factor. For the hexane
the width roughly halves while the height roughly doubles, and for n-octane the
change noted is much less evident, with a decrease by 20% for the width and an
increase by a factor of 42% for the height.

Small changes in the peak areas (5%) are also noted, and it is not clear what
could be the reason for this, possibly due to retardation of elution for any possible
contaminants present in HIRAC or in sample line that may overlap with the
hydrocarbons. A thermocouple was attached to the cold trap during these experiments
and an average temperature of ~223 — 233 K was reached within a few seconds of the
cold trap being turned on. Other authors report lower temperatures would be more
suitable to focus all VOCs, since if the temperature is not low enough, the focusing is

not as pronounced, and hence the efficiency of the cold trap is minimised this way.
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2.3.10 Chromatographic techniques in other

chambers

A brief review of chromatographic techniques used in different chambers was
deemed appropriate in order to compare and contrast the different methods used and
to what benefit and use these are being put to. The separating power of
chromatography is invaluable during mechanistic studies with a large range of
primary, secondary and tertiary products where FTIR would struggle due to
overlapping IR peaks (Seakins, 2010b). GC and GC-MS instruments are therefore a
standard benchtop instrument present in the majority of atmospheric chambers. In fact
most chamber groups classify their GC instruments along with conventional analytical

instrumentation such as Oz and NOy analysers and actinometers.

GC-MS is used by a number of atmospheric chamber groups owing to its
ability to directly identify and quantify compounds being monitored, which is a
valuable tool in mechanistic studies. The NIES chamber in Japan make use of both
GC-FID and GC-MS in their chamber studies (Akimoto et al., 1979a), as does the
aluminium alloy reactor at the Air Pollution Research Centre (APRC) in the
University of California (Atkinson et al., 1980). Recent experiments by a group from
Toledo performed in the EUPHORE chamber focused on product studies of the
reaction of chlorine atoms with unsaturated alcohols (Rodriguez et al., 2012). GC-
FID was used to quantify products from the relative rate study of unsaturated alcohols,
whilst GC-MS was used to qualitatively identify other unknown products formed.
Both instruments sampled from the chamber via 6-way sampling valves kept in the
GC oven, and into a 1 mL loop that was evacuated with a vacuum pump. This setup
is similar to the current setup in our HIRAC GC-FID, with HIRAC possessing a larger
sample loop of 10 mL.

The EUPHORE chamber in Valencia has been used by various groups for
kinetic and mechanistic studies using GC-FID and GC-MS (Cabanas et al., 2005,
Borras and Tortajada-Genaro, Vivanco et al., 2011). A study on the photo-oxidation
products of alkylbenzenes made use of a comprehensive GCxGC system. This work
was carried out by groups from the University of Leeds, York and Newcastle as part

of the EXACT project (Hamilton et al., 2003). Two litre air samples were taken from
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the 190 m? Teflon chamber and were cryofocused using a cold trap (stainless steel
sample loop held above liquid nitrogen) with a sampling frequency of 30 minutes,
allowing the evolution of species during the photo-oxidation process to be followed
over 3 — 6 hours. Likely photo-oxidation products were synthesised and used as
reference standards for easier identification by the gas chromatographs. Comparison
of GCxGC measurements with FTIR showed good agreement (Hamilton et al., 2003).
The columns used were a very long (50m) BP-1 polysiloxane column and a second
very short (10m) BP-20 polar column. The high polarity of the second columns’

stationary phase ensured good 2D separation and narrow peak shapes.

GC systems have also been coupled to other instruments in chamber studies.
The CRAC1 chamber at the University College Cork have a GC-MS instrument
coupled to a novel denuder-filter system for simultaneous measurement of gas and
particle phase oxidation products (Temime et al., 2007). They also have a GC-FID
instrument coupled to their chamber that regularly monitors the concentrations of the
organics being analysed (Thuner et al., 2004).

2.4 Spectroscopic techniques

2.4.1 Fourier transform infra-red spectroscopy (FTIR)

The importance of characterising VOC oxidation mechanisms has already
been highlighted in Chapter 1. Environmental chambers provide a suitable
environment for the study of these processes, and the availability of a Fourier
transform Infra-Red (FTIR) absorption spectrometer is one of the most essential
detection systems for chamber studies. IR absorption is an almost universal detection

method with high selectivity.

FTIR is based on measuring absorption of IR radiation by a sample. An
interferometer enables the measurement of all IR frequencies simultaneously. The
only requirement for a molecule to be detectable is that it must have a vibrational
mode that changes its dipole moment. Contrary to the HIRAC GC-FID, the HIRAC

FTIR system is non-destructive since the sample remains intact during measurements.
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An advantage of the FTIR system over GC-FID is the measurements are done in-situ
compared to the direct sampling of GC-FID, which is beneficial as it does not dilute
the chamber and also reduces the uncertainties associated with sampling and gas
samples making it through a sample loop. Being such a versatile tool for analytical
purposes, it is a useful quantitative and continuous technigue that makes it a universal

detection method for most trace gases in the atmosphere.

A Bruker IFS/66 FTIR spectrometer (CaF. beam splitter, Si diode detector,
measurement range 4,000 — 400 cm™?), is coupled to HIRAC and the multipass optical
arrangement on the interior of the chamber via a series of transfer optics housed in a
sealed purged box. This multipass optics system was developed by Glowacki and
Goddard (Glowacki et al., 2007b), and a diagram of the arrangement is shown in
Figure 2.20.

Figure 2.20: Modified multipass Chernin cell optics in HIRAC (Glowacki et al.,
2007b).

This optical system is known as a modified multipass Chernin type cell, and
is a modified multipass matrix system that features three objective mirrors with input
and output apertures placed on opposite sides of the small field mirror(Chernin, 2001).
The latter publications give a description of the modified multipass system which
differs from the original system in that it separates input and output beams to opposite
sides of the field mirror, thus making it a more convenient arrangement. Figure 2.20
shows a schematic of the 72 pass arrangement for this modified multipass Chernin
type cell optics developed by Glowacki and Goddard (Glowacki et al., 2007b). The

above figure also shows the image pattern on the field mirror and points the centre of
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curvature for each objective mirror (F1 located at midpoint of O1 and O2, while F2
located at midpoint of centres of O1 and O3). Some temperature effects due to
expansion of mirrors may lead to loss in alignment of the FTIR optical system; this
can be minimised by selecting mirrors with materials that have low thermal expansion

coefficients.

Under normal operation, IR beams pass in and out of HIRAC via two 6 mrad
wedged potassium bromide (KBr) windows, in order to avoid etalon effects
(Glowacki et al., 2007b). The transfer optics are housed in a sealed purged Perspex
box flushed with nitrogen to avoid absorption by laboratory air. Alignment of the
FTIR system is done using a near-infrared (NIR) output from the Bruker FTIR
spectrometer, which is visible on the mirrors surfaces and field mirror spots may be
easily counted this way. The colinearity of the NIR and MIR beams ensured the
aligned NIR beam almost exactly positioned as the aligned MIR beam (Glowacki et
al., 2007b). A sample volume or approximately 0.083 m? of HIRAC is illuminated by
this FTIR optical system, corresponding to around 3.6% of the volume of the chamber.

The importance of the mirror systems to be robust and able to handle ranges
of temperatures and pressures is an important consideration that needed to be taken
into account during design of the HIRAC FTIR system. This would ensure the system
developed would maintain alignment through pressure and temperature variations.
The HIRAC mixing fans and pumping systems described previously result in
vibration that could also have an effect on the FTIR alignment. The mirrors used in
the HIRAC FTIR system are made of zerodur glass which has a very small thermal

expansion coefficient.

The sensitivity of the FTIR instrument is related to absorbance, (lo/1), via the

Beer-Lambert law:
A=In(®=0ccl (Eq 2.9)

Where A is the absorbance, I, and | are the initial and detected intensities
respectively, o the absorption cross-section, ¢ the concentration and | the path length.
According to Eq 2.9, a long path length clearly enhances the sensitivity of the system
and this is achievable in HIRAC with a multipass system by-passing the chamber 72

times. This means that long path lengths (up to 140 m) achieved in the HIRAC-FTIR
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increases the sensitivity of the instrument, explaining why a multipass system is used
in HIRAC. The robustness of the system developed in HIRAC also influences the
capabilities of this system to withstand various conditions of temperature and
pressure, and all the time and effort put into the design of this system has ensured it
can withstand such conditions. HIRAC is mounted on a stainless steel frame that rests
on neoprene and cork pads to damp vibrations that otherwise affect the performance

of the optical system (Glowacki et al., 2007a).

The FTIR has been a useful technique in the work reported in this work. The
unavailability of the HIRAC FTIR system at the start of these studies meant relative
rate experiments in chapter 4 could not make use of this facility. Experiments
described in chapter 5 reports both GC-FID and FTIR measurements of the product
branching ratios from the reaction of Cl atoms with butanes and chapter 6 will also
involve use of FTIR to investigate HCI/DCI ratios from the reaction of Cl atoms with

ethanol and its deuterated isotopologues.

2.4.2 Cavity ring down spectroscopy (CRDS)

A CRDS system was installed in HIRAC in October 2009 to study NO3 radical
chemistry, particularly reactions with alkenes. Figure 2.21 shows a schematic of the
CRDS system coupled to the HIRAC chamber. This system utilised a medium pulse
repetition frequency (PRF) red light source for the detection of NOs radical at A = 623
nm. The probe light was generated using a Nd:YAG (Litron Nano TRL, 200 Hz PRF)
pumped dye laser (Lambda Physik LPD3000) and delivered via fibre optic cables (OZ
optics, QMMJ-55-UVVIS-200/240-3-15, 15m, core diameter 200 £ 4um) was
introduced into the cavity via a focussing lens (focal length of 25 mm at 355 nm), a
collimating unit and an optical system consisting of a lens (Thorlabs, LA1908) and 3
tuning mirrors (Thorlabs, BB2-EO2) that direct light through the optical mounts
(Malkin 2010). The cavity was set up across the diameter of HIRAC (1.4 m) using
two high reflectivity mirrors (Los Gatos Research, R = 99.9995%, radius of curvature
= 1.0 m, A =590 — 650 nm) mounted onto the chamber flanges in fine tunable CRDS

mirror mounts (Los Gatos Research).
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Figure 2.21: Schematic of the HIRAC CRDS system (Malkin 2010).

The theoretical longest ring-down time (tmax) for this CRDS system is 93 ps,
determined by equation 3.1, which shows the relationship of tmax with mirror

reflectivity (R), path length (I) and the speed of light (c):

Tmax = I/c In R = 1/c (1-R) (Eq 2.10)

This value could be greater as it is calculated using the lowest estimate of
mirror reflectivity quoted by the manufacturer. The HIRAC CRDS system was tested
by Malkin (2010) using a short set of NOs radical reactions with a series of C1— Cs4
aldehydes (Figure 2.22). NOs radicals were generated in-situ in HIRAC by the
reaction of NO; + Oaz. The detection limit for NO3z was 6 pptv (time resolution of 4
seconds and chamber pressure of 1000 mbar).
3.0x10° 1

™
£ 2.5x10°

c

Qo 5 ]
= 2.0x10"
o |
L o
S 1.5x10°
e ]
~

1.0x10°
m -

Z 5.0x10°

0.0

T T T T T T T T T T T 1
0 250 500 750 1000 1250 1500
Time /s

Figure 2.22: NOs detection synthesised from NO2+0Osin-situ using HIRAC CRDS

(Malkin 2010).
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The setup consists of a tuneable pulsed laser source, two concave mirrors, a
photosensitive detector and a data acquisition device. A laser beam is aligned to the
mirrors along the axis of the cavity creating an optical cavity consisting of two highly
reflective (>99.9%) di-electric coated concave mirrors as illustrated in Figure 2.23.

L

N
N

/4
1 t_, High-reflectivity Mirrors 5

Figure 2.23: Schematic illustrating the principles of CRDS. (L = length of flow tube;
lo = initial light intensity going into cavity; | = light intensity leaking out of cavity; |
= path length of light).

The high reflectivity mirrors used are not perfectly reflective, resulting in a
small fraction (0.1%) of light transmitting through the mirror. The mirrors are aligned
in such a way that an optical cavity is formed. The light intensity slowly begins to
diminish due to both transmission of the laser light through the mirrors, and molecular
absorption of species present within the cavity. The measure of the ring-down process,
T, Is taken as the time it takes the light in the cavity to decay to 1/e of its initial value.
This is known as the ring-down lifetime, t, which is extracted by a weighted least

squares fit:
t=t/[1(1-R)-¢Cl] (Eq 2.11)

T is related to the round trip time, tr, mirror reflectivity, R, molar extinction
coefficient, g, path length, I, and concentration of absorbing species, C. This is picked
up by a photo-sensitive detector located at the back of the second mirror. A computer
then determines the decay time constant by fitting the data from the light intensities
recorded to a first order exponential, measuring the decay of light leaking out of the
cavity as a function of time. The intensity of light after the cavity, I, is related to the
intensity of light before the cavity, lo, the residence time of the light, t, the speed of

light, c, the path length, | and the ring-down time in the absence of an absorber, To:
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I =loexp (-t/ o) (Eq 2.12)

Change in light intensity leaving the cavity is also caused by sample
absorption, and, based on the assumption that light in the cavity is obeying the Beer-
Lambert law, exponential decay of light will remain constant with time. This is used

to calculate the absorption coefficient, o
Ak=1/1-1ltv=ac (Eq 2.13)
k=loexp(-t/T—act) (Eq 2.14)

where a is the molar absorption coefficient, which is the product of the concentration
of the absorbing species, C and the absorption cross-section of the species at a given
wavelength, o (0 = 6C) and Ak is the change in the decay rate constant. In the absence
of any absorbing species within the cavity, i.e. a = 0, the decay rate is simply 1/,
however when sample is present, it is given as 1/t + a c¢. The sensitivity of a CRDS
system is measured by the fractional loss of light intensity per pass along the cavity,

81, which may be determined using the Beer-Lambert law (Wheeler et al., 1998):

81 = 2—=0l (Eq 2.15)

o

2.4.3 Fluorescence assay by gas expansion (FAGE)

Fluorescence Assay by Gas Expansion, FAGE (Hard et al., 1986), is another
spectroscopic method that has been coupled to HIRAC. This is a low pressure, on-
resonance laser-induced fluorescence (LIF) technique used for the detection of OH

and HO- radicals.

The HIRAC FAGE system shown in Figure 2.24 operates by drawing air from
the chamber through a pin-hole nozzle of 1.0 mm diameter into the sampling inlet
(300 mm length, 50 mm diameter) towards the low pressure detection cells maintained
at <4 mbar by a rotary pump backed roots blower combination.
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The OH detection axis is reached directly after the inlet. At this stage, the OH
radicals in the air sample are excited by the fibre coupled, second harmonic UV output
from the laser used in this LIF setup. The Nd:YAG pumped dye laser is employed for
HIRAC FAGE at 308 nm.

&,
Figure 2.24: FAGE cells coupled to HIRAC chamber.

The OH absorption cross-section at 308 nm is about 6 times stronger than at
282 nm, which was the wavelength used in earlier FAGE instruments, thus improving
the sensitivity of detection of OH by working under these conditions (Heard, 2006).
The rather large pulse energies at 282 nm led to considerable photolysis of Os,

initiating OH production via:
O3 + hv (282 nm) — O('D) + O (Eq 2.16)
O(*D) + H.0 — 2 OH (Eq 2.17)

This ironically was the same way OH is formed by solar photolysis in the
atmosphere, and this led to the end of this method in the tropospheric field community
(Heard and Pilling, 2003). A schematic diagram of LIF detection schemes for OH is
shown in Figure 2.25. HO radicals are detected indirectly in the second detection axis
following chemical conversion to OH using a small flow of NO (HO2 + NO — OH +
NO>).

OH fluorescence resulting from this excitation at 308 nm is filtered and
collected by a photomultiplier tube that is fixed stationary on the third axis
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perpendicular to the laser beam. The fluorescence is analysed by gated photon
counting. This on-resonance form of detection is able to distinguish between OH

fluorescence and any unwanted signal scatter from other gaseous constituents present.

Dye
Laser
308 nm

Fluorescence
310 am

Fluorescence
308 nm

=0

() — (b

Figure 2.25: A schematic of the laser used to detect OH using LIF. (a) The v’=1
level is pumped A = 282 nm. V: vibrational energy transfer, induced by collisions
with ambient N2 and O.. Fluorescence detected at A = 308 nm. (b) The v'= 0 level is
pumped with A = 308 nm and fluorescence detected at 308 nm. Q and R denote
collisional quenching and rotational energy transfer (Crosley, 1995).

OH and HO2 measurements in the field using LIF were performed using a
small flow of NO to convert HO> into OH, and detecting the additional signal from
OH formed (Heard and Pilling, 2003). In HIRAC OH and HO; data are collected with
a time resolution of ~1 second at which the instrument has detection limits of the order

~108 to 10 molecule cm for OH and HO..

2.4.4 Spectroscopic techniques in other chambers

Fourier transform infrared (FTIR) spectrometers are probably as ubiquitous in
chambers as gas chromatographs discussed in Section 2.3.10 for other chambers.
FTIR is one of the most useful techniques for the purpose of monitoring reactants and
primary products in chambers and is easily coupled to chambers of any size and make
by introducing the optics through windows in chamber. Most evacuable stainless steel
chambers, such as the one at the National Institute for Environmental Studies (NIES)

in Japan (Akimoto et al., 1979a) are equipped with long-path FTIR with a multipass
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system similar to the Chernin setup present in HIRAC. The FTIR in this NIES
chamber has a path length of 221.5 m. The multipass cell is an eight mirror system. A
similar setup is available in the NCAR chamber (Bacher et al., 2001, Orlando et al.,
2002).

The Air Pollution Research Centre (APRC) in the University of California
(Atkinson et al., 1980) possesses both an FTIR and a Differential Optical Absorption

Spectroscopy (DOAS) rapid-scanning device as is shown in Figure 2.26.

In Situ
Multiple Teflon
reflection coated
optics intarior
surfaces

Temperature Xe lamp
control
manifold

Monochromator

DOAS
Rapid-scanning
device and detector

Collection
mirror Quartz
window

Michelson
interferometer
for FTIR

Figure 2.26: Schematic diagram of the evacuable chamber at APRC, University of
California, Riverside (Finlayson-Pitts and Pitts, 2000)
The above chamber uses a three mirror White-type multipass system for its
FTIR, coupled to a Michelson interferometer. The base path between the two mirrors

is 1.33 m and the system can have path lengths up to 85 m using gold coated mirrors.

The Centre for Research into Atmospheric Chemistry (CRAC1) chamber in
Cork and the QUAREC chamber in Wuppertal both use in-situ FTIR systems same as
HIRAC but with a slightly different arrangement designed in conjunction with Dr.
Klaus Brockmann (Thuner et al., 2004). The CRAC1 and QUAREC chambers both
consist of a White Cell with two circular field mirrors and a rectangular objective
mirror, both sets of mirrors being gold-plated pyrex mirrors. The mirrors are
interfaced to the FTIR instrument via an optical arrangement of gold-coated mirrors
through a KBr window.

The SAPHIR chamber in Jilich has a large range of spectroscopic instruments,

including and in-situ FTIR, DOAS and LIF instrument. DOAS and LIF are been used
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in the SAPHIR chamber and have been compared prior to taking the instruments on
field campaigns (Schlosser et al., 2007, Fuchs et al., 2010). SAPHIR, same as HIRAC,
has a wide range of standard equipment for trace gas measurements. The LIF
instrument and DOAS in the SAPHIR chamber are positioned the same way the FTIR
and FAGE (LIF) instrument are positioned in HIRAC. The DOAS cross the full length
of the chamber, while the LIF instrument samples perpendicular to the DOAS path,

as is shown in Figure 2.27.

Figure 2.27: A schematic of the SAPHIR chamber and the positioning of OLIF and
@ DOAS instrumentation
CRDS is a fairly recent technique to be used in atmospheric chambers. Aside
from HIRAC, only a few other chambers make use of the technique. The CRAC1
chamber in Cork makes use of a custom-built cavity enhanced absorption
spectroscopy (CEAS) system for the detection of nitrate radicals (Venables et al.,
2006).

2.5 Commercial Analysers

HIRAC is also equipped with a suite of commercial analysers for the
measurement of Oz, NOx, H20 and CO. All the analysers are monitored using a Lab
View v10.1 software developed on a computer in the laboratory that is used solely to

control these analysers, temperature, pressure and the fans in HIRAC,
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The Thermo Electron Environmental instruments Model 49C O3z analyser uses
UV photometry to measure Oz. This instrument has been calibrated using a
commercial primary standard O3z analyser Thermo Electron Corporation 49i-PS
(Malkin, 2010) and has been a very useful instrument used in ozonolysis experiments
carried out in HIRAC. This instrument is quite sensitive to pressure changes and can
operate well between 500 mbar and ambient pressure. It has a detection limit of 1.0
ppb and a sample flow rate of 1 L/minutes (Thermo Electron Corporation, 2005). A
particular limitations to the use of this instrument is the presence of some artefacts

that arise from the absorption of UV radiation by VOCs present within the sample.

A Thermo Electron Corporation Model 42C NOx box has been used for
detection of NO and NO2 in HIRAC. This instrument is able to operate down to
approximately 725 mbar. The detection limits for NO and NO_ using this instrument
are 50 ppt. The sample rate at atmospheric pressure is set to 0.6 L/minutes and the
response time is every 40 seconds with 10 second averaging (Thermo Electron
Corporation, 2004). Some limitations with these converters do exist as well,
particularly dependent on the type of converter the NOx box possesses. Molybdenum
converters catalytically convert NO2 to NO and subsequently measure its
chemiluminescence by reaction with Os. These converters are known to overestimate
the NO2 because of other oxidized nitrogen compounds such as peroxyacetyl nitrate
and nitric acid that are also partly converted to NO (Steinbacher, 2007). Other
photolytic converters using UV light can be used as an alternative for long term
measurements, but these can under estimate the NO> through interference (production
of OH through photolysis of e.g.: glyoxal to give HO> which reacts with NO).

The CO analyser is a commercial gas chromatographic reduction gas analyser
(Trace Analytical Model RGA3), and has a detection limit of 10 ppbv and a sample
flow rate of 35 mL/minutes.

Numerous inter-comparisons were carried out for these analysers in order to
confirm linearity of the instrument detection with other instruments (Malkin, 2010,
Hemavibool, 2009, Glowacki, 2008). The Os and CO analysers were tested both in
HIRAC in conjunction with the FTIR instrument (Malkin, 2010), and using three
different commercial Oz analysers outdoors around the Chemistry building
(Hemavibool, 2009). In the case of the FTIR inter-comparisons, both CO and Os
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results gave linear correlation plots with respect to concentration. The results obtained
from ambient air sampling also correlated well with each other and showed similar

trends in ozone throughout the monitoring period.

2.6 Summary

The entire suite of analytical instrumentation available in HIRAC has been
highlighted in this chapter, demonstrating the full capabilities of this atmospheric

chamber for the study of tropospheric VOC oxidation processes.

Its main features include a commercial GC-FID, a multipass FTIR system, a
FAGE instrument, CRDS system, and a range of commercial analysers. The FTIR and
GC-FID instruments highlighted in greater detail are to feature prominently in the
remainder of this thesis; with a particular emphasis on work using GC-FID and the
relative rate method, which will be presented in Chapters 4 and 5. HIRAC’s potential
to perform detailed pressure and temperature dependent studies will also be
demonstrated in Chapter 5, and the details and characterisation of HIRAC’s recently
installed temperature control system developed specifically for this purpose will be

elaborated in the following chapter on instrument development.
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Chapter 3 - Instrument development and

characterisation

3.1 Introduction

Laboratory studies of gas phase chemistry are crucial in the understanding of
atmospheric processes of relevance in tackling issues such as climate change and air
quality (Seakins and Blitz, 2011, Finlayson-Pitts, 2010). Instrument development
plays a crucial role in improving techniques and experimentation used in the study of
atmospheric chemistry. One can improve several characteristics in an experimental
setup, including the instrument detection, the versatility of the chamber or flow tube,

and how controlled the conditions are for studies of atmospheric chemistry.

All recent contributions made to the developing new techniques and
instruments during the course of this study are highlighted in this chapter. The setting
up and characterisation of a recently refurbished mini photolysis chamber will be
discussed first. This chamber was setup and characterised with the support of
Stephanie Orr, who characterised the wall losses and heterogeneous effects of the
walls, and carried out several alkene ozonolysis experiments probing Oz using a
commercial Oz analyser. The potential to interface various detection systems to this
chamber (GC-FID, FTIR, and gas analysers) made this setup an attractive addition to
the HIRAC lab. The main aim of this work was to eventually use this chamber as a
test-bed for experiments prior to them being performed in HIRAC, as well as to carry
out photolysis experiments of interest such as for characterising or identifying suitable

alternative radical precursors for chamber studies.

The last portion of the chapter will focus on the recent installation of a
temperature control system in the HIRAC chamber. This is an important component
of this research as one of the main objectives was to obtain temperature dependent
kinetics in HIRAC. Chapter 5 will go through some chlorine atom temperature
dependent studies carried out with a series of butanes and pentanes. In this chapter, a

full characterisation and testing of the temperature control system is outlined, and the
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results obtained for the ozonolysis of propene over a temperature range of 233 — 323
K, which is the full range of the troposphere as has been highlighted in chapter 1. This
system has increased HIRAC’s capabilities to conduct experiments not just over

various pressures, but also over temperatures.

3.2 Mini photolysis chamber

3.2.1 Design

A 35 L mini photolysis chamber shown in Figure 3.1 has been recently
refurbished in the HIRAC lab. This stainless steel chamber has a volume of 35 litres,
approximately 66 times smaller than the HIRAC chamber, making it an ideal test bed
prior to experiments being performed in HIRAC. A 4 L Edwards scroll pump was
used to evacuate the chamber between experiments. This pump is able to fully
evacuate the mini photolysis chamber from atmospheric pressure to 0.1 mbar in less
than 5 minutes, compared to ~1 hour in HIRAC. The pressure of the chamber is
measured using an MKS 1000 Torr pressure transducer connected to an MKS PR4000

dual channel power supply, readout and control unit with an accuracy of 0.2%.

Figure 3.1: A side view of the recently refurbished mini photolysis chamber.
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The mini photolysis chamber has a 2 mm Teflon coating on its walls that
reduces the heterogeneous chemistry taking place on the surface of such a small metal
chamber with a high surface area to volume ratio. The outer chamber walls are
covered by hollow copper coils that were intended in design for circulation of a
thermo-fluid to offer temperature control similar as in HIRAC. There were some
complications that needed addressing regarding the uniformity of the temperature
control given the likely conductance effects of continuous copper coils. A high
capacity thermoregulator (Huber Unistat 360) has been fitted for the purpose of testing
the full capabilities of this mini photolysis chamber and to control the chamber
temperature in the near future. Insulating the walls of the chamber with 20 mm thick
neoprene would be beneficial in reducing heat losses and is recommended should
temperature dependent studies be carried out, as this has already been used for HIRAC

successfully.

The temperature in this mini photolysis chamber is read using three K-type
thermocouples, configured to a JENCO-765 temperature readout box, which are
arranged along the chamber walls and inlets to monitor temperature homogeneity. A
program written by Stephanie Orr using National Instruments LabVIEW v.10.0.02
software is used to log temperature, pressure, Oz and NOx data in this chamber. A
computer fan is attached to one of the brass ends achieving homogenous mixing in
<60 s. A cross-sectional diagram of the mini photolysis chamber and its equipment

can be seen in Figure 3.2.
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Figure 3.2: Cross-section of the mini photolysis chamber (Orr, 2012).
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VOC:s are first introduced in a glass vacuum line using an Edwards 1000 Torr
pressure transducer which measures the concentration of the organics, and later
flushed into the chamber through a length of copper tube (volume = 4.3 cm? )filled at
the same pressure as the vacuum line. Gases are introduced into the mini photolysis
chamber through a long stainless steel tube with several apertures to release gas at
different points in the chamber, thus aiding in mixing. A circulating fan was recently
attached to one of the end flanges on the pump end in order to better circulate the
gases in the chamber. Homogeneity of VOCs introduced into the chamber can be
achieved within a few seconds, and this has been shown from initial calibrations and

tests that have been carried out using GC-FID.

3.2.2 Instrumentation

The mini photolysis chamber is comparable both in size and function to the
EXTRA (EXTreme RANnge) chamber based at the University of Manchester (Leather
et al., 2010). A comparison of the two chambers is shown in Table 3.1. Previous
studies in this chamber have included higher alkene ozonolysis kinetics and
temperature dependent investigations (McGillen et al., 2011b). Similar ozonolysis
experiments have been characterised in our mini photolysis chamber using both the
GC-FID to measure the kinetics from organic decays and an O3z box to measure the

kinetics from Os decays.

EXTRA chamber Mini Photolysis chamber
Material Teflon-coated stainless steel Teflon-coated stainless steel
Volume /L 123 35
SV /cm-1 0.12 0.21
Pressure range / bar 0.01-5 0.0003-1.3
Temperature range / K 180 — 395 ~240 — 320 K*
Presently operating GC-ECD/FID, GC-MS, CIMS, O3 GC-FID, O3 and NOy analysers
Instrumentation analyser, CO; sensor, CO analyser

Table 3.1: Comparison of the Mini photolysis chamber with the EXTRA chamber
(Leather et al., 2010). (*projected performance).

The mini photolysis chamber is also equipped with two gold-plated FTIR
mirrors in a White cell arrangement that can be used for FTIR spectroscopic
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analysis(White, 1942). This White cell arrangement is a similar system to the Chernin
cell used for FTIR detection in HIRAC and greatly enhances the path length of the
system (~140 m). Constructed from three concave mirrors, the White cell is a
multipass optical arrangement that uses a field mirror on one end and two objective
mirrors on the other end of the chamber opposite to the entrance aperture allowing
FTIR spectroscopic probing of reactions taking place in the mini photolysis chamber
with a multipass enhanced detection of infra-red (IR) active species. Detection limits
for such systems are in the sub-ppmv levels for the majority of VOCs analysed from
knowledge of previous experiments performed in HIRAC, which would be ideal for
kinetics and mechanistic studies in the mini photolysis chamber. This would be
favourable for using the chamber for measuring temperature and pressure dependent
kinetics in the future, in particular if the compounds being studied are difficult to study
in HIRAC and need to be tested on a smaller scale prior to being introduced into
HIRAC. Unfortunately a recoating of the mirrors is necessary given their poor state
at present, however once recoated this system could potentially be aligned and
characterised in the mini photolysis chamber.

The mini photolysis chamber has also been connected to the HIRAC GC-FID
instrument through ~1.5 m Teflon tubing and a series of solenoid valves which control
the sampling from the chamber in a similar system as has been described for HIRAC
in chapter 2. Another strong motive for pursuing to refurbish this chamber was the
time GC-FID calibrations took to be performed in HIRAC. Calibrations for
compounds studied using the GC-FID instrument are performed prior to every
different set of experiments in order to quantify the concentrations being sampled
from HIRAC. Carrying this out in the HIRAC chamber takes ~3 — 4 hours, particularly
owing to the time it takes to fill and evacuate a ~2.25 m® chamber. Calibrations are
performed by repeatedly diluting the chamber volume with the compounds for
analysis. Each successive dilution would result in a different concentration of these
compounds, and is expected to correspond to a linear decrease in GC-FID peak
heights and areas. Calibration plots are obtained from the linear relationship between
peak areas or heights and known concentration of samples introduced into the
chamber. Calibrations in this mini photolysis chamber (Figure 3.3) can be carried out

quicker ~1 hour and are performed using up smaller quantities of gases.
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Figure 3.3: Example of GC-FID calibration plot for propene in the mini photolysis
chamber at 290 + 3 K and 1000 mbar (error bars represent 1c).

3.2.3 Photolysis lamps

Another advantage of the mini photolysis chamber is the possession of two
ports allowing direct insertion of lamps spanning the entire length of the chamber. In
contrast to the HIRAC chamber, no casings are present to hold these lamps in place
and as a result the process of changing lamps is much less laborious than in HIRAC
which holds the lamps in quartz tubes flushed with a nitrogen gas purge to avoid
overheating or formation of condensation in the tubes. There were some concerns
about localised heating effects of the lamps within the mini photolysis chamber.
However in contrast with HIRAC which is a much larger vessel and where reactions
take place for longer timescales (1 — 1.5 hours), the aim of the mini chamber was to
carry out shorter timescale experiments (10 — 20 minutes), within which time the
temperature reached for the lamps was not expected to be too high to cause any major

localised effects.

Therefore both photolysis experiments and generation of free radicals could
be performed at specific wavelengths, and the lamps present could be easily changed

accordingly. If non-photolytic experiments are being carried out, these ports could be
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easily blanked off by insertion of stainless steel sealing plates. A set of Philips TLK40
WI/05 actinic UV black lamps and Philips TUV 75W/HO T8 UV C lamps are currently
available for this chamber. The latter set of lamps photolyse at 254 nm and have been
recently installed in order to assess the generation of OH radicals in this chamber in a
NOy - free environment by photolysis of acetone at low pressures. This would be
further evaluated in the HIRAC chamber to test for a suitable low NOy source of OH

radicals for isoprene oxidation studies, which will be described further in chapter 7.

3.2.4 Mixing fans

Tests were also carried out to assess the sampling and circulation
within the mini photolysis chamber. Despite its small size compared to HIRAC, it is
evident from plots of propene decay experiments (Figure 3.4) how a fan does improve
the mixing and this is clear from the comparison of the scatter of GC-FID
measurements of propene obtained in the chamber for with and without fan. There are
some dilution effects evident over the course of 20 minutes, which are likely to be a
combination of the dilution of the chamber during sampling as well as some losses to
the chamber walls. It must be noted also that these characterisations were performed
in order to address any improvements to the mini photolysis chamber and some

modifications were carried out to minimise the problems with dilution and wall losses.

The presence of a fan has also improved the mixing time (time required for all
compounds introduced in the chamber to be stable on the GC-FID) from 5 minutes to
less than 60 seconds, which is ideal for sufficiently quick experiments with lifetimes
shorter than a few minutes. Moreover, O3 wall losses have also been characterised as
well as the effects the heterogeneous chemistry occurring on the walls have been

investigated by Stephanie Orr in the mini photolysis chamber.
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Figure 3.4: Plots of peak area vs. time for a dark propene dilution monitored using a
GC-FID before mixing fan installed (left) and after mixing fan installed (right) (Orr,
2012).

3.2.5 Ozone analyser

Alkene ozonolysis experiments to be discussed in the following section have
been carried out using GC-FID to probe the [alkene] and using an ozone analyser to
probe [Os], with the former to be presented in this section. Several problems were
encountered regarding sampling when testing the ozone analyser in the mini
photolysis chamber, particularly given the small size of the chamber and the high
sample rate of the Oz analyser (1.5 L minutes™). A counter flow of N2 into the chamber
was tested but this led to problems with dilution, with the chamber volume essentially
being completely diluted within the first 25 minutes of sampling. This has not been a
problem previously faced in HIRAC given its larger volume. The installation of a
Bruker mass flow controller directing 1.2 L minutes™ of N2 into the O3 analyser has
minimised reactant dilutions significantly and allowed longer timescales to be studied
for kinetic experiments in the mini photolysis chamber.
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3.3 Mini photolysis chamber characterisation

3.3.1 Alkene Ozonolysis

Alkene ozonolysis reactions were studied to better characterise the mini
photolysis chamber system and ensure the setup was suitable for similar investigations
using amines. Ozonolysis of alkenes in the atmosphere was not introduced in Chapter
1 and for this reason a brief introduction on the chemistry of these reactions is
important first. These reactions provide a direct oxidation pathway for unsaturated
VOCs that compete with OH and NOs radical-initiated processes and lead to the
production of important reactive intermediates, in particular HOx radicals (Paulson
and Orlando, 1996, Malkin et al., 2009). Os cleaves the double bond of alkenes,
forming various different products, including OH in the case of some species. The
kinetics of the ozonolysis of alkenes has been well reviewed in the literature
(Atkinson, 1997, Paulson and Orlando, 1996, Atkinson et al., 2006a, Johnson and
Marston, 2008). The mechanism for the ozonolysis of alkenes was first suggested by
Criegee (Criegee, 1975) and is shown in Figure 3.5:
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Figure 3.5: General mechanism for the reactions of Os with alkenes (Marston,
1999).
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Alkene ozonolysis is of importance in the troposphere as it contributes directly
to the oxidation of organic compounds. The Criegee intermediates may also react with
other species such as water and SO>. HOx radicals are generated directly in this
process, with this being a significant source of HOx in polluted urban air during the
early hours of the day (Johnson and Marston, 2008).

Ethene and propene ozonolysis relative rate experiments were performed in
HIRAC using ethane as a reference compound. Both reactions have been well
reviewed in the literature (Atkinson et al., 2006a) and are a suitable test for a straight
forward kinetics experiment in this chamber. These experiments made use of GC
detection to measure relative rate decays of the organics introduced into the mini
photolysis chamber. Some ozonolysis kinetic experiments have also been performed
by Stephanie Orr using absolute measurement of Oz decays using a commercial O3
analyser. The purpose of these characterisations were to confirm the chamber’s
suitability as a test-bed for quick relatively straight forward kinetic experiments as
well as a test for complicated low vapour pressure compounds such as amines that

have a tendency to stick to chamber walls, prior to them being performed in HIRAC.

3.3.2 Experimental method

The mini photolysis chamber was filled first with nitrogen gas (BOC Oxygen
Free Nitrogen, OFN) up to 900 mbar and about 5 ppmv of O3 was added using a flow
of Oz into a Fischer OZ 500MM O3z generator. The introduction of this flow of oxygen
and ozone would raise the pressure in the chamber up to ~940 mbar. Samples of
purified analytical grade reagent were prepared in a 4.3 cm? copper tube and flushed
into the chamber with a stream of OFN nitrogen gas to give alkene mixing ratios of 1
- 2 ppmv at the desired total chamber pressure of 1000 mbar. The HIRAC Agilent
6890N GC-FID (J&W DB-1 column, 50 m, 0.53 mm, 5.00um at 305 K) was set to
sample before introduction of alkenes. Starting concentrations could not be obtained
on the GC-FID since the reaction starts as soon as the alkenes were introduced into
the chamber, however this would not have any effect on the relative rate method.

Experiments were all performed at room temperature and pressure.
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The relative rate method, to be described in further detail in Chapter 4, relies
on one important assumption that the reactant and reference are reacting only with
one reactive species. Other important assumptions include no reformation of the
compounds being investigated, or any intermediates reacting with the compounds
(e.g.: Criegee intermediates during this alkene ozonolysis process). Based on these

assumptions, it follows that:

Ethene (organic) + Oz — products (R3.1)
propene (reference) + O3z — products (R3.2)
[reactant]g | k [reference]
11’1( [reactant], )_( kref) 111( [reference]; ) (Eq 31)

A linear regression tool (Regres2) developed by Theo Brauers from Jilich
Forschungszentrum was used in order to obtain the ratio: ki/ko. This regression
analysis uses a linear least-squares regression, which takes into account random errors
in [organic] and [reference], eliminating any systematic errors that may occur
(Brauers and Finlayson-Pitts, 1997). The relative rate coefficient is obtained from the
relative rate ratio of the organic and reference, and multiplied by the reference rate

coefficient, which needs to be well documented and reviewed in the literature.

3.3.3 Results

Two experimental rate coefficients were obtained for the ozonolysis of
propene in the mini photolysis chamber. A relative rate coefficient of (9.24 + 0.58) x
1018 molecule cm™ s was obtained for using GC-FID measurements of propene and
ethene using the relative rate method and a reference rate coefficient of 1.6 x 1078
molecule cm™ s for the reaction of ethene with O3 (Atkinson et al., 2006a). The
results were not corrected for dilution using GC-FID as this results in a dilution of
less than 1%. In the case of the Oz analyser, the sampling rate was kept to a minimum
by flushing nitrogen into the analyser to minimise the amount of gas sampled from
the chamber, but given the short timescales, this relative dilution over such a small
period of time was not deemed significant (5%). Results were also obtained by
measuring ozone decays using an ozone analyser and a rate coefficient of (8.59 +

0.35) x 10 molecule cm® s was obtained for the same propene ozonolysis
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experiment in the mini photolysis chamber. The only difference with these
experiments is that the rate coefficient was obtained from the pseudo first order rate
of O3z decay, as is described in Section 3.5.2. The results obtained using the Oz decays
are within error of the [IUPAC recommendation of (8.69 + 0.68) x 1078 molecule cm

3 s (Atkinson et al., 2006a) and within error of the relative rate coefficient obtained.
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Figure 3.6: A relative rate plot of the reaction of propene with ozone using ethene as
a reference compound at 292 + 3 K and 1 bar.

kpropene+Os/ 1018 )
Technique
molecule cm3 s?
Mini photolysis 8.59+0.35 O3 analyser (pseudo 1% order)
chamber 9.24 +0.58 GC-FID (relative rate)
Literature (IUPAC) 8.69 £ 0.68 (Atkinson et al., 2006a)

Table 3.2: Relative and absolute rate coefficients obtained for the ozonolysis of
propene in the mini photolysis chamber at 290 +3 K and 1000 mbar of OFN
nitrogen.

This work demonstrates the suitability of the mini photolysis chamber to carry
out relative rate experiments for ideally suited compounds (may not stand as enough
evidence for low volatility compounds or more complex systems) and be able to carry
out Kinetics experiments much quicker than HIRAC. Moreover the ability to also
calibrate for the compounds being studied in less than half the times as HIRAC

provides an efficient tool for future experiments.
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3.4 Acetone Photolysis

3.4.1 Introduction

Photolysis is a significant removal process and an important source of HOx
radicals in the upper troposphere(Seakins and Blitz, 2011). Acetone (CH3COCH?3) is
present in relatively large amounts in the atmosphere (0.4 — 1.3 ppb), probably being
the most abundant oxygenated hydrocarbon (Singh et al., 1994) along with
formaldehyde, acetaldehyde and methanol. Acetone originates from both natural
(vegetation) and anthropogenic (biomass burning) emissions, as well as from the

oxidation processes of non-methane hydrocarbons (Gierczak et al., 1998).

The two loss processes of acetone in the atmosphere are photodissociation
(R3.3 and 3.6) and its reaction with OH (R3.7).

CH3COCHS3 + hv (£299 nm) — CH3CO + CH3 (R3.3)
CH3COCH3s + hv (> 338 nm) — CHz + CH3z + CO (R3.4)
CH3CO- — CHs + CO (R3.5)
CH3+CH3+M — CH3CHsz + M (R3.6)
CH3COCHs + OH + O — CH3COCH20; + H20 (R3.7)
CH3COO: + NO2 + M — CH3C(O)O2NO2 + M (R3.8)

Acetone photolysis also enhances the formation of PANSs as is shown in R3.8.
PAN formation in the upper troposphere through is generally dictated by this slow

photolysis process, resulting in a typical lifetime of several months (Briihl, 2000).

Reaction 3.7 has been shown to be temperature dependent (Wollenhaupt et al.,
2000), and proceeds via hydrogen abstraction at higher temperatures producing an
acetonyl radical (Vasvari et al., 2001) as is shown in R3.9. A minor channel (R3.10)

results in methyl elimination, and this used to be thought to be dominant below room

temperature.
CH3COCH3z; + OH — CH2COCH3 + H20 (R3.9)
CH3COCHs + OH — CHs + CH3COOH (R3.10)

Wollenhaupt and Crowley provided evidence for an addition-elimination
mechanism occurring from measuring CHz yields for this reaction, and more recent

studies have confirmed this second product channel is also possible and results in the
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production of acetic acid (Turpin et al., 2003, Tyndall et al., 2002, Vandenberk et al.,
2002). This occurred via addition of OH to carbonyl carbon and subsequent
elimination of the CHs from excited addition complex (CH3COH(O)CHs)". The
photodissociation process leads to either the initial formation of methyl peroxy
radicals, or another minor channel leading to two methyl radicals and carbon
monoxide. The latter process is however orders of magnitude slower at wavelengths
relevant to the lower atmosphere (Blitz et al., 2004). Net production of HOx radicals
for this process is up to 3.2 HOx molecules from the collisional stabilisation of the
peroxy radical by other species present in the atmosphere, or by internal abstraction

of a hydrogen.

The purpose of carrying out acetone photolysis experiments was to test the
mini photolysis chamber’s potential to carry out photolysis experiments, and to
investigate the use of this photolysis method as a source of OH radicals in chamber
studies. This chapter will describe the pressure dependent study carried out in HIRAC
and some initial photolysis rates for acetone in the mini photolysis chamber. Chapter
7 will go into further detail on the results obtained for testing this method as a source
of OH under low NOx.

3.4.2 Experimental method

The lamps used for these photolysis experiments were two 254 nm Philips
75W/HO TUV T8 UV C lamps. Figure 3.7 shows the output of the lamps being 100%
at the desired wavelength for these experiments, based on the absorption cross section

of acetone shown in Figure 3.8.
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Figure 3.7: Output of 254 nm Philips 75W/HO TUV T8 UV C lamps.
88



Instrument development and characterisation

20

15

-1

10

20 2
o /107 cm” molecule

T T T T T T T T T L T T 1
200 220 240 260 280 300 320 340 360

Alnm

Figure 3.8: IUPAC reference absorption cross section of acetone. Vertical lines
around 340 nm show o outside the scale of this graph. Region of interest to the
troposphere and this work is the region at < 320 nm.

All these experiments were carried out in OFN nitrogen (BOC Oxygen Free
Nitrogen). The presence of oxygen would result in the generation of OH which would
compete with the photodissociation measurements. Initial difficulties were
encountered for low pressure investigations due to a slight observed chamber leak that
was causing air to enter into the chamber and resulting in fast acetone decays. This
turned out to be a cracked quartz window (view port) that was replaced to make the

chamber leak tight.

Several purification freeze-pump-thaw cycles were carried out for acetone
(Sigma Aldrich, 99.5%) prior to it being introduced in the mini photolysis chamber to
remove any likely contaminants that could affect the results obtained. Acetone decays
and ethane production was monitored by the GC-FID instrument (J&W DB-1 column,
50 m, 0.53 mm, 5.00um at 305 K) for the photodissociation of acetone in the chamber.
A typical chromatogram of the experiments carried out is shown in Figure 3.9 with
acetone and ethane peaks labelled. An unknown third peak could not be identified but
is likely to be a photolysis product of the impurities present in the acetone used, given

the high concentrations of acetone used for this experiment.
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Figure 3.9: Typical chromatogram of acetone photodissociation experiments carried
out in the mini photolysis chamber in OFN nitrogen at 270 mbar and 290 + 3 K.

A recently set up LabView 10.1 software was used to read the thermocouples

in the chamber. All experiments were carried out at 290 + 3 K. Typical concentrations

used were ~60 — 120 ppmv of acetone. Calibration of the GC-FID instrument was

necessary prior to experiments in order to confirm validity of sampling and test the

solenoids and LabView v10.1 software was used to automate the sampling process

for the mini photolysis chamber.

The calibrations were carried out by repeat dilutions of a known amount of
acetone and ethane introduced into the chamber, and measuring the peak areas and
peak heights which should scale linearly with concentration. The measured amounts
of organics were flushed into the mini photolysis chamber via a stream of nitrogen

gas through a 4.33 x 107 L copper delivery vessel.

The quoted uncertainties in these measurements were estimated from the
standard deviation of the GC-FID peak areas obtained from repeat measurements of
the organics at the start of the experiment before photolysis is initiated. A typical
quoted uncertainty of 0.2% for the pressure gauge readings (a,,) was factored in, along
with statistical uncertainties from the equipment. Temperature readings were assigned

an uncertainty (o) from the thermocouple manufacturer quoted uncertainty of £3 K.
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More accurate temperature readings of +1 K are available and would therefore be
advantageous to invest in such instruments for improving the precision for the mini

photolysis chamber to read temperatures with lower uncertainty.

Ny )2 (Eq 3.2)

o . = n|— +— X(
[Species] T Vehamber (cm?)

3.4.3 Preliminary results

The results obtained in this section are preliminary given the poor
characterisation of the mini photolysis chamber at the time these experiments were
carried out. Nevertheless these results provide evidence of potential application of this
chamber and to further studies on this photodissociation process which is one of the
most abundant oxygenated VOCs in the atmosphere and a known source of OH in the

upper troposphere.

The results to be reported are compared to a FACSIMILE model set up using
MCM chemical inputs for the known chemistry of acetone and its photodissociation
(See Appendix B). The photodissociation rates of acetone have been determined over
a pressure range of ~150 — 1040 mbar. The results obtained are tabulated in Table 2.2.

Pressure / +2 [CH3C01CH3] J(CHsCOCHs)/ |  FACSIMILE model
mbar /107 104t J(CH3COCHs) / 10% 5!
molecule cm™
1040 259 2,82 +0.03 3.14
775 3.49 282+ 004 3.43
585 4.14 2.11+0.10 3.5
425 3.47 2.27+0.08 3.36
320 3.43 2,42 +0.10 3.45
150 351 231+004 3.22

Table 3.3: Acetone ((2.59 — 4.14) x 10* molecule cm™3) photolysis experiments
carried out over a range of pressures (150 — 1040 mbar) in the mini photolysis
chamber using the GC-FID at 290 + 3 K.
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The results obtained vary by 10 — 15% for the majority of experiments. This
is possibly due to a number of unassessed properties of the mini photolysis chamber,
including the variation of the lamp output. A spectral radiometer has been made
available for the purpose of assessing this; unfortunately due to time constraints it was
not possible to carry this out to finalise these investigations. The results nevertheless
demonstrate that the photodissociation of acetone does occur independent of pressure.
Higher pressures are expected to favour the stabilisation of the acetylperoxy
(CH3CO(0y)) radical while lower pressures leads to the formation of OH radicals,
from this same radical’s dissociation, which would mean the OH yield of this system

might be pressure dependent. This will be further discussed in chapter 7.
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Figure 3.10: Measured acetone decay and ethane production in the photodissociation
of acetone at 320 mbar at 290 £ 3 K in the mini photolysis chamber using GC-FID.
Data taken from a single experiment (Errors quoted to 10).

The pressure dependence of the photodissociation of acetone (due to cross
section) could also be assessed using the measured product yields of ethane (Figure
3.10). This however could not be investigated further in this study given the ethane
produced in several of the runs was overestimated by the GC-FID. These
photodissociation rates from the loss of acetone are evidence enough of the pressure
independence of this process. Further studies could be carried out on the temperature

dependence of acetone cross section in the presence and absence of oxygen, which
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could not be carried out in the mini photolysis chamber due to the absence of a
working temperature control system, but would be an interesting investigation based
on reports by Wollenhaupt and Crowley that reported a possible temperature
dependence of this photolysis process due to the temperature dependence in the

absorption cross section (Wollenhaupt et al., 2000).

3.5: Temperature control system in HIRAC

3.5.1 Instrumentation

The final portion of this chapter will discuss the recent installation of a
temperature control system in HIRAC which will enable studies at temperatures
between ~220 — 330 K (covering the full temperature range of the troposphere).
During the construction of HIRAC several steel tubes were welded into its outer skin
to allow a cooling/heating thermofluid to flow through them. An inlet manifold and
Huber thermostat unit Model 690W were installed in 2010. This thermostat is
designed to circulate thermal fluid (DW-Therm) along the steel tubes welded to the
chamber walls. The flow can be controlled using an inlet manifold (Figure 3.11),
which has a series of taps used to isolate particular sections of the steel tubes flowing
around the thermal fluid around HIRAC.

Figure 3.11: The thermofluid inlet manifold in HIRAC and the various taps used to
control the flow of liquid through the temperature control system.
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Allowing the thermal fluid to only circulate round selected sections of the
chamber can slow the heating/cooling of the chamber which would be useful for
ramping temperatures, but could lead to uneven temperature gradients. These
temperature gradients were carried out by Fred Winiberg (School of Chemistry,
University of Leeds).
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Figure 3.12: Temperature gradients measured at 321 £+ 3 K (a + b) and 227 £ 3K (c
+ d) at 1000 mbar across the length of HIRAC.

The temperature gradients measured across the length of the chamber have
been shown to be uniform through most of the chamber, apart from the edges which
did not have neoprene insulating the flanges (Figure 3.12). This was expected given
the influence of the conducting steel walls with the outer laboratory environment, and

insulation of the chamber was carried out prior to any future temperature dependent
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studies being carried out in HIRAC. The next sets of temperature dependent studies

are reported in chapter 5.

3.5.2 Characterisation

A validation of the HIRAC temperature control system was carried by
studying the temperature dependent kinetics of the reaction of Oz with propene, which
is a well-documented reaction in the literature (Jia et al., 2006). This served as a useful
test for the assessment of the suitability of HIRAC’s temperature control system for
being able to reproduce temperature dependent kinetic parameters accurately. This
work was carried out with Stephanie Orr. Temperature dependence of rate of reactions

in chemistry is described by the empirical Arrhenius expression (Eq. 3.3):

k=AeFaRT (Eqg. 3.3)

where k is the rate coefficient, Ea is the activation energy, A is the Arrhenius

parameter, T is temperature and R is the universal gas constant.

A temperature-dependent study under pseudo-first order kinetics with excess
propene (2.5 — 34.7 ppmv) over O3z (0.3 ppmv) was performed using a commercial O3
analyser measuring Oz decays at ~233 — 323 K and 1000 mbar. The temperature
readings were made using K-type thermocouples and their precision was taken during
the length of the experiment (= 3 K). An uncertainty in the thermocouples of 0.2% *
5 K was also reported by manufacturer and factored into uncertainty of the

temperature readings.

These pseudo first order experiments were based on the assumption that the
propene concentration remains unchanged due to the large excess, and therefore the

rate of reaction is dependent only on the decay of ozone in the reaction (Eqg. 3.5):

rate= k03+propene [03] [propene] (Eq 34)
K’ = k [O3] (Eq. 3.5)
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A trace of the ozone decay with time is obtained from the reaction and a

pseudo first order rate coefficient (k”) can be calculated from Eq 3.6:

In ([Os])) = -K’t + In ([0s]o) (Eg. 3.6)
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Figure 3.13: (a) Measured [Oz3] trace from the reaction with propene in excess (2.2 x
10 molecule cm™) at 294 + 3 K and 1000 mbar in HIRAC (b) Pseudo first order
decay of Os for same reaction.

As is shown in Figure 3.13(b), the pseudo first order rate coefficient (k’)
obtained from the gradient of the In [Oz] as a function of time can be carried out over
different [propene]. A bimolecular rate coefficient (koim) can be obtained for these
reactions from the relationship of k> with [propene] at different temperatures, as is

shown in Figure 3.14.
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Figure 3.14: Bimolecular rate plots for the reaction of O3 with propene (~1 x10% —
10 molecule cm™) at 326, 304, 294, 269, 255 and 234 K and 1000 mbar in HIRAC.

Bimolecular rate constants at six different temperatures (326, 304, 294, 269,
255 and 234 K) between 234 — 326 K are shown in Table 3.3. The bimolecular plots
obtained indicate that the HIRAC temperature control system is capable of generating

accurate rate coefficients at a wide range of temperatures.

Figure 3.14 shows excellent bimolecular plots were obtained at all
temperatures in HIRAC, with the exception of 269 K, for which the experimental
uncertainty was almost 6%, higher than the experimental data for other experiments
(1 — 2%). This may be attributed to a possible outlier evident for the experiment

carried out using 2 x 10 molecule cm™ propene at this temperature.
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Temperature / K kbim/ molecule’t cmd st
326 (2.07 £ 0.04) x 107
304 (1.25 + 0.08) x 10"
294 (1.08 +0.02) x 107
269 (6.49 + 0.38) x 10718
255 (3.42 +£0.05) x 1018
234 (1.61 +0.02) x 10718

Table 3.4: Experimentally determined bimolecular rate coefficient (knim) for the gas

phase reaction

This was

of Oz with propene at temperature range of 234 — 326 K and 1000
mbar in HIRAC.

the first time this system was tested, and the results obtained from

these experiments have confirmed the suitability of this system to be used for

generating rate coefficients at varying temperatures for different systems in HIRAC.

O3 decays due to

reaction with propene were repeated 2 — 3 times each at six different

temperatures, between 233 — 326 K, for [propene] of ~2.5 — 34.7 ppmv.
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Figure 3.15: Arrhenius plot for propene at 1000 mbar and over a temperature range

of 233 - 323 K.
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An Arrhenius plot of the bimolecular rate constant for propene was obtained
by plotting the natural log of the bimolecular rate constants against 1/Temperature
(Figure 3.14). This gave an E, = 17.69 + 0.29 kJ mol*. Experimental uncertainties for
the activation energy were reported from the weighted fit of the Arrhenius plot shown
in Figure 3.15, and an estimated systematic uncertainty of 10% was added to this
statistical error. These results are within error of IUPAC recommended values of Ea
= 15.6 kJ mol! (Atkinson et al., 2006a). This temperature-dependent study
demonstrates the suitability of HIRAC for further temperature-dependent studies.

3.5 Conclusions

This chapter has highlighted several new improvements that will enhance the
potential to study different systems in the HIRAC laboratory. The availability of a
mini photolysis chamber offers the advantage of carrying out initial testing of
conditions for experiments prior to performing them in HIRAC. The smaller
timescales possible in this chamber when compared to HIRAC may not render it
beneficial for mechanistic studies; however this chamber does provide the advantage
of carrying out instrument calibration (GC-FID in particular given the very small
sample rate), photolysis and kinetic experiments. The photolysis lamps were tested
using initial acetone photolysis experiments. Despite not yielding any new material,
the potential of carrying out further photolysis experiments on a smaller scale than
HIRAC has been demonstrated. Further kinetic experiments could be performed on
higher alkenes (Cg — C12) which would be useful in obtaining information of use for

structure activity relationships (SARS).

The successful characterisation of a temperature control system in the HIRAC
chamber is a useful addition that will enable studies over the full range of tropospheric
conditions of both temperature and pressure. The temperature limits have not been
fully assessed in these experiments, since caution was taken to avoid any instrumental
damage from overheating or overcooling the chamber. The thermofluid used has the
potential to cool HIRAC down to 183 K and to heat it up to 363 K, however these
would not be of atmospheric interest in HIRAC in any case given they lie well outside
the limits of temperature conditions in the troposphere.
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Chapter 5 is devoted to the first temperature dependent study of Cl atom
reactions with butanes and pentanes, which is a more detailed investigation than the
ozonolysis experiments described in this chapter. Other interesting temperature
dependent studies that could be carried out include investigation of acetone photolysis
and the temperature dependence of the reaction of acetone with OH discussed in this
chapter, as well as Br atom chemistry, which is of particular relevance in Arctic and
marine environments and has been reported to have a slight temperature dependence

with certain VOCs in the atmosphere.
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Chapter 4 - Relative rate studies and
Structure Activity Relationships (SARs) of
chlorine atoms with oxygenated

hydrocarbons

4.1 Introduction

The relative rate method is a well-established technique used to obtain rate
coefficients for chemical reactions. It has been used in several Cl atom gas-phase
kinetic measurements of relevance to the oxidation mechanism of VOCs in the
troposphere (Banco et al., 2012, Atkinson, 1991, Wallington et al., 1988b, Tyndall et
al., 1997, Blanco et al., 2009). The relative rate technique, mentioned briefly in
chapter 3, has been extensively reviewed in the work presented in this thesis: chapter
5 will focus on a more detailed study of Cl atom reactions with butanes and pentanes,
making use of this technique, and chapters 6 and 7 also make use of this technique
briefly for the characterisation of the method used (chapter 6) and for verifying OH
reactivity is occurring (chapter 7). The relative rate experiments reported in this
chapter are the earliest substantial kinetic data obtained in the HIRAC chamber. Prior
to this work, the only kinetic data obtained was reported by Tamsin Malkin (Malkin,
2010) and Khuanjit Hemavibool (Hemavibool, 2009). Empirical approaches known
as Structure Activity Relationships (SARs) have been found to be suitable in
reproducing rate coefficients (Kerdouci et al., 2010, McGillen et al., 2011a, Atkinson,
1987, Kwok and Atkinson, 1995b) and are widely used in atmospheric models such
as the master chemical mechanism (MCM) (Saunders et al., 2003).

This chapter will introduce the importance of the relative rate method and
SARs as well as highlight the importance of Cl atom reactions with oxygenated
volatile organic compounds, the latter being the most abundant of VOC classes
present in the troposphere (Wedel et al., 1998, Greenberg et al., 1999). ClI atom

chemistry has recently been shown to be of importance not only in the marine
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boundary layer, where significant Cl atom concentrations arise from inorganic sea salt
conversion (von Glasow, 2010a) but also in more inland urban environments
(Thornton et al., 2010). This has already been discussed in chapter 1. Cl atoms and
OH radicals react similar to each other with the majority of VOCs, however the
increased abundance of CI atoms and its higher reactivity with most VOCs with
respect to OH would mean that Cl atoms are more likely to compete and therefore
knowledge of the rate coefficients for these reactions as well as their degradation
pathways are essential in order to better understand the full chemistry of tropospheric

organic oxidation processes.

4.2 Chlorine in the atmosphere

The presence of Cl atoms in the lower atmosphere is mainly attributed to the
photolysis of inorganic halogens from sea salt sprays (Finlayson-Pitts and Pitts, 2000).
Indirect measurements of Cl atoms through their precursors, primarily ClIO and
CINOg2, or hydrocarbon decays have been measured at various locations: coastal
boundary layer — CINO: (Pszenny et al., 1993, Finley and Saltzman, 2006, Lawler et
al., 2009, Spicer et al., 1998, Riedel et al., 2012, Phillips et al., 2012), polar regions—
CIO/NMHC (Wetzel et al., 2012, Hellen et al., 2012, Gilman et al., 2010, Cavender
et al., 2008, Read et al., 2007, Hopkins et al., 2002, Kieser et al., 1993), volcanic
environments — CIO/NMHC (Baker et al., 2011, von Glasow, 2010b) and urban
cities— CINO- (Riemer et al., 2008, Thornton et al., 2010). These latter observations
inferred concentrations of a third to a half of the marine and coastal measurements
(i.e.: ~10% atoms cm), which is significant as it shifts the CI:OH balance by 10 —

20% in the troposphere away from the marine environment.

These observations also indicate that there were unconsidered sources and
sinks of Cl atoms in continental environments, not just transportation of sea salt
particles via air masses, but possibly even industrial contributions. These findings also
mean that Cl atoms may compete with OH radicals in VOC oxidation processes in the
troposphere. A scheme shown in Figure 4.1 highlights the findings made by Thornton
et al. and stresses the importance in better understanding the sources and sinks of ClI

atoms in urban environments.
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Figure 4.1: A schematic of night-time NOy activation of chlorine in tropospheric
urban environment (Thornton et al., 2010).

Cl atoms generated in the atmosphere react in a similar way to OH radicals
with VOCs via hydrogen atom abstraction or addition across an unsaturated bond. The
rates of reaction are considerably faster than OH, up to two orders of magnitude
(Pszenny et al., 2007), making Cl atoms important in the troposphere even at low
atomic concentrations (von Glasow, 2010a).

Aside from reacting with organics, Cl atoms will also extend the lifetime of
nitrogen oxides (NO and NO), through nitryl chloride which is a major sink of Cl
atoms; NOx being the main precursors for ozone production in the troposphere (von
Glasow, 2010a, Simpson et al., 2007), as has been highlighted in Chapter 1. Chlorine
may also react with ozone to form CIO in the upper atmosphere, and reactions of Cl
atoms with organics will eventually result in the formation of ozone in NOy
environments, implying Cl atoms will impact the ozone concentrations either way
(Ezell et al., 2002).

The observations reported by Thornton emphasise an inland CINO:
production and results are consistent with models for coastal areas. Models
incorporating R4.2 and R4.3 differ in their predicted impacts; however there is a trend
in the summer ozone concentration spikes in coastal urban areas influenced by
oxidants cycling from Cl atom reactions with organics in the environment (Thornton
etal., 2010):

N2Os + HoO — 2HNO3 (R4.1)
N20s + CI'— CINO2 + NOz (R4.2)
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00 nm

A<3
CINO; + hv ——— Cl + NO (R4.3)

Unusually high CINO2 measurements observed outside the coastal and marine
environments away from sea spray and aerosols are indicative of anthropogenic
sources contributing to a previously unknown significant Cl atom chemistry in inland
environments. Despite these findings, the generation of sea salt aerosols by turbulence
at the marine boundary layer remains the major source of reactive chlorine in the
Earth’s atmosphere (Graedel and Keene, 1995, Graedel and Keene, 1996, Lee et al.,
2010) however if other continental regions also act as sources of CINO. (Mielke et
al., 2011, Riedel et al., 2012, Thornton et al., 2010), then the cycling of NOx and Cl
atoms through this compound is of a more global relevance (von Glasow, 2010a).
Thornton and his group have provided compelling evidence that Cl atom chemistry is
more widespread than initially thought, and sheds a greater importance into the study
of the atmospheric chemistry of chlorine (Thornton et al., 2010). Their findings have
demonstrated that the urban Cl atom levels could be as high as up to half the levels
found in the marine environment (10* atoms cm). This can have significant impact
on the NOx budget and Os levels.

4.3 Relative rate method

A vast majority of kinetic data obtained for gas phase experiments of interest
have actually been reported not as absolute values but rather as a ratio of rate
coefficients (Finlayson-Pitts and Pitts, 1986). The relative rate method is a major
technique used for determination of rate coefficients. In order to derive useful rate
data from this technique, either the investigated organic reactions occurs solely with
one reactive species or, if another loss process such as photolysis or dilution is
occurring, that this must be able to be taken into account (Atkinson, 1986). Tests can
be carried out to ensure no other reactive species is reacting, or to assess photolysis
and dilution effects accordingly. An internal standard is normally used to monitor
dilution effects. This would be an organic that does not react or reacts at a sufficiently
slower rate than organics being monitored to have no influence in time period of
reaction being studied. As a result, the variation in their concentration would be
correlated with dilution effects during the experiment.
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The relative rate method is a simple yet effective way of obtaining rate
coefficients from monitoring the competition of two organic compounds with a
reactive species, one of which being a reference compound. Assuming the organic
compounds monitored in the experiment are removed only by the reactive species, Cl
atoms in this case, relative rate experiments are based on the simultaneous decay of a
substrate of interest and a reference compound, in which both are removed by the

same reactive species.

Cl + organic — product (R4.4)
Cl + reference — products (R4.5)

By following the simultaneous decay of both organic and reference
compounds, the ratio k/krer may be derived from the known rate coefficient for the

reference, thus calculating a relative value for k:

d In[reactant]

- L= — k- [Cl]freactant] or - A= =, [C] (Eq 4.1)

-—d[refzrtence] = K,er[Cl][reference] or _din[reference] [re; :rence] = kg[Cl] (Eq 4.2)
Combining the two equations:

1 In[reactant] | 1 In[reference]
AT A ) (Eq 4.3)
Integrating t=0 — t=t:
[reactant]g |, k [reference]
ln( [reactant]; ) B (kref) 11’1( [reference]; ) (Eq 44)

The rate coefficient for the organic species is calculated from the slope of the
plot of In ([reactant]o/[reactant];) as a function of In ([reference]o/[reference]:). The
main advantages over the absolute-rate method are the ability to obtain high precision
without the requirement of direct measurement of the radical species being
investigated and the avoidance of secondary chemistry effects of the radicals. The use
of multiple reference compounds at the same time is also possible, thus enabling
comparison of two relative decays for the same rate coefficient determination
simultaneously. This method also has the ability to cover wide ranges of initial
concentrations and is insensitive to impurities. The reference compound, however,
must possess a rate coefficient that is well reviewed in the literature, and it must also

be easily detectable (Atkinson, 1991). The ideal reference compound would react with
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the reactive species at similar concentrations and reaction times, and within one order
of magnitude of the expected rate coefficient for the reaction of interest. It is
particularly important to know whether any of the reference reactions are temperature
or pressure dependent.

Another advantage that the relative rate technique possesses over absolute
techniques, is that both fast and slow reactions can be studied, which is often a
difficulty in absolute studies using flash or discharge flow photolysis techniques
(Finlayson-Pitts and Pitts, 1986). One disadvantage with the relative rate technique
over flash photolysis is that very fast kinetic reactions are much less easy to follow
given the references used decay away at a fast rate and may be below the detection

limits of the instruments used within seconds (depending on the detection used).

However, being a relative measure, the accuracy is dependent upon the
reference rate coefficients. If the reference’s rate coefficient is not so accurately
known these relative rate ratios are still important values since they are true
experimental values, and rate coefficients can be updated as better absolute rate

coefficients appear in the literature. Some other disadvantages are:

1) Having another reactive species competing would render this
method useless, since it relies on there being only one reaction

occurring;

2) Secondary chemistry may also contribute to the evolving of such
reactive species. In chamber studies this may well have a larger
contribution owing to the size of the vessel and the typical starting
concentrations for such experiments. This is observed as slightly

curved relative rate plots after a significant amount of time elapses.

Relative rate techniques have the advantage that such relative measurements
can often be made with greater precision than absolute rate coefficient measurements
because only relative, not absolute, concentrations of organic and reference need be
measured, thus increased precision, however this does not necessarily mean increased

accuracy (Finlayson-Pitts and Pitts, 1986).
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4.4 Cl atom relative rate experiments in HIRAC

Atmospheric simulation chambers play an important role in the study of
atmospheric chemistry being excellent facilities to generate kinetic and mechanistic
data (Seakins, 2010a) through use of the several types of different instrumentation
interfaced for monitoring hydrocarbons and radical species. Several radical species
are very difficult to either generate and/or monitor in an isolated system such as a flow
tube or discharge flow system. Chambers provide a way to study such species with a
level of control over the conditions and chemistry taking place and their larger size
and longer timescales mean a wider variety of techniques may be employed (Blitz and
Seakins, 2012).

This chapter discusses the Cl atom relative rate experiments performed in the
HIRAC chamber, primarily making use of GC-FID. Cl atom chemistry is fast and ClI
atoms can be generated from the relatively long wavelength photolysis of precursors
such as oxalyl chloride, (COCI)2, which is relatively unreactive and produces CO as
the photolysis co-product (R4.6) or from the photolysis of molecular chlorine (R4.7):

A< 350 nm
(COCI), + hy—"53 2CI- + 2CO (R4.6)
A< 320 nm
Clo + ho—5 2Cl. (R4.7)

Three sets of ClI atom relative rate experiments are reported in this chapter.
The reactions of propane and n-butane with CI were carried out to test the references
that will be used in the other relative rate studies and also to obtain relative rate ratios
for important reactions that have been used as markers for [CI] in several field
campaigns such as the CHABLIS - Chemistry of the Antarctic Boundary Layer and
the Interface with Snow that took place in Antarctica (Read et al., 2007, Read et al.,
2008).

Reactions with ketones were carried out to further test and validate the relative
rate method in HIRAC and to understand the discrepancy between relative rate and
absolute data available for aliphatic ketones. An introduction to Structure Activity
Relationships is (SARS) also given in this section. Ester reactions were performed to
compare the results obtained with earlier work carried out in HIRAC and extend the

SAR data previously reported for acetates to propionates (Malkin, 2010).

107



Relative rate studies and SARs of Cl atoms with oxygenated hydrocarbons

4.4.1 Apparatus

Cl atoms were generated via photolysis of molecular chlorine in HIRAC, using
UV-B medical therapy lamps (Philips TL 40 W/12 RS SLV). Several tests were
performed in order to determine the optimal lamp intensity used in these studies. All
experiments were carried out at atmospheric pressure (1 bar) and temperature (292 +
3 K). HIRAC was evacuated to ~1 x 10 mbar between each experiment, ensuring
partial cleaning of the chamber. This was achieved by a rotary pump backed roots

blower and took approximately 60 minutes each time.

Hydrocarbon experiments were all carried out in laboratory grade nitrogen,
while oxygenated hydrocarbon experiments were carried out in ultra-high purity
(U.H.P.) grade nitrogen, due to overlap on the GC-FID of methane present in
laboratory grade nitrogen. HIRAC was first filled to ~970 mbar with nitrogen, and the
reactant (~4 — 5 ppm), chlorine (~8 — 10 ppm) and the reference compound (~4 -5
ppm) were introduced shortly after by flushing a stainless steel delivery vessel
containing the measured amounts of each constituent. This was obtained by knowing
the volume of the delivery vessel and the glass line used to prepare the reactants, and
using a calibrated pressure capacitance manometer to measure the pressure of the gas
being introduced. All reagents were obtained from commercial sources, prepared in a
vacuum line, and if liquids, purified prior to delivery into the chamber by successive

freeze-pump-thaw cycles. Gases were used as provided by the supplier.

An Agilent HP 6890 GC-FID with a CP-Sil-5CB 100% dimethylpolysiloxane
column (50 m length, 0.25 pum film and 0.32 mm internal diameter) was used in all
experiments, and is referred to as HIRAC GC-FID or GC-FID henceforth. The GC-
FID sampling was controlled by solenoid valves that opened HIRAC to a 5 mL
stainless steel loop and then to a diaphragm pump after the sample had been
introduced onto the column. Gas sampling was programmed to a loop volume of 5
mL, load time of 0.4 minutes and inject time of 0.3 minutes. This allowed sufficient
time for the sample loop to fill between runs. The GC-FID column was usually
maintained at a temperature within close range of the compound with the highest
boiling point. The next experimental sections will discuss the investigations carried

out for reaction of Cl atoms with hydrocarbons, ketones and esters.
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442 Cl + hydrocarbons

Hydrocarbon relative rate experiments were carried out to test and validate the
relative rate methodology as well as to test the HIRAC GC-FID following
maintenance to the traps and conditioning of the GC column. The reactions of
hydrocarbons with Cl atoms have been well characterised and also previously reported
in HIRAC (Hemavibool, 2009) therefore particularly suitable for method validation
since these compounds are also commonly used in relative rate studies as references,
and are investigated further in chapter 5 and used as reference compounds in both
chapters 6 and 7. The chemicals used in these experiments were acquired from the
following commercial sources: propane (Sigma Aldrich, 98%), ethane (Sigma
Aldrich, 99+%), n-butane (Sigma Aldrich, 99%), and chlorine (Sigma Aldrich,

99.5%). All the above gases were used as obtained from the supplier.

Rate coefficients were measured for the reaction of propane and n-butane with
Cl, using ethane and propane respectively as references. Methane present in laboratory
grade nitrogen (also referred to as departmental nitrogen) was used as an internal
standard in all experiments. An internal standard reacts much slower than the organics
being investigated and therefore serves as a useful marker for dilution during the

experiment. The results obtained are shown in Table 4.1.

Cl + CH4 — products (R4.8)
Cl + C2Hs — products (R4.9)
Cl + C3Hg — products (R4.10)
Cl + n-C4H10 — products (R4.11)
IUPAC k/ 1010
Reference k/10%°¢cm?3
Hydrocarbon cm®molecule K/ Kret IUPAC K/ Kref
compound molecule!s? -
.
propane ethane 1.35+0.06 1.40+£0.13 2.36 243
n-butane propane 1.90+£0.08 2.05+0.10 1.59 1.46

Table 4.1: Measured rate coefficients for propane + Cl and n-butane + CI from
relative rate ratios obtained in HIRAC compared with current IUPAC
recommendations (Atkinson et al., 2006a).
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These results are in good agreement with the values recommended by IUPAC
(Atkinson et al., 2006a). The linearity of the relative rate plots obtained from the
regression analysis shown in Figure 4.2 and Figure 4.3 confirm the methodology used
is satisfactory for relative rate experiments in HIRAC, and that there are small errors
in both axes. This margin of error increases with the extent of reaction as is expected
given it is a logarithmic relationship. These propagated errors are measured from the
instrumental standard deviation by measuring the average and standard deviation of
the peaks prior to the start of the experiment.

0.75

0.50 +

0.25

In ( [propane]_ / [propane] )

T . — 7T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
In ( [ethane]o / [ethane]t)

Figure 4.2: Relative rate data for reaction of Cl atoms with propane and ethane
(reference) at 298 K and 1000 mbar in nitrogen, measured using GC-FID.

A linear regression tool, Regres2, was used to obtain the ratiok/ket. This
regression analysis uses a linear least-squares regression, which takes into account
random errors in both the [organic] and [reference], eliminating any systematic errors
that may occur (Brauers and Finlayson-Pitts, 1997). The precision was taken as the
standard deviation in repeat measurements of a known concentration of the organic,

which is done before the photolysis of chlorine gas is initiated in the chamber.
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Figure 4.3: Linear regression plot for relative rate of n-butane reaction with Cl with
propane as a reference compound.

443 Stability tests

In chamber experiments unwanted loss of reactants and products may occur
via photolysis, dark chemistry, and wall reactions. Control experiments were
performed to check for such unwanted losses prior to experiments. Concentrations of
the reference compound and reactive species were monitored for ~30 minutes with
the photolysis lamps off, and no evidence of unwanted reactions was observed with
reactants and reference compound concentrations remaining constant as is shown in

Figure 4.4.
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Figure 4.4: Stability tests carried out over a time period of 20 — 30 minutes for
methane, propane and n-butane in the presence of molecular chlorine in HIRAC at
292 + 2 Kand 1 bar.

4.4.4 [C]] estimation

An estimation of the Cl atom concentration in HIRAC was necessary primarily
to understand how quickly chlorine gas is being photolysed in HIRAC and to be able
to know how best to control the Cl atom concentrations for an experiment by altering
lamps or adding molecular chlorine. A value for [CI] generated from Cl. photolysis
in HIRAC was estimated from the measurement of the rate of decay of propane. The

relationship used for estimating the [CI] was the following:

d[C3H
-5t = ke, [CoHe] [C1] (Eq 4.5)

Thus, using the known rate coefficient for CsHg+ Cl, k¢, y,, and the decay rate
of propane from the relative rate plot shown in Figure 4.5, an estimate of the Cl atom
concentration was made using equation R4.16. This was found to be ~3.0 x 106 atom
cm with all lamps on, and was calculated by obtaining the gradient from the decay

of propane using IUPAC recommended rate coefficient of (1.4 +0.2) x 10*® molecule’

Tem3sT,
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Figure 4.5: Example of decay plot of propane used to estimate [CI] in HIRAC.

4.4.5 Error calculations

The error in the relative rate coefficient, o, is obtained from the multiplication
of the error from the gradient (ogradient) With the error from the reference rate
coefficient (usually known and recommended, ore). The value obtained is then

converted to % error in quadrature using Eq4.6:

Ok’ = Ok(ref) X O k(gradient) (Eq 4.6)

The owrer Value is usually recommended by chemical kinetic databases such as
IUPAC. These values are generally derived from evaluations of all the data available
and based on averages of errors from spread of values. The percentage error in ka is
achieved as follows, and the percentage value is divided by 100 to determine o, and

multiplied by 2 to quote 2c:

ok =k’ x \/(Gkreference/kreference)2+(Ggradient/kgradient)2 (Eq 47)

The relative errors for the relative rate method increase exponentially with

extent of reaction, as is shown in Table 4.2.In order to reduce errors in the relative
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rate method as much as possible it is useful to have a reference compound that reacts
roughly the same order of magnitude as the organic being investigated in order to
make sure the extent of reaction is kept as low as possible. This is because errors grow
exponentially as the reaction proceeds.

Extent of Reaction Relative
Errors
AR tea ovl(oIAl)

' 0 1.41
2 0.69 22
> 16 61
10 23 0
100 46 100

Table 4.2: Relative increase in error in In([A]o/[Al) as a function of reaction time
(Brauers and Finlayson-Pitts, 1997).

4.4.6 Discussion

Cl atom relative rate experiments with simple hydrocarbons have been carried
out to validate the relative rate method in HIRAC. The relative rate results obtained
were in good agreement (~5%) with IUPAC recommendations (Atkinson et al.,
2006a), with both rate coefficients being within error of the IUPAC values. Previous
experiments had already been reported in HIRAC on similar systems (Hemavibool,
2009), however a more recent account of the conditions in HIRAC as well as a better
grasp of the method to be used was important in light of the use of relative rate

experiments in all subsequent chapters in this thesis.

4.5 Cl atom reactions with oxygenated VOCs

Oxygenated volatile organic compounds represent the most abundant class of
organics within the atmosphere, and their reactions have been extensively reviewed
in the literature (Atkinson and Arey, 2003a, Mellouki et al., 2003). Large global
contributions of oxygenates in the atmosphere have been shown to exist, which have
contributed to an increased interest in these compounds in the recent literature (Singh

et al., 2001, Lewis et al., 2000). The degradation of oxygenates leads to secondary
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pollutants such as Oz, PANs and SOAs, and strategies to control the emissions of these
O3 precursors has been based on their individual contributions to tropospheric ozone
formation (Mellouki et al., 2003).

The major sources of oxygenates are biogenic, primarily from plant emissions
and biomass burning, with the main anthropogenic sources being solvent and fuel
additive use, as well as from the oxidation processes of other VOCs. In recent years,
owing to stricter industrial legislation, solvent use has shifted more towards
oxygenated hydrocarbons from more toxic aromatic and halocarbon solvents (Liang
et al., 2010). Another contributor that has increased the anthropogenic contributions
of oxygenated compounds is biofuel consumption and diesel fuel blending. In the U.S.
and Brazil, bioethanol is the most used biofuel, whereas in the EU fatty acid methyl
and ethyl esters (FAMEs and FAEES) are the dominant form of biofuel (Andersen et
al., 2012, Schutze et al., 2010a).

Experiments were therefore carried out in order to obtain a better
understanding of reactions of Cl atoms with two sets of oxygenates, saturated ketones
and esters. Another motivation for carrying out this work was to further enhance the
structure activity relationships available for Cl atom reactions with oxygenates, which
in this chapter will be reported for formates, acetates, propionates and ketones and
compared with the experimental rate coefficients obtained in this work and in previous
work in HIRAC by Hemavibool and Malkin for acetates (Hemavibool, 2009, Malkin,
2010).

4.6 CIl + ketones

4.6.1 Ketones in the atmosphere

Ketones are an important group of oxygenates present in the atmosphere as
products of other oxidation processes as well as through both natural and
anthropogenic sources. Acetone is the most abundant ketone in the troposphere,
averaging at 0.3 - 1 ppb(Sprung and Zahn, 2010). The main sources of ketones in the

atmosphere are from rural and forested sites in nature, and through solvent use in
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industry. Ketones are known to participate in photochemical transformations in the
troposphere, as well as undergo efficient uptake into cloud droplets, leading to various

transformation processes (Kaiser and Wallington, 2007, Wallington et al., 1988b).

Carbonyls are sources of free radicals and SOAs that lead to organic acids in
the troposphere in the presence of NOy, as well as ozone formation (Levart and Veber,
2001, Roberts, 1990). There have been numerous recent publications focused on the
understanding the chemistry of unsaturated ketones (Banco et al., 2012), and ketone
chemistry at higher temperatures (Lam et al., 2012), which stresses the interest in the
atmospheric chemistry and combustion of these species, given their importance in the
understanding of VOC oxidation mechanisms.

This work was carried out because there was a significant discrepancy between
relative rate data quoted by Kaiser and Wallington (Kaiser and Wallington, 2007) and
Taketani et al. (Taketani et al., 2006) and absolute rate data quoted by Notario et al.
(Notario et al., 2000) and Cuevas et al. (Cuevas et al., 2004, Albaladejo et al., 2003)
for Cl atom reactions with saturated ketones. Taketani et al. ascribed the regeneration
of Cl atoms in the absolute rate studies by Notario et al. and Cuevas et al. as the cause
of this discrepancy. Notario et al. and Cuevas et al. stated that significant amounts of
molecular chlorine could be problematic in absolute-rate experiments as these may

react with alkyl intermediates leading to the regeneration of Cl atoms.

In contrast to the absolute rate measurements, an appreciable loss of ketones
was reported by Kaiser and Wallington in their relative rate investigations, owing to
the low vapour pressures of these ketones. Wall losses and any experimental problems
associated with the introduction of these ketones into the chamber were however
ignored based on the assumption that any losses would be constant for all of the
ketones during the duration of the experiment (Kaiser and Wallington, 2007). Longer
chain ketones were allowed to mix for longer to ensure their peak heights were stable
on the GC-FID prior to initiating photolysis, improving the precision of the results
obtained. Due to these discrepancies and uncertainties in the literature it was found

appropriate to further investigate these reactions in HIRAC.
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4.6.2 Experimental method

The relative rate experiments were carried out in HIRAC and the ketones and
reference compounds were monitored by GC-FID. Concentrations of reference
compounds and organics used were the same as for the hydrocarbon experiments
mentioned earlier. Similar experimental conditions were used in HIRAC as were used
in the work by Kaiser and Wallington (Kaiser and Wallington, 2007). Each ketone
was run with separate reference alkanes (propane and n-butane) at least three times

for each run.

The chemicals obtained from commercial sources all had purities of > 98%:
3-methyl-2-butanone (99%, Sigma Aldrich), 2-pentanone (> 99% Reagent Plus,
Sigma Aldrich), 3-pentanone (99%, Alfa Aesar), 4-methyl-2-pentanone (99%, Alfa
Aesar), 5-methyl-2-hexanone (99%, Alfa Aesar), propane (98%, Sigma Aldrich), n-
butane (99%, Sigma Aldrich), chlorine (99.5%, Sigma Aldrich).

Cl + CH3C(O)C3zH7 — products (R4.12)
Cl + C2HsC(0O)C2Hs — products (R4.13)
Cl + CH3CHCH3C(O)CH3 — products (R4.14)
Cl + CH3C(O)CH2CH(CH3)CHs — products (R4.15)
Cl + CH3C(O)CH2CH2CH(CH3)CH3 — products (R4.16)
Cl + C3Hs (reference) — products (R4.14)
Cl + n-C4Hyo (reference) — products (R4.15)
4.6.3 Results

The relative rate ratios obtained are shown in Table 4.3. The results obtained
are all within 10% of the ratios reported previously by Kaiser and Wallington. These
discrepancies are likely to be within the experimental uncertainty of these
investigations, which may be attributed to the uncertainty in our vacuum line and
stainless steel delivery vessel method used to introduce known concentrations of these
compounds into our chamber, as well as losses of ketones to walls, which could
explain why some of the relative rate plots do not all go through the origin. Kaiser and
Wallington also reported difficulties in introducing certain ketones into their
experimental system. Significant problems associated with delivery of some of the

higher-carbon ketones investigated into HIRAC, particularly 4-methyl-2-pentanone
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and 5-methyl-2-hexanone was unavoidable given their low vapour pressures and

difficulty in getting them in the gas phase.

Number of
C4— Ce Ketones repeat runs RR ratio Reference
(this work)*
0.83+£0.04 | (Kaiser and Wallington, 2007)
2-pentanone 3
0.77 £0.02 This work
0.60 +0.03 | (Kaiser and Wallington, 2007)
3-pentanone 3
0.51+£0.01 This work
0.44 £0.01 | (Kaiser and Wallington, 2007)
3-methyl-2-butanone 3
0.34£0.02 This work
0.91£0.03 | (Kaiser and Wallington, 2007)
4-methyl-2-pentanone 2
0.81+£0.03 This work
5-methyl-2-hexanone 2 2.03+£0.13 This work

Table 4.3: A comparison of relative rate ratios for the reaction of Cl atoms with
ketones obtained in HIRAC with previous work by Kaiser and Wallington (*using
propane as a reference compound in both studies).

Figure 4.6 shows that 4-methyl-2-pentanone has a slightly curved relative rate
plot at the beginning of the experiment. The most likely explanation is losses in the
delivery of these ketones into the GC, which was expected since their low vapour
pressures do not make these compounds easy to be studied in a large stainless steel
chamber like HIRAC. Such difficulties had been reported by Kaiser and Wallington
in their work. This could not be picked up on the GC-FID as once mixed the stability
of these ketones was evident, so the main difficulty was the introduction into the
chamber and accurately knowing the starting concentrations of the ketones during
these experiments. The uncertainty associated with wall losses within the copper
tubing introducing the ketones into HIRAC and into the GC were difficult to estimate.
Any wall losses within HIRAC were regarded as being negligible given the GC never
showed any decays during the stability tests carried out before initiating the reaction.
The GC-FID sampling loop losses would result in different volumes of ketone being
sampled from the chamber; however, in relative rate investigations these are not as
significant provided the loss is constant for the duration of the experiment. This would
only be reflected in slightly higher margins of error for the ketones relative to the
reference, as can be noted in the linear regression plots obtained from these
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experiments in HIRAC. The uncertainty in the relative rate coefficients ranged from

4 — 6% for the majority of the experiments carried out.

1254 = 2-pentanone
e 3-methyl-2-butanone
4 3-pentanone
1004 ¥ 5-methyl-2-hexanone
’ ¢ 4-methyl-2-pentanone
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Figure 4.6: Relative rate plots for the reaction of Cl atoms with a series of ketones
relative to propane and n-butane at 292 + 3 K and 1000 mbar in U.H.P. nitrogen
measured using GC-FID.
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Ketones Kketones (107 Technique Reference
cm®molecules?)
457 +0.28 PLP-RF (Albaladejo et al., 2003)
417+1.21 PLP-RF (Cuevas et al., 2004)
11.1+£0.10 RR (Taketani et al., 2006)
2-Pentanone 12.3+0.13 PLP-RF (Takahashi et al., 2007)
116+1.0 RR (CsHg) (Kaiser and Wallington, 2007)
10.5+£0.95 RR (CsHs) This work
11.8+1.04 RR (CsH10) This work
450 £ 0.32 PLP-RF (Albaladejo et al., 2003)
5.9+05 DF-MS (Aranda et al., 2004)
8.10+£0.85 RR (Taketani et al., 2006)
8.87 £0.92 PLP-RF (Takahashi et al., 2007)
3-pentanone 747030 PLP-RF (Zhao et al., 2008)
83%0.7 RR (CsHg) (Kaiser and Wallington, 2007)
9.81+1.33 RR (C3Hs) This work
8.66 £ 0.82 RR (C4Huo) This work
7.02 £0.89 PLP-RF (Notario et al., 2000)
450+ 0.25 PLP-RF (Cuevas et al., 2004)
3-Methyl-2- i i
6.2+05 RR (CsHg) (Kaiser and Wallington, 2007)
butanone
7.46 +0.74 RR (CsHs) This work
6.41+0.84 RR (C4Huo) This work
9.72+1.2 PLP-RF (Notario et al., 2000)
8.52+4.0 PLP-RF (Cuevas et al., 2004)
4-Methyl-2- i i
128+1.0 RR (CsHg) (Kaiser and Wallington, 2007)
pentanone
10.2+£1.37 RR (CsHs) This work
13.1+1.03 RR (CsH10) This work
106+14 PLP-RF (Notario et al., 2000)
5-methyl-2- 148+1.0 PLP-RF (Cuevas et al., 2004)
hexanone 199+221 RR (C3Hs) This work
25.8+2.06 RR (CsH10) This work

Table 4.4: Measured rate coefficients for ketone+Cl reactions obtained by relative
rate using hydrocarbon/ketone/Cl mixtures in UHP nitrogen measured using GC-
FID.

Product overlap was however evident in some of the chromatograms, which
seem to have led to poorer resolution of peaks leading to a greater uncertainty being
proportional to extent of reaction. This was particularly evident in the case of 5-
methyl-2-hexanone, for which the agreement between experiments carried out with
propane and butane as references was poor in comparison with the other ketones. As

can be seen from Figure 4.6, the curvature in some of the relative rate plots,
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particularly in the case of the higher ketones (5-methyl-2-hexanone and 4-methyl-2-
pentanone), is quite visible as the reaction progresses. This seems to indicate that
perhaps some of the products from the reference compounds may have been missed
and could have been lying under the ketone peaks leading to a sharper increase in the
ketone and hence the curvature exhibited. There was also a discrepancy between the
results obtained using different reference compounds, but it is noted that the values
obtained are within error of each other for all except 5-methyl-2-hexanone. The latter
was found to be very problematic to deliver into the chamber and showed a very small
response on the chromatogram owing to its long retention time resulting in broader
peaks that are not well resolved in the chromatogram. This could be why there is such
a significant difference between the values obtained for the two references used in this

case.

4.6.4 Discussion

This work shows how the relative rate method could be used to obtain rate
coefficients for the reactions of Cl with ketones in HIRAC. The results obtained were
in general within error of previous relative rate work reported by both Taketani et al.
and Kaiser and Wallington (Kaiser and Wallington, 2007, Taketani et al., 2006), with
the exception of 5-methyl-2-hexanone, demonstrating the strengths of the relative rate
method over the absolute method for studying such systems and also the potential of

HIRAC to be used to study the kinetics of oxygenates with Cl atoms.

According to Taketani et al. however seems to be an overestimation of the
reactivity of the ketones studied using the relative rate method with respect to the
absolute rate measurements (Taketani et al., 2006). Taketani’s group ascribe this to
the possible regeneration of Cl atoms in the absolute rate investigations, since
significant amounts of molecular chlorine may be a problematic condition in absolute
rate determinations since the alkyl intermediates may react with molecular chlorine
leading to regeneration of chlorine atoms. They propose that further absolute rate
experiments should be carried out under conditions where ClI atom regeneration does

not exist, in order for these absolute rate results to be verified.
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4.6.5 Structure activity relationships

Structure activity relationships (SAR) are useful in predicting rate coefficients
that are difficult to measure or that have never been studied previously. This method
is based on summing the cumulative processes that occur when a reactive species
interacts with an organic compound, which in the case of OH and Cl atom reactions,
is the different hydrogen abstractions that occur.

The SAR method has been fully validated for OH chemistry (Kwok and
Atkinson, 1995b, Atkinson, 1987) at room temperature and atmospheric pressure.
SARs have also been well characterised for NOs reactions (Kerdouci et al., 2010), Os
reactions (McGillen et al., 2011a) and, with limited use, in understanding Cl atom
chemistry (Aschmann and Atkinson, 1995, Ezell et al., 2002, Notario et al., 1998,
Schiitze et al., 2010). Such methods give important mechanistic insights and
information on favoured routes leading to different radical production, through

understanding site specificity of abstraction reactions.

There are several different types of SARs used, based on either group
reactivity (Mellouki et al., 2003), as a function of the ionisation potential, or as a
function of the highest occupied molecular orbital (HOMO). The former method is
put into practice in this chapter, with the group rate coefficients reported by Aschmann

and Atkinson (1995) being used for the Cl atom reactions investigated.

In order for rates of primary, secondary and tertiary hydrogen abstractions to
be determined SARs need an accurate set of experimental rate coefficient
measurements for prototypical compounds. Correction for effects of neighbouring
groups on the hydrogen abstraction sites is also necessary in order to properly assess
each abstraction site. A particular focus on Cl atom reactions with esters is relevant
as previous studies have reported deactivating effects of the —C(0O)-O- group (Notario
1998).

A review of the literature for these reactions also shows significant
discrepancies in reported rate coefficients, even with studies using the same basic

technique such as flash photolysis/resonance fluorescence, as well as between
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absolute and relative rate techniques. For this reason, the SAR method has been

applied to the reactions of Cl atoms with the studied esters.

The SAR method was developed by Atkinson for H-atom transfer reactions of
the OH radical with a large variety of saturated VOCs (Kwok and Atkinson 1995). In
the SAR method the calculation of the overall rate coefficient is based on the
estimation of —CHs, —CH>— and >CH- group rate coefficients for the reaction of ClI
atoms with alkanes. These group rate coefficients depend only on the identity of the

substituent bonded to these groups (e.g.: in o position):

k(CH3-X) = Kprim F(X) (Eq 4.8)
K(X-CH2-Y) = ksec F(X)F(Y) (Eq 4.9)
K(X-CH(Y)(2)) = ken FOX)F(Y)F(2) (Eq 4.10)

where, Korim = 3.32 x 10, Ksec = 8.34 x 1071, kiert = 6.09 x 1071t cm® molecule ™ s72,
F(-CHs) = 1.00 and F(—CHz-) = F(>CH;) = F(>C<) = 0.79, at 296 K (Aschmann and
Atkinson, 1995).

Table 4.5 below shows the calculations of the CHx group rate coefficients for
the reaction of Cl with ketones. The coefficients in brackets represent the values
obtained by Atkinson and co-workers using the SAR method they proposed
(Aschmannand Atkinson, 1995). The predictions made were based on the assumption
that the 2° and 3° carbons are found adjacent to the CHy in the case of  to >C=0,
while the CHy group is assumed to be in the inner position and the CHs group in the

outer position in the case of y or 5 to >C=0.

b o—position | B—position | y—position | >d—position
group

-CHs 0.10 0.53 0.17 0.17
-CH>- 0.7 3.6 1.2 1.2
>CH- 1.3 7.1 2.3 2.3

Table 4.5: Structure activity predictions for CHy group rate coefficients of Cl+
ketone reactions in 102 cm?® molecule s (Aschmann and Atkinson, 1995).
The above group rate coefficients represented by Aschmann and Atkinson are
a clear demonstration that the carbonyl group activates both o and 3 sites in the

molecule. These results are of use in predictions of possible sites of attack in the
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reaction with CI and therefore the possible products expected from these reactions.

This is of importance in the better understanding of VOC oxidation mechanisms.

Table 4.6 below compares the experimentally obtained rate coefficients from this
work and literature values (tabulated in (Calvert et al., 2011)) with those obtained
through structure activity calculations using the above Table 4.5 values for the
reaction of OH with ketones.

kexpt /
kexpt / 101x Kealc
1011 3 10 1 % Difference
Compound cm*molecule | M mo_llecule (SARs)
1gt s (this work)
(Aschmann and
. (Calvert et Atkinson, 1995)
*
(this work) al., 2011)

Acetone - 0.21 0.21 -
Butanone - 4.0 3.8 5
2-Pentanone 11.2 11.6 131 -14
3-Pentanone 9.2 7.9 7.3 26

3-Methyl-butanone 6.9 6.0 7.0 -2
2-Hexanone - 20.0 18.2 -
3-Hexanone - 144 16.7 -

4-Methyl-2-pentanone 11.7 9.1 125 -6
5-Methyl-2-hexanone 22.9 13.0 18.5 -24

Table 4.6: Comparison of experimental and calculated rate coefficients (k, cm®
molecules™) for Cl + ketone (Calvert et al., 2011).*results shown are the average
of two separate relative rate determinations from results presented in Table 4.4.

The rate coefficients presented from this work were worked out as the mean
for the two reference compounds. The percentage differences shown are for between
this work and the SARs available and were calculated using 100 x (Kexpt — Kcalc)/ Kexpt.
The results show good agreement with the SARs for butanone, 3-methyl-butanone
and 4-methyl-2-pentanone, but poorer agreement for 2-pentanone, 3-pentanone, and

5-methyl-2-hexanone.
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4.7 CIl + esters

4.7.1 Esters and the atmosphere

Esters are another very important class of oxygenates widely used in industrial
products and feedstock. Large quantities are used as paint and varnish solvents in the
manufacturing industry (Cuevas et al., 2005a), and also as a starting product for
polymer production (Blanco et al., 2009). Esters are also common flavourings in the
food industry and have been increasingly used in the EU as biofuel and diesel
additives, which upon combustion give off several other oxygenated organic
intermediates such as ethers (Xing et al., 2009). They are also emitted from vegetation
and fruits, which still remains the primary source of esters in the atmosphere despite

increase in consumption of biofuel and solvents.

Consequently these significant biogenic and anthropogenic emissions result in
various esters being present in the atmosphere participating in subsequent oxidation
processes that need to be fully understood. Oxidation of ethers and other volatile
organic compounds result in further ester emissions in the atmosphere (Liang et al.,
2010), such as methyl t-butyl ether which is used commonly as an oxygenated fuel
additive in combustion engines in order to reduce CO emissions, results in methyl
acetate (35% vyield). Higher ethers can form correspondingly larger ester species. The
oxidation of oxygenated species are currently a topic of significant interest due to both
interesting mechanistic issues including the generation of OH (Peeters et al., 2009)
and the potential to form low volatility compounds which may lead to particle

formation or growth.

Wallington reported a systematic discrepancy of 20 — 30% between relative
rate and absolute rate studies for Cl atom studies with acetates and formates, noting
the values obtained using absolute techniques were higher (Wallington et al., 2006).
Many other relative rate studies have suggested the same, with their being an
overestimation of the rate coefficients, most likely due to an additional loss channel
such as reaction with alkylperoxy radicals produced in the absolute technique setup
(Schutze et al., 2010a) that had not been taken into consideration. Studies performed

in flow tubes have encountered several wall adsorption/desorption problems. In larger
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chambers these problems are minimised (Harry et al., 1999), making HIRAC an ideal
test bed.

4.7.2 Experimental Method

All experiments were performed in HIRAC at 296 + 3 K and at 1 bar. The
same relative rate method was used in order to be able reproduce previous experiments
carried out in HIRAC (Hemavibool 2009; Malkin 2010), thus validating the method
and the experimental conditions, and to expand the range of esters studied in HIRAC
to propionates. The chemicals obtained from commercial sources all had purities of
>08%: methyl acetate (99%, Alfa Aesar), acetone (>99%, Fisher), and chlorine
(99.5%, Sigma Aldrich), methyl propionate (99+%, Fischer Scientific), ethyl
propionate (99+%, Fischer Scientific), propyl propionate (99%, Sigma Aldrich),
isobutyl propionate (98%, Acros Organics), n-butyl propionate (99%, Alfa Aesar),
chlorine (99.5+%, Aldrich), propane (98%, Sigma Aldrich), n-butane (99%, Sigma
Aldrich) and nitrogen (>99.995%, Dominick Hunter N2 generator, MAX116).

Cl + CH3C(O)OCH3s — products (R4.17)
Cl + C2HsC(O)OCH3 — products (R4.18)
Cl + C2HsC(0O)OC2Hs — products (R4.19)
Cl + C2HsC(0O)OCsH7 — products (R4.20)
Cl + C2HsC(O)OCH(CHz3)2 — products (R4.21)
Cl + C2HsC(O)OC(CHs)s — products (R4.22)
Cl + C3zHg (reference) — products (R4.23)
Cl + C4Hao (reference) — products (R4.24)

With the exception of the gases used, all chemicals were freeze-pump-thawed
several times prior to use. This minimised the impurities introduced and gave a better
accuracy of the concentrations of the ester that were being introduced into the

chamber.
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4.7.3 Results

Previous measurement of the rate of Cl + acetates reactions had been carried
out by Malkin and Hemavibool using both GC-FID and FTIR instruments for
detection of reactants and references (Malkin, 2010, Hemavibool, 2009). In this work
the FTIR was unavailable so only GC-FID measurements are reported, and methyl
acetate was the only ester to be studied, with acetone being used as the reference
compound. Figure 4.7 demonstrates the high accuracy in the GC relative rate results
obtained for methyl acetate in HIRAC, which are within error of Hemavibool and
Malkin’s previous work. A comparison of the results obtained with other reported
data are shown in Table 4.7. Results for both GC-FID and FTIR measurements are in
excellent agreement with the previously reported results from HIRAC and with
previous literature, particularly Christensen, Ball and Wallington’s relative rate
results, indicating satisfactory conditions for carrying out relative rate experiments,

and a good methodology.

Reference Method Kacetate (10"1'cm?®
Acetate Kacetate/Kreference Reference
compound used molecule™s?)
CyHsF, CHsCI, (Christensen et
RR - 0.22 £ 0.03
CH3;0CHO al., 1999)
(Notario et al.,
- PLP-RF - 0.29 £ 0.04
1998)
Methyl (Cuevas et al.,
acetate - PLP-RF - 0.28 £ 0.03 2005b)
(Hemavibool,
CH3COCH; RR-GC 0.98+0.12 0.22 £ 0.05
2009)
RR-FTIR 1.10 £ 0.16 0.23+0.05 (Malkin, 2010)
RR-GC 0.99 +0.15 0.22 +0.08 This work

Table 4.7: Measured rate coefficients for methyl acetate + Cl from relative rate
ratios obtained in HIRAC compared to previous work from HIRAC and other
laboratories. RR: relative rate method, PLP-RF: pulsed laser photolysis-resonance
fluorescence technique.
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Figure 4.7: Relative rate data for reaction of Cl atoms with methylacetate at 298 K
and 1000 mbar in U.H.P. nitrogen measured using GC-FID.

The relative rate plots for methyl propionate, ethyl propionate, propyl
propionate, n-butyl propionate and iso-butyl propionate are shown in Figure 4.8 and
4.9. All experiments were conducted at least twice each for each propionate
investigated. As can be noted for the propyl and butyl propionate plots, less data points
were obtained. This was due to the operation of longer cycles of 6 minutes to avoid
overlap of the unidentified product peaks with the propionate and reference. The
decision to use fewer data points stems from the logarithmic increase in uncertainty

associated with this method.

The results obtained for the propionates show good agreement (within 5%)
with previous relative rate data for methyl propionate, but the rate coefficients
obtained for the ethyl, propyl and n-butyl propionates all appear to be slightly higher
than previously reported literature data, however are all within the experimental error.
No previous literature data has to our knowledge been reported on iso-butyl
propionate. As can be seen in Figure 4.8, fewer data points have been obtained for
propyl propionate in comparison with methyl and ethyl propionates. This is due to
longer sampling rates on the GC set for this compound (same for butyl analogues) to

ensure adequate resolution of all peaks in the gas chromatogram.
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Figure 4.8: Relative rate plots for reaction of Cl atoms with methyl, ethyl and propyl
propionates at 298 K and 1000 mbar in U.H.P. nitrogen measured using GC-FID.
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Figure 4.9: Relative rate plots for reaction of Cl atoms with n-butyl and iso-butyl of
propionates at 298 K and 1000 mbar in U.H.P. nitrogen measured using GC-FID.
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A comparison of the rate coefficients obtained for Cl atoms with propionates

is shown in Table 4.8.

kmethyl propionate<<kethyl propionate <kn-propyl propionate<ki-butyl propionate<kn-butyl propionate (Eq 4-11)

Propionate Kpropionate/Kreference Kpropionate (1O_llcm3 molecule? S'l) Source
0.27 £ 0.02 1.51+0.22 (Cavalli et al., 2000)
- 1.98 £0.26 (Notario et al., 1998)
Methyl
0.18 £ 0.43* 157 +0.23 (Andersenetal., 2011)
Propionate 0.265 1.56 £0.36 (Schiitze et al., 2010)
0.25+0.01 1.49+0.30 This work
Ethv 0.50 + 0.06 3.11+0.35 (Andersen et al., 2012)
y
0.63 +0.02 3.71+0.11 (Cometto et al., 2009)
Propionate 0.64 +0.01 3.74%0.20 This work
1.40 £0.02 8.26+0.12
Propyl (Cometto et al., 2009)
0.61 £ 0.01** 8.50+0.18
Propionate 1.59+0.02 9.46 £ 0.91 This work
n-Butyl - 15.8+1.30 (Liang et al., 2010)
. 1.30+ 0.05 17.7+1.28 This work
Propionate
|so-l_3utyl 0.89+ 0.02 122+1.13 This work
Propionate

Table 4.8: Comparison of rate constants and relative rate ratios of reactions of Cl
atoms with a series of propionates using ethane (for methyl, ethyl and propyl) and
propane (for butyl) as a reference at 1000 mbar and 293 K (*relative to CoHsCl;
**relative to propane).

There is a clear trend as for the acetates reported by Malkin (2010) for the
propionates with the rate of these reactions rapidly increasing in rate coefficient with
size. The obtained values show a much lower reactivity for methyl propionate
compared with the other propionates. Furthermore, one can note that the rate constant
increases with the number of CHy groups in the ester molecule. Excellent agreement
is observed for the rate coefficient obtained for methyl and ethyl propionates with
recent work by Schiitze et al. (2010) and Cometto et al. (2009) respectively. Some
discrepancies with the literature were noted for the rate coefficient obtained for propyl
propionate which could have been improved by rerunning the experiment another time
to obtain more data points on the relative rate plot presented in Figure 4.8. The same
may apply for n-butyl propionate, which is however within error of the only other
literature value by Liang et al. (2010). Iso-butyl propionate has to our best knowledge
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never been reported in the literature and the value obtained seems to fit in well with

the trend expected from the SARs of these group of compounds, which will be

discussed further in the following section.

4.8 Structure activity relationships

The substituent factors specific for the acetates, which have been evaluated

previously by Malkin have been determined as follows: F(CO) has been calculated
from the rate coefficient k(Cl + CHsC(O)CHs) = 3.30 x 10 ¢cm® molecule? st
(Albaladejo et al., 2003): F(CO) = k(CI + C2HsC(O)CH3)/2Kprim = 0.04. The factor
F(C(O)O-) has been derived by applying the SAR method to the reaction
CI+C2HsC(O)OCHs (k1 = 1.98 x 10 c¢m® molecule? s?, Notario et al. 1998):
F(C(0)O-) = (k1 - KprimF(CO))/Kprim = 0.11 (Malkin 2010) and using the F(-RC(O)O-
) = 0.66 from Xing et al. (2009). The calculated SARs for the acetates and propionates

are shown in Table 4.9.

Compound

kexptllo_ll

cm3 molecule 1 s-1

kca|C a/ 10_11

cm3 molecule 1 s-1

kca|c b/ 10_11

cm3 molecule 1 s-1

Methyl Acetate 0.20+£0.04 0.199 0.199
Ethyl Acetate 1.68 + 0.29¢ 2.922° 1.69¢
Propyl Acetate 6.02 +0.41° 9.48° 6.39¢
n-Butyl Acetate 15.8 + 1.31°¢ 14.7¢ 12.2¢
t-Butyl Acetate 1.69 £ 0.15¢ 4.44° 1.65°¢
Ethyl Formate 0.95+ 0.05¢ 2.79° 1.56°
Methyl Propionate 1.49 £ 0.06 2.00 2.00
Ethyl Propionate 3.74+0.10 5.16 3.93
Propyl Propionate 9.46+0.11 11.6 8.48
n-Butyl Propionate 17.7+5.20 16.8 14.3
i-Butyl Propionate 12.2+2.80 10.2 6.48

Table 4.9: Summary of the rate coefficients for the reaction of Cl atoms with the
studied acetates and propionates: comparison between the experimental values and
the calculated ones using the SAR method. @ Calculated using factors F(-CO) and
F(-C(0)0-), ® Calculated using factor F(-C(O)OCH2-), ¢ (Malkin 2010).
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A comparison with the experimental values obtained in HIRAC seem to
indicate a deactivating effect on the carbons in the g -position by the C(O)O- group,
which was proposed by Notario et al. (1998), and confirmed by Xing et al. (2009) and
Cuevas et al. (2005).

Reasonable agreement is found for the methyl esters but poorer agreement
with the remainder although several of the esters lie within the experimental error.
This is due to the SAR method not being able to account for this deactivating effect.
This is observable from the larger differences when attempting the SAR method using
factors F(-CO) and F(-C(O)O-) or factor F(-C(O)OCH2-).Schutze et al. (2010)
applied the F(-RC(0O)0O-) = 0.66 from Xing et al. (2009), F(-C(O)O-CHz) = 0.04 from
Christensen et al. (2000) and the group rate coefficients by Aschmann and Atkinson
(1995) for their work on Cl SARs of methyl alkyl esters.

The substituent factor F(C(O)OCH2>-) has been derived from Kmethylacetate+cl
(determined in this study) to take into account such an effect: F(C(O)OCHs-) = (k2 —
KprimF(CO)-ksecF(C(O)O—)F(—CHz))/Kprim= 0.04. The rate coefficients in ethyl, propyl
and butyl acetates have been calculated by using this substituent factor, and its values
are also shown in Table 4.9. These rate coefficients show better agreement between
calculated and experimental results for ethyl and propyl, although butyl acetates do
show reasonable agreement using factors F(-CO). A similar trend was observed for
the propionates, with poorer better agreement between calculated and experimental
using factor F(-C(O)OCHo3-) for methyl, ethyl and propyl and better agreement with
using F(-CO) factor for butyl propionates.

Before a final conclusion to the deactivating effect of the C(O)O- group on
the carbon groups in the B-position in these aliphatic acetates more Cl atom and
acetates reactions should be investigated. Temperature and pressure studies of the
reactions may be suitable in helping gain insight into this long range deactivating

effect occurring for the ester group.
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4.9 Atmospheric implications

The atmospheric lifetime, Tx of a VOC with respect to chemical reaction with

any of the reactive species (NOz, OH, Oz and CI) may be determined by:

] (Eq 4.12)

where X is NOs, OH, Oz or Cl and kx is the rate of reaction with the VOC, txis defined
as the time take for the concentration of the VOC to fall to a fraction 1/e of its initial

value.

Atmospheric degradation of VOCs can be initiated by reaction with OH, NOs,
O3 and ClI, photolysis and/or wet and dry deposition, with the most important loss
process thought to be the removal by chemical reaction primarily with the OH radical.
Cl atom reactions may be negligible for typical concentrations of ClI atoms in the
troposphere compared to OH (Cavalli et al., 2001). However as has been substantiated
in the introduction, previously unknown sources of Cl atoms in urban environments
have led to a shift in the balance and an increased importance in their reactivity (von
Glasow, 2010a).

The lifetimes for aliphatic acetates and propionates are shown in Table 4.10
using rate coefficients obtained for reactions with Cl atom in HIRAC compared to OH
rate coefficients obtained from literature. Atmospheric lifetimes are useful in
assessing degree of transport and potential regional importance of particular species
in the atmosphere.
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Compound ke /107 kor? 11072 Tl | ta¥d | Ton®/da
cm® molecules | cm® moleculest | Y¢S | &S .
Methyl Acetate 0.20 £ 0.04 0.32+£0.03 5.90 56.2 72.3
Ethyl Acetate 1.68 £0.292 1.67£0.22 0.72 6.90 13.9
n-Propyl Acetate 6.02 £ 0.412 3.42+0.26 0.20 1.90 6.80
n-Butyl Acetate 15.8+1.312 552+ 051 0.08 0.70 4.20
t-butyl Acetate 1.69 £0.152 0.56 + 0.03f 0.72 6.90 41.3
Ethyl Formate 0.95 + 0.052 0.96 = 0.049 1.28 12.2 24.0
Methyl Propionate 1.49 £0.06 0.93+0.04" 0.82 7.77 6.22
Ethyl Propionate 3.74+£0.10 2.10 + 0.20' 0.33 3.09 5.50
Propyl Propionate 946 £0.11 4.20 + 0.30' 0.13 1.22 2.80
n-Butyl Propionate 17.7£5.20 6.00 +0.10! 0.07 0.65 0.96
t-butyl Propionate 12.2+2.80 - 0.10 0.95 -

Table 4.10: ®Comparison of the rate coefficients at room temperature for the
reactions of Cl and OH with the studied esters and the corresponding lifetimes.?
Malkin 2010, ® El Boudali et al., 1996 °Platt et al., 2004 ([CI] = 2.6 x 10° molecule
cm®) (24 hour global average) ¢ Spicer et al., 1998 ([CI] = 1 x 10° molecule cm,
high coastal concentration) ¢ Dorn et al., 1996 (12 hour day/night cycle, daytime
global average [OH] = 1 x 10% molecule cm™), PPicquet et al., 1998 9Szilagyi et al.,
2004, " Cavalli et al., 2000, ' Cometto et al., 2009, | Liang et al., 2010.

As can be noted from the atmospheric lifetimes shown above, Cl lifetimes for
the acetates are much longer using normal global concentrations of 2.6 x 10 molecule
cm (Rudolph et al., 1996). This can be significantly shorter if recent findings by
Thornton et al. (Thornton et al., 2010) and other authors prove to be a global effect,
since this would raise the global concentration contributing to shorter lifetimes of
these esters in the atmosphere. In higher CI concentration areas such as the marine
environment however, the processes may compete with the effective loss pathway by
OH during the day and by NOsz during the night (Riedel et al., 2012). This is clearly
shown in the propionate lifetimes worked up here, which point towards greater
lifetimes for Cl than OH for methyl propionate, and the lifetimes for the remainder of
the propionates are also closer to the OH lifetimes than the acetates. In this way, these
processes can compete. Also, the shorter lifetimes of these esters due to lower ClI
concentrations in the atmosphere would mean that they will be subjected to long range

transport, which could lead to further observations in inland urban environments.
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5 - Kinetics and mechanistic study of
chlorine atom initiated hydrogen abstraction

reactions

5.1 Introduction

Oxidation reactions occurring at different sites due to different reactivities,
known as site specific reactions, are important propagation reactions of interest in
atmospheric and combustion chemistry due to the possibility of their subsequent
chemistry from primary, secondary and tertiary radicals formed (Seakins, 2007).
These reactions may be exemplified by the reaction of Cl atoms with a simple alkane
such as propane. This reaction may proceed via either a primary or secondary

hydrogen abstraction process:

Cl + CsHs—n-CsH7 + HCI (R5.1)
—i-CsHy + HCI (R5.2)

The primary and secondary radicals are converted into aldehydes and ketones,
in air, respectively under high NOy conditions. This has mentioned previously in
chapter 1. These two different classes of compounds have different atmospheric
chemistry due to their different reactivities. This completes the first step of their
oxidation and eventual removal from the atmosphere. The products originating from
such site-specific reactions have historically been studied by gas chromatography or
FTIR analysis of the stable end products. As the oxidation process propagates, further
products arise from reactions such as the recombination of peroxy radical (RO>) that
may lead to products such as n-hexane, 2,3-dimethylbutane and 2-methylpentane.
Recombination would only occur in environments where oxygen is not present (such
as chamber studies in nitrogen) as oxidation would compete with this process and
result in the formation of peroxy radicals. However despite this, recombination
reactions still result in mechanistic information relevant to atmospheric chemistry.

The propagation stages of oxidation processes lead to great difficulty in obtaining
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product branching ratios of the abstraction reaction which cannot be obtained without
knowledge of the recombination kinetics, increasing the potential for error. In such
complicated systems a direct way of measuring the radicals would be an advantage
since it would rule out the need to look at end products of oxidation processes.

Hydrogen abstraction by chlorine atoms on hydrocarbons is an important
elementary free-radical process and which leads to long-chain substitution processes

when chlorine transfer takes place, or in presence of oxygen, leading to oxidation.

Cl+ RsCH— R3C + HCI (R5.3)
RsC + Clo— R3CClI + Cl (R5.4)
R3C + O>— R3COO »—— (R5.5)

Despite a long history of relative reactivity and regioselectivity studies of
these systems both in solution (Poutsma, 1968, Miller and Walling, 1957) and in the
gas phase (Chiltz et al., 1963a, Chiltz et al., 1963b, Johnston and Goldfinger, 1962),
a renewed interest in their absolute reactivity and gas phase Kinetics in particular has
resulted in a revisiting of these reactions. This has been in part due to increased
importance in VOC oxidation processes in the atmosphere (Poutsma, 2013). For this
reason, the first section of this chapter investigates reactions of Cl atoms with n-
butane, iso-butane, n-pentane and iso-pentane studied experimentally in HIRAC.
Another motivation for carrying out these experiments was to refine empirical
approaches such as structure activity relationships used to determine the reactivity of
Cl atoms towards hydrocarbons (Aschmann and Atkinson, 1995). From previous
work the rate of hydrogen abstraction from a methyl group was found to not be

influenced by neighbouring groups (Tyndall et al., 1997).

Relative rate experiments were carried out in HIRAC over a temperature range
of ~220 — 320 K at atmospheric pressure and both FTIR and GC-FID detection were
used concurrently whenever possible. The advantage of having two simultaneous
measurements is the ability to compare both analytical techniques coupled to HIRAC
allowing an assessment of the instrumental precision and accuracy (Malkin et al.,
2010). Branching ratios have also been obtained for n-butane and iso-butane products
seen on both GC-FID and FTIR.
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5.2 Hydrogen abstraction of Cl atom reactions

with butanes and pentanes

5.2.1 Introduction

The site specificity of chlorine reactions with alkanes have been shown to be
temperature dependent (Sarzynski and Sztuba, 2002, Qian et al., 2001, Tyndall et al.,
1997, Choi et al., 2006). These results also provide a good test bed for comparison
with the predictions of various structure activity relationships (SAR) (Aschmann and
Atkinson, 2013, Aschmann and Atkinson, 1995, Hooshiyar and Niki, 1995). An
increasing proportion of primary abstraction with increasing temperature has been
observed in several of these studies; however the temperature dependence of the rate
coefficient itself is known to influence this site specificity. In fact, it is also reported
that Cl reactions are either temperature independent such as the reaction with propane,
or temperature dependent such as the reaction with iso-butane (Seakins, 2007). This
would imply that the rate coefficients for the abstraction of secondary or tertiary
hydrogen would be expected to have a relatively strong negative activation energy,
however theoretical calculations show no effective barriers along any of the potential

energy surfaces for C-H abstraction reactions (Fernandez-Ramos et al., 2003).

The importance of chlorine chemistry in the atmosphere has already been
highlighted in the previous chapter. This chapter will investigate Cl atom hydrogen
abstraction reactions further, identifying through product ratios whether these
processes are selective for different volatile organic compounds. From a survey of the
literature it was found that very few report detailed studies of hydrogen abstraction
reactions from individual carbon atoms (Sarzynski and Sztuba, 2002). All these
processes proceed through hydrogen abstractions yielding a hydrocarbon radical and
HCI as is shown in R5.7 (Hickson et al., 2010, Taatjes, 1999). The kinetics and
mechanisms of alkane C-H abstraction reactions with Cl atoms to produce HCI have
been extensively studied and reviewed (Atkinson et al., 1997, Atkinson and
Aschmann, 1985, Atkinson, 1990a).
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Clz + hv (< 320 nm) — 2 Cl (R5.6)
RH + Cl — HCI + R (R5.7)

Ratios of butanes and pentanes measured in-situ in the Arctic during
springtime have demonstrated the importance of these volatile organic compounds in
understanding the influence of Cl atoms in these environments (Jobson et al., 1994,
Kieser et al., 1993, Cavender et al., 2008, Dhanya et al., 2012). An additional decrease
in these hydrocarbons was correlated with Cl atom chemistry, and provided evidence
for halogen chemistry importance during ozone depletion episodes in the Polar
regions (Jobson et al., 1994, Cavender et al., 2008, Gilman et al., 2010). This also
increases the importance to understand the kinetics and mechanisms of these
processes at low tropospheric temperatures (~200 — 250 K). The significance of these

studies is exemplified by oxidation of n-butane in air to produce a peroxyl radical:

CHsCH2CH2CHs + (OH or Cl) + 0 — CH3CH2CH(OO)CHs + (H20 or HCI) (R5.8)

The peroxy radical can react with other peroxy radicals (R5.11 — R5.13) or
react with NO (R5.9) or HO> (R5.10) to form methyl ethyl ketone and other products
(Cavender et al., 2008). This sequence of reactions is shown in R5.9 —5.14:

CH3CH3CH(OO)CH3s + NO — CH3CH2CHOCHS3 + NO> (R5.9)
CH3CH2CH(OO)CHz + HO2— CH3CH2CHOOHCH;3 + O2 (R5.10)
CH3CH>CH(OO)CH3 + RO>— CH3CH2COCH3 + ROH + O2 (R5.11)
CH3CH2CH(O0)CH3 + RO,— CH3CH,CHOHCH3; + RCOR + 02 (R5.12)
CH3CH2CH(OO0O)CH3s + RO— CH3CH>CHOCH3 + RO + O2 (R5.13)
CH3CH2CHOCH3 + O2— CH3CH2COCHs3 + HO» (R5.14)

The rate of n-butane consumption for [CI]/[OH] >0.01 will be dominated by
Cl atoms in Arctic regions since at these temperatures (typically around 245 K in
Arctic spring) (Cavender et al., 2008), the rate coefficient for reactions of n-butane
and products with OH radicals are very similar, differing only by a factor of 1.4
(Donahue et al., 1998), while the rate constant for Cl atoms differs by a factor of 7.8
for n-butane (Tyndall et al., 1997). This means the ratio of [MEK]/[n-butane] can be
used as a useful indicator of the [CI]/[OH] balance of these atmospheric oxidation
processes under certain conditions. This balance can also be monitored by [iso-
butane]/[n-butane] ratios since this ratio is unaffected by OH chemistry but is by CI
atom chemistry. At 245 K the rates of reaction with OH only differ by 1.006 (Donahue

et al., 1998) while reactions with Cl atoms at the same temperature differ by a factor
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of 1.65 with values of 1.30 and 2.15 x 10°° molecule’*s'cm? for iso-butane and n-
butane respectively (Hooshiyar and Niki, 1995, Tyndall et al., 1997). Therefore an
increase in this ratio can be ascribed to rapid Cl atom processing of [n-butane], and
this ratio, together with [MEK]/[n-butane] has been used a marker in several field
campaigns in the Arctic to account for the Cl atom and OH oxidation processes

occurring in the polar regions (Cavender et al., 2008).

Butanes and pentanes are commonly present in the troposphere in
concentrations ranging from 0 — 0.5 ppm (Fehnsenfeld et al, 1992; Singh and
Zimmerman, 1992). The main sources of alkanes in the troposphere are primarily
industrial processes including fossil fuel production (Atkinson and Arey, 2003b).
Depending on their atmospheric lifetimes, these hydrocarbon emissions can disperse
and are primarily removed based on their different rates of reaction with oxidants such
as OH and CI atoms in the troposphere. Significant inferred Cl atom concentrations
in marine boundary layer, polar regions and more recently in urban mainland
continental regions have shifted the balance of the main oxidants (OH and CI)
responsible for the removal of these hydrocarbons in the troposphere, and their
atmospheric lifetimes. These Cl atoms represent a significant sink and these
uncertainties in sources of Cl atoms (primarily stored in the atmosphere as HOCI and
CINO_) have led to CI atom chemistry to be revisited (Thornton et al., 2010, von
Glasow, 2010b, von Glasow, 2010a).

Numerous room temperature relative rate ratios have been reported for n-
butane and iso-butane reactions with Cl atoms, differing by 20% between different
authors (Wallington et al. 1988; Atkinson and Aschmann 1985) as has been reported
by both Tyndall et al. and Beichert et al. (Tyndall et al., 1997, Stutz et al., 1998,
Beichert et al., 1995) and shown in Table 5.1. Some CI atom reactions with butanes
have been reported over high temperature ranges (Pilgrim et al., 1997) but only few
have been performed over low temperatures (Hickson et al., 2010). Kinetic data for
ClI reactions with n-pentane and iso-pentane at 298 K were found to be scarcely
mentioned in the literature (Qian et al., 2001) and to our knowledge no previous
temperature dependent studies have been reported for these alkanes. Pentanes as well
as butanes have been monitored in several campaigns (Yates et al., 2010, Hellen et
al., 2012, Li et al., 2005, Pozzer et al., 2010, Hopkins et al., 2002).
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5.2.2 Experimental

Cl atom experiments were carried out using the same experimental setup and
procedure described for relative rate experiments in Section 4.2.1. Chlorine atoms
were generated by UV irradiation of mixtures of hydrocarbons and chlorine. The
photolysis rate was controlled by switching all eight photolysis lamps on and off every
~100s. This has been previously found to yield a [CI] concentration of around 7 x 10’

molecule cm in HIRAC.

Experiments were all carried out in laboratory grade nitrogen. HIRAC was
first filled to ~970 mbar with departmental nitrogen and the hydrocarbon (~2 - 5 ppm),
chlorine (~20 - 40 ppm) and reference compound (~2 - 5 ppm) were added after and
5 minutes were allowed for adequate mixing in the chambers. The chemicals used in
these experiments were acquired from the following commercial sources: ethane
(Sigma Aldrich, 98%), n-pentane, neo-pentane, iso-pentane, n-butane, iso-butane
(Sigma Aldrich, 99%) and chlorine (Sigma Aldrich, 99.5%). All the above gases were
used as obtained from the supplier, while n-pentane and iso-pentane liquids were
prepared in a vacuum line and purified prior to delivery into the chamber by
successive freeze-pump-thaw cycles to remove any impurities that may cause

interferences in the spectroscopic and chromatographic analyses.

An Agilent HP 6890 GC-FID (described in chapter 2) with a CP-Sil-5CB
100% dimethylpolysiloxane column (50 m length, 0.25 um film and 0.32 mm internal
diameter) was used for all experiments. The GC column was maintained at a
temperature of 300 K for all experiments which was about the same as the boiling
point of the most volatile hydrocarbon used in these experiments. HIRAC’s multipass
FTIR described in chapter 2 was also used for both the butanes and pentanes to further
investigate the mechanism behind these reactions and compare results obtained with
gas chromatographic end product analysis. FTIR analysis was however only carried
out for the butanes given the higher complexity (larger number of products) for the

analysis of the pentanes.

Rate coefficients were measured for the reaction of n-butane, iso-butane, n-
pentane, neo-pentane and iso-pentane with Cl, using ethane as a reference compound

for all experiments. This reference compound’s reaction with Cl atoms (7.05 x 10
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exp(-60/T) cm® molecule™ s) has been reviewed by IUPAC (Atkinson et al., 2006a)
and has also been used in previous studies as a reference for similar systems (Tyndall
et al., 1997, Sarzynski and Sztuba, 2002). The reactions investigated are shown from
R5.15-5.21:

Cl + CH4— products (R5.15)
Cl + CoHe— products (R5.16)
Cl + n-C4H10— products (R5.17)
Cl + i-C4H10— products (R5.18)
Cl + n-CsH12— products (R5.19)
Cl + i-CsH12— products (R5.20)
Cl + neo-CsH12— products (R5.21)

Methane was used as an internal standard in all experiments (R5.15). The rate
constant for reaction of methane with Cl atoms is k < 10! cm®molecule™® s (Atkinson
et al., 2001), over three orders of magnitude slower than the expected reaction of ClI
atoms with butanes and pentanes. The methane can therefore be considered to
decrease in concentration in the reaction chamber only through dilution. Any
significant changes in methane during the experiment would account for any dilution
effects, and this has been a useful indicator in several relative rate chamber studies
(Atkinson, 1990a). Rate coefficients were determined using the relative rate technique
which monitors the relative decay of an organic and a reference compound in the

presence of a reactive species.

Experiments were carried out in the HIRAC chamber at 292 + 3 K and at 1000
mbar in departmental (laboratory grade) nitrogen. The same UV B medical therapy
lamps used previously for Cl atom experiments with oxygenates in HIRAC were used
for irradiation of Cl, and four stainless steel fans ensured mixing of reactants within
60 s of their introduction into the chamber. Provided the alkanes and the reference

compound used are only removed by CI atoms:

Cl + alkane — products (R5.22)
Cl + ethane — products (R5.23)
then:
[alkane]o | k- [ethane]
IH( [alkane]¢ )_( kref) 11’1( [ethane]; ) (Eq 51)
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The ratio k/kref, obtained experimentally is used in order to derive the relative
rate coefficients using the known rate coefficient for the reference compound as has

been already elaborated in previous chapters.

5.2.3 Kinetics of Cl atoms with a series of butanes and

pentanes

This section focuses on the results obtained for n-butane, iso-butane, n-
pentane, iso-pentane and neo-pentane reactions with Cl atoms in the HIRAC chamber.
Table 5.1 shows a summary of the results obtained for the reactions of chlorine atoms
with butanes and pentanes compared with their respective literature values (IUPAC
recommendations were only available for n-butane and iso-butane). Both FTIR and
GC measurements were reported for butanes, however FTIR analysis was not possible
for the pentanes given the greater number of products and the difficulty in obtaining
suitable reference spectra for their analysis using the Quant2 software developed Fred
Winiberg (School of Chemistry, University of Leeds). This software is briefly
described in Section 5.3.2.

A comparison of the rate coefficients obtained in HIRAC for the GC and FTIR
measurements are within error for both n-butane and iso-butane. Results obtained for
all hydrocarbons are within good agreement (to within ~10%) of the literature values.
Experimental ratios obtained are placed on an absolute basis using a rate coefficient
for Cl atoms with ethane of k = (5.80 + 0.29) x 10"*'cm® molecule s (Atkinson et
al., 2006a). The errors quoted are the cumulative of the systematic errors from the
relative rate plot obtained through a linear regression of the data obtained from
plotting the data and corresponding errors in Regres2 software (Brauers and
Finlayson-Pitts, 1997) and the error reported for the reference (Atkinson et al., 2006a).
High accuracy for the majority of relative rate plots (r> > 0.99) ensures the reliability
of the data obtained and the relative rate method used in HIRAC.
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k / 10"°cm3 molecule?s?

K/ Kret
Hydrocarbon | k/ kref(GC) " Reference
(FTIR) GC FTIR Literature
(Atkinson et
n-butane 3.32+0.04 | 323+0.05 | 1.95+0.25 |1.90+0.31 | 2.05+0.10
al., 2006a)
. (Atkinson et
iso-butane 2.35+0.03 | 2.52+0.03 | 1.38+0.18 | 1.47+0.25 | 1.41+0.08
al., 2006a)
(Wallington et
2.83+£0.34
al., 1988c)?
n-pentane 5.11 £ 0.05 - 2.96 +0.31 -
(Qian et al.,
2.35+0.12
2001)°
(Anderson et
1.93+0.08
) al., 2006)°
iso-pentane | 3.88 +0.04 - 2.25+0.24 - _
(Qian et al.,
2.08+0.14
2001)2
(Atkinson and
1.11+0.13 Aschmann,
neo-pentane | 1.50 = 0.06 - 0.87+£0.04 - 1985)?
ianetal.,
0.98 + 0.04 @
2001)°

Table 5.1: Relative rate ratios and coefficients for Cl atom reactions with butanes
and pentanes at 292 + 3 K and 1000 mbar in the HIRAC chamber (? relative rate
study, Pabsolute rate study).

All experiments in HIRAC were repeated at least three times to confirm

repeatability of the data obtained at room temperature, same as was reported in

Tyndall et al.’s work. Better precision was found to be obtained from GC over FTIR

measurements as had also been noted previously by Tyndall et al. (Tyndall et al.,

1997), although relative rate coefficients obtained using both these techniques are

within experimental error of literature values. It must be noted that there were more

analysed data sets for GC measurements than FTIR owing to the unavailability of the

FTIR mirrors for a short duration of the study.

Figure 5.1 shows the good agreement obtained between the GC and FTIR

relative rates obtained for n-butane in HIRAC. These results further validate the

suitability of this method in HIRAC and validate the integration method used for the

FTIR.
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Figure 5.1: A comparison of relative rate plots obtained for reaction of Cl atoms
with n-butane in HIRAC at 1000 mbar and 292 + 3 K. Error bars represent 1c.
Kn-butane/Kref ratios of 3.32 + 0.04 and 3.23 = 0.05 for GC and FTIR

measurements respectively in HIRAC are within experimental error of each other and
within similar agreement as Tyndall et al.’s work (3.66 £ 0.10 (GC) and 3.85 £ 0.27
(FTIR)). The latter FTIR result by Tyndall et al. was however not obtained directly
due to spectral overlap between the C2Hs and n-CsHio, and was instead derived by
combining different relative rate ratios measured during the same experiment (Tyndall
etal., 1997).

All plots shown in Figures 5.1 and 5.2 are linear with the intercepts at the
origin, within the experimental error limits, suggesting that the present work is free
from complications due to secondary chemistry. Rate coefficients obtained are
generally within good agreement (to within ~10%), except for neo-pentane (to within
~15%). The experiments involving neo-pentane were carried out at a later stage in

order to complete the full series of pentanes and butanes investigated.
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Figure 5.2: Relative rate results using GC-FID measurements obtained for reaction
of Cl atoms with butanes and pentanes in HIRAC at 1000 mbar and 292 + 3 K. Error
bars represent 1c.

For the reaction of Cl atoms with alkanes, structure-reactivity relationships
have been proposed which consider H-atom abstraction from —CHs, -CH»- and >CH-
groups (Kprim, Ksec and keert respectively), with substituent factors to take into account
the influence of neighbouring primary, secondary and tertiary groups (Aschmann and
Atkinson 2012). The order of reactivity for butanes and pentanes agreed well with the
literature (iso-butane < n-butane < iso-pentane < n-pentane < neo-pentane). The
reactivity of branched alkanes is less than straight chain alkanes. Results for n-butane
and iso-butane were analysed using both GC and FTIR data, and the rate coefficient
measurements for both were within error of each other (n-butane: (1.90 + 0.08) x 10
10(GC), 1.76 £ 0.10 x 10'1°(FTIR); iso-butane: 1.36 + 0.05 x 101° (GC), 1.20 + 0.10
x 10 (FTIR) cm® molecule s), which confirms the suitability of the relative rate

method used in HIRAC for the temperature dependence and product studies to follow.
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5.2.4 Temperature dependence of Cl atom reactions with

butanes and pentanes

Cl atom abstraction reactions with both ethane and propane are known to
exhibit prominent curvature in their Arrhenius plots due to a temperature dependence
of the Arrhenius parameters (Lewis et al., 1980); this has been backed by transition
state analysis (Taatjes, 1999). As has already been stressed, there have been limited
studies regarding the temperature dependence of larger hydrocarbon reactions with ClI
atoms, particularly pentanes. For the temperature dependent study performed for n-
and iso- butanes and pentanes, the main goal was to further confirm the suitability of
the recently installed temperature control system in HIRAC as well as obtain new
important information on the temperature dependence of pentanes over tropospheric
conditions in light of recent use of pentanes as tracers for Cl atom chemistry in the
Arctic (Dhanya, Pushpa and Naik 2012).

The suitability of HIRAC to carry out such experiments following the setting
up and validation of a new temperature control system described in chapter 3 meant
these reactions could be investigated in greater depth in our atmospheric simulation
chamber. The precision of the relative rate method demonstrated from previous results
obtained for oxygenated hydrocarbons in chapter 4 confirm the suitability of this

method to carry out such experiments.

Table 5.2 shows the relative rate results obtained in HIRAC for the n- and iso-
butanes and pentanes. Plots of the Arrhenius relationships of these rate coefficients
with temperature are displayed in Figures 5.3 and 5.4 for butanes and pentanes
respectively, with the Arrhenius parameters and activation energies being quoted in
Table 5.3 for each of the four hydrocarbons investigated in this study.
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Temperature/ Number of
peratu ! K (T)/ 100 cmd
Hydrocarbon runs K/ Kret
molecule?ls?!
+3K

320 3 3.61+0.03 2.19+0.10

292 3 3.94 +0.04 2.32+0.11

271 3 3.92 +0.04 2.25+0.10

n-butane

251 3 4.91 + 0.05 2.74+0.12

236 3 4.61+0.04 2.50+0.11

223 2 4.07 £ 0.07 2.34+0.14

320 3 2.26 +0.02 1.37+0.16

292 3 2.53+0.02 1.49+0.16

271 3 2.88 + 0.02 1.65+0.16
iso-butane

251 3 2.73+0.03 1.52 +0.18

236 3 2.69 + 0.02 1.46+0.14

222 2 2.99 +0.02 1.58 +0.14

320 3 5.08 + 0.06 3.09+0.17

292 3 5.08 + 0.06 2.99+0.17

271 3 5.77 £ 0.07 3.31+0.19
n-pentane

251 3 5.28 + 0.06 2.94+0.17

236 3 5.54 + 0.07 3.01+0.17

220 2 5.07 + 0.06 2.68+0.16

320 3 3.63+0.03 2.21+0.11

292 3 3.88 + 0.04 2.28+0.12

271 3 4.03+0.05 2.31+0.12
iso-pentane

251 3 4.57 +0.04 2.55+0.11

236 3 4.81+0.04 2.61+0.12

220 2 5.11 + 0.05 2.69 +0.14

Table 5.2: Experimentally determined relative rate ratios (k/ kref) and relative rate
coefficients (k (T)/ 107*° cm?® molecule s ) for n- and iso- butane and pentane over
a temperature range of 220 — 320 K and at 1000 mbar in HIRAC. Errors represent
averaged results from GC/FTIR measurements for three separate runs and averaged
errors to standard deviation of 1.
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Figure 5.3: Arrhenius plots for n-butane and iso-butane at 1000 mbar and over a
temperature range of 220 - 320 K. Error bars represent 1c.
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Figure 5.4: Arrhenius plots for n-pentane and iso-pentane at 1000 mbar and over a
temperature range of 220 - 320 K. Error bars represent 1oc.
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Table 5.3 shows the Arrhenius parameters obtained in HIRAC for these

reactions compared with literature values.

A (10 cm® molecule?s?) Eo/R (K) Reference
215+1.0 12 +26 (Lewis et al., 1980)
n-butane 21410 140 £+ 140 (Tyndall et al., 1997)
22.8+29 151.3+ 945 (Sarzynski and Sztuba, 2002)
225104 109 £ 118 This work
iso-butane 225+3.2 56 + 53 (Sarzynski and Sztuba, 2002)
22.8+0.2 53.2+59.0 This work
n-pentane 21.7+0.1 -71.3+£28.0 This work
iso-pentane 22.7+0.1 153.9+17.0 This work

Table 5.3: A summary of Arrhenius parameters for n- and iso- butane and pentane
obtained over a temperature range of 220 — 320 K and at 1000 mbar in HIRAC.
Error bars represent 1c.

The Arrhenius plots shown in Figure 5.3 for both butanes show slight positive
gradients i.e. negative temperature dependence. The reaction of Cl atoms with n-
butane shows a slight negative temperature dependence of the overall rate coefficients
however the large error bars for these results, in particular from the large uncertainty
in the lower temperature rate coefficient (223 K), would outweigh this and support
the essentially zero activation energy reported first by Lewis et al. (1980) and
supported by other authors (Tyndall et al., 1997, Sarzynski and Sztuba, 2002).
Excluding this anomalous result at 223 K, the relationship exhibits clear temperature
independence for this reaction. Good agreement was observed for the Arrhenius
parameters reported in Table 5.3 for n-butane with the study by Sarzynski and Sztuba
(2002), and other work by Lewis et al. (1980) and Tyndall et al. (1997) were also

within error of the values obtained in HIRAC.

In the case of the reaction of Cl atoms with iso-butane, a similar outcome as
that for n-butane was observed, with a slight temperature curvature which is not so
definite given the large error bars associated with the result. The positive gradient of
the Arrhenius plot in Figure 5.3 is more defined than that for n-butane, however the
errors associated with the activation energy value outweigh the result. According to
Sarzynski and Sztuba (2002), this reaction was found to have significant temperature
dependence in the individual hydrogen abstraction pathways available (i.e. primary
and tertiary abstractions). Sarzynski and Sztuba reported significant negative

temperature dependence for the tertiary abstraction processes and slight positive
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temperature dependence for the primary abstraction process, giving overall
temperature independence over the temperature range for their measurements (298 —
467 K). Excellent agreement was obtained for the Ea/R value obtained in HIRAC of
53 + 59 K with the result reported by Sarzynski and Sztuba of 56 + 53 K.

The reaction of Cl atoms with the pentanes showed more defined temperature
dependences than the butanes. The results obtained for iso-pentane showed definite
slight negative temperature dependence, while definite slight positive temperature
dependence was observed for the reaction with n-pentane. A positive Ea/R of 153.9 £
17.0 K was obtained for the reaction with iso-pentane while a negative Ea/R of -71
28 K was obtained for n-pentane. This indicates that temperature dependence is
influenced strongly by the structure of these pentanes. As has been reported by
Sarzynski and Sztuba for n-butane and iso-butane, the secondary and tertiary
hydrogen atom abstractions have a more negative temperature dependence when
compared to primary hydrogen abstractions. Unfortunately the chloropentanes could
not be analysed in this study, however the temperature dependence of the

chlorobutane product formation is further interpreted in Section 5.4.3 and 5.4.4.

The implications of these findings can be significant in field investigations
that used pentanes as a tracer for Cl atom concentrations in the atmosphere (Boundries
and Bottenheim, 2000; Jobson et al., 1994), as depending on the temperature at which
the monitoring was carried out the results for iso-pentane reactivity could have
changed from anything between 5 — 25% based on the results obtained in HIRAC.
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5.3 Product study and branching ratios of Cl

reactions with n-butane and iso-butane

5.3.1 Introduction

Product branching ratios have long been known to be important in determining
the overall rate of a reaction through the measurement of rates of product formations
in multichannel reactions (Seakins, 2007). Such investigations have found practical
applications in both atmospheric and combustion modelling, as well as in the
fundamental understanding of the mechanisms of such chemical processes.

Hydrogen atom abstraction from reactions of Cl atoms with hydrocarbons are
known to form HCI and this has been used by several authors to derive kinetic data
for Cl atom reactions with hydrocarbons (Taatjes, 1999, Choi et al., 2006). Several
authors have determined the contribution of the abstraction of primary and secondary
or tertiary hydrogen atoms from n-butane and iso-butane by Cl atom attack under
room temperature conditions. Two of these studies used an indirect relative rate
approach similar to the experiments performed in HIRAC (Tyndall et al., 1997,
Sarzynski and Sztuba, 2002), while other authors have used direct flash photolysis
studies (Choi et al., 2006) and theoretical calculations based on structure activity
relationships (Atkinson, 1987).

Temperature dependence of the chlorobutane product yields has been
previously reported by Tyndall et al. (1997) Choi et al. (2006) and Sarzynski and
Sztuba (2002) but has to our knowledge not been investigated under lower
tropospheric temperatures (220 — 290 K) for both n-butane and iso-butane. The only
reported temperature dependent product yields for iso-butane were reported over a
temperature range of 298 — 470 K by Sarzynski and Sztuba (2002) and at 195 and 295
K by Choi et al. (2006). The latter investigations were direct measurements of the HCI
product by IR diode laser absorption, using normal and selectively deuterated systems
to determine the ratios (Choi et al., 2006). Sarzynski and Sztuba reported only gas
chromatographic end product analysis while HIRAC measurements are reported here
using both GC and FTIR analysis. The results obtained in HIRAC are the first low

temperature site selective rate coefficients of these reactions.
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Seakins and Choi concluded that as temperature increased abstraction from
the primary position of the iso-butane increased. Owing to the limited data on all
aspects of Cl atom C-H abstractions from hydrocarbons at low temperatures, this
study in HIRAC was also aimed at examining further the hydrogen abstraction of
butanes over this tropospherically relevant temperature range. Data were obtained
using both GC and FTIR and experiments were carried out in HIRAC over a

temperature range of 220 — 320K.

5.3.2 Product analysis

A Cl atom hydrogen abstraction rate coefficient for alkanes has been obtained
for abstraction from primary, secondary and tertiary C-H groups. FTIR spectra for the
experimental chlorobutane products were analysed using an FTIR software tool
programmed on LabView. Quant2 has been developed by Fred Winiberg (School of
Chemistry, University of Leeds) in order to analyse multi-component FTIR spectra
obtained during experiments carried out in HIRAC using the long-path FTIR system
described in Chapter 2.

Gas phase FTIR spectrometry has been widely used in atmospheric chambers
as it is a fast and robust method of obtaining kinetic and mechanistic data of relevance
to atmospheric chemistry (Barnes et al., 1983, Barnes et al., 1994, Cavalli et al., 2002,
Blanco et al., 2010, Oksdath-Mansilla et al., 2009, Schutze et al., 2010b). The inherent
problem with obtaining FTIR spectra during a reaction in HIRAC lies in the difficulty
to analyse these multi-component spectra owing to many species absorbing in the
same IR regions of the spectrum. A brief overview of this quantitative analysis
technique as well as all the requirements necessary for the software is detailed in this

section.

The Beer-Lambert law shows that a given species’ absorption, A, is directly
proportional to the concentration, [c], assuming a constant path length, I, and

absorption cross section, o.

A=1In é} — o[c]! (Eq 5.2)
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Where | and |, are the intensity of light before and after the sample respectively. It is
this linear relationship that is used in order to quantify FTIR spectra using a number
of different methods. These convoluted (or overlapping) spectra obtained in HIRAC
were analysed using a spectral subtraction method. This latter method can be utilised
for separation of multivariate spectra by the determination of scaling factors rather

than using the integration of peak areas or heights.

The quality and accuracy of the quantitative data are dependent upon several
factors. A disadvantage of this method is that beyond binary and tertiary systems,
subsequent subtractions are difficult to assess, owing to the accumulation of
systematic errors in the method. This will often result in a distorted or non-zero
residual. This method is dependent upon the quality of reference and sample spectra
used and accurate concentrations of the sample and reference components in order to
accurately analyse the convoluted spectra. The wrong choice of spectra for this
subtraction method would result in inaccuracies in the quantitative analysis of sample
spectra (Griffith, 1996).

Reference spectra were acquired by introducing known volumes of reference
compounds into HIRAC under similar conditions as the experiments carried out. All
primary products where obtained from commercial sources for the purpose of
recording reference spectra in HIRAC for analysis using Quant2. Unfortunately this
was not possible for the pentanes due to the difficulty encountered in obtaining all the
necessary chloropentane products from the supplier. Moreover, no reference spectra
were found in the FTIR database therefore only chlorobutane product ratios have been

analysed in this work.

FTIR databases such as HITRAN, NIST or PNNL can be easier and faster to
use for the purpose of obtaining reference spectra, however environmental and
instrumental parameters must be taken into consideration and when possible, a
spectrum taken with the same HIRAC experimental apparatus would be better due to
the path length and band width as well as the environmental conditions. When a
spectrum is taken from a database, or donated by another university all relevant data
must be included so that the spectra can be corrected for apodisation, pressure, and

temperature.

154



Kinetics and mechanistic study of Cl atom initiated hydrogen abstraction reactions

The quantitative analysis of these chlorobutanes has been carried out by
exporting the experimental sample spectra using a saved method file in the OPUS
v.5.5 software. This saves all experimental and measurement parameters and in doing
so ensures both reference and sample spectra used in future experiments contain the
same standardised parameters thus facilitating their spectral analysis using the Quant2

software.

Figure 5.5 shows the Quant2 user interface used for the analysis of the
chlorobutane branching ratios over a temperature range of 235 — 320 K. The top panel
illustrates the subtraction of all 7 reference spectra (1-chloro-2-methylpropane, 2-
chloro-2-methylpropane, methane, chloroethane, ethane, HCI and iso-butane)
between the selected ranges of 2825 — 3075 cm™. A flat residual following spectral
subtraction demonstrates the analysis has been successfully carried out using this
software and that all components inputted as reference and experimental spectra have
been taken into account. The bottom panel shows the profiles of all the different
reactants and products present during the experiment, which is also outputted as a text
file.
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Figure 5.5: FTIR software used for chlorobutane branching ratio analysis. (a) Shows
fitting of spectral analysis between 2800 — 3100 cm™* and (b) Shows profiles for
reactants and products for reaction of iso-butane with Cl over at 320 K
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The output file containing the absolute concentrations of the different reactants
and products were then analysed in Microsoft Excel and results were compared with
the measurements obtained using the HIRAC GC. Similarly, reference
chromatograms were obtained simultaneously with the FTIR reference spectra, and
absolute concentrations were worked out for reference compounds using the FTIR
measurements. GC measurements were carried out for a number of experiments and
were used as a comparison for the computed FTIR spectra, although the main focus
on this analysis was to make use of the FTIR and test its potential for analysing
product ratios in HIRAC which had previously never been attempted using this

instrument.

A comparison of the profiles of the FTIR data outputted from the Quant2
software with the analysed GC data are shown in Figures 5.6 and 5.7 for n-butane and
iso-butane respectively carried out in HIRAC at 320 K. Further discussion of this

work is divided into Sections 5.3.3 and 5.3.4 for iso-butane and n-butane respectively.
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Figure 5.6: Concentration profiles of reactants and products for the reaction of n-
butane with Cl atoms in HIRAC at 320 K using both FTIR and GC measurements.
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Figure 5.7: Concentration profiles of reactants and products for the reaction of iso-
butane with Cl atoms in HIRAC at 320 K using both FTIR and GC measurements.

Due to poor signal on the GC, no low temperature product ratios could be
obtained using the GC data. However given the good agreement of the GC data with
FTIR data in HIRAC, FTIR results obtained at these temperatures were considered to
be sufficient to understand the temperature dependence of these hydrogen abstraction

reactions over the entire temperature range studied.
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5.3.3 Branching ratios for iso-butane with Cl between 235

-320K

In the case of the reaction of Cl atoms with iso-butane, the primary chlorinated
products expected are 1-chloro-2-methylpropane (R5.24) and 2-chloro-2-
methylpropane (R5.25):

C12
CHsCH(CH3)CHs + Cl — CHaCH(CH3)CH, + HCl = CH3CH(CHs)CH:Cl (R5.24)
Cl2
— CH3C(CHs)CHs + HCI = CH3(CCI)(CH3)CHs  (R5.25)

The hydrogen abstraction pathways possible are either via a primary or tertiary
hydrogen on the iso-butane molecule. Further reaction with chlorine molecules
present in excess in HIRAC would lead to further chlorination of products (R5.26).
These products were observed using both the GC and FTIR instruments, and for this
reason only the first 5 - 10% conversion of [iso-butane] was taken into consideration
for these product studies. Also, the accuracy of the Quant2 software outputs would be
diminished owing to likely poorer residuals due to unknown components present in

the analysis.

CH2CICH(CH3)CH3—— CH2CICH(CH3)CH-CI (R5.26)

Plots of the concentration profiles of the 1-chloro-2-methylpropane and 2-
chloro-2-methylpropane are shown over a temperature range of 235 — 320 K in
Figures 5. 8 - 5. 10.
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Figure 5.8: Concentration profiles for 1-chloro-2-methylpropane and 2-chloro-2-
methylpropane from the reaction of iso-butane (1.3 x 10* molecule cm™®) with CI

atoms in HIRAC at 320 K.
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Figure 5.9: Concentration profiles for 1-chloro-2-methylpropane and 2-chloro-2-
methylpropane from the reaction of iso-butane (1.6 x 10* molecule cm™) with CI

atoms in HIRAC at 290 K.
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Figure 5.10: Concentration profiles for 1-chloro-2-methylpropane and 2-chloro-2-
methylpropane from the reaction of iso-butane (2 x 10%* molecule cm=) with ClI
atoms in HIRAC at 235 K.

All plots were recorded against the consumption of [iso-butane], and product
concentrations were all direct absolute measurements determined from calibration
plots in the case of GC, and using the Quant2 software in the case of FTIR. Reference
spectra for individual samples and references were both obtained in HIRAC, and
spectra and chromatograms were recorded under similar conditions. In the case of the
GC calibration, successive dilutions of the chamber were carried out and a calibration
plot was obtained from the decrease in signal intensities against concentrations
recorded using both instruments. This factor was compared with the FTIR absolute
concentrations determined using Beer Lambert’s Law discussed in the previous
section (R5.15).

Branching ratios reported were taken as the ratio between the two gradients of
the plots of product concentration change against disappearance of isobutane
concentration (Figures 5.8 —5.10). The line of best fit (not shown in the above plots)
was forced through zero and used as representative of the product ratio. The
uncertainties were taken as the standard deviation of the fit. The same work up was

used for the analysis of n-butane product branching ratios.
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From the results obtained from the analysis of the products from the reaction
of Cl atoms with iso-butane, good agreement between FTIR and GC measurements is
noted at the temperatures where both could be analysed from the results obtained in
HIRAC.

Some curvature is evident in particular in Figure 5.9 for 1-chloro-2-
methylpropane. The GC measurements in this plot show that the concentration of the
primary product begins to tail off while for the FTIR measurement this is not as
evident. The most likely explanation is that there may have been a flaw in the FTIR
analysis and the dichlorinated product forming at this stage of the reaction may have
been interpreted as the monochlorinated product hence why there would be no tailing
off in the worked out concentrations for 1-chloro-2-methylpropane from the FTIR
measurements. As can be observed, the concentrations of these primary products
using both GC and FTIR in the majority of the experiments begin to tail off after about
4 x 10'3 molecule cm™. This occurs due to reaction of the chlorinated products with
chlorine competing with the production rate of the same chlorinated product. For this
reason, the photolysis rate was kept as low as possible by switching the lamps on and
off at 100s intervals and only the first 10 — 15% of consumption of the iso-butane
were considered. Also, given that only the first few data points have been used to
derive the branching ratios, the curvature exhibited in some of the plots is not expected

to have any effect on these branching ratio results.

Results obtained are tabulated and compared with previous work by Sarzynski
and Sztuba (2002) and Choi et al. (2006). Structure activity relationship predictions
for this reaction were also derived by Aschmann and Atkinson (1995) for room

temperature branching ratios and are shown in Table 5.4.
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Temperature/ (+ 3) K 195 235 292 320 365
This work (GC) - - 62+3 66 +3 -
This work (FTIR) - 60+3 | 63+2 67 +2 -
1-chloro-2- I (sarzynski and Sztuba, 2002) | 54 - 65+ 3 66+4 | 69+6
methypropane (Choi et al., 2006) 9+4 | - 625 : -
(Aschmann and Atkinson, i ) 62 ) )
1995)
This work (GC) - - 36+3 32+4 -
This work (FTIR) - 40+3 | 37+2 3242 -
2-chloro-2- ["(sarzynski and Sztuba, 2002) | 46 - 35+3 34+4 | 3246
methypropane (Choi et al., 2006) 51+4 | - 38+4 - -
(Aschmann and Atkinson, i i 38 ) )
1995)

Table 5.4: GC and FTIR measured branching ratios for Cl atom reactions with iso-

butane in HIRAC at 1000 mbar. (* Extrapolated from Arrhenius plot)

FTIR and GC results obtained in this study are in excellent agreement with
each other at 292 and 320 K. Unfortunately no GC data could be analysed at 235 K.
Branching ratios obtained are also within error of both Sarzynski and Sztuba (2002)
and Choi et al. (2006). A slight temperature dependence of primary hydrogen
abstraction is observed, and a similar trend to the Arrhenius plots by Sarzynski and
Sztuba were observed in this study. GC and FTIR errors quoted in Table 5. 4 were all
derived from the regression of the branching ratio plots obtained for each individual
product. Systematic errors were not accounted for in this analysis; however a 10 —
15% error is estimated for the FTIR results based on the subtraction method used and
the qualities of the fittings.

The results obtained are relevant to the numerous field campaigns in the polar
regions and during colder temperatures from a mechanistic point a view, as the
understanding of the chemistry of these reactions is important should the Cl atom
concentrations be deduced from these hydrocarbon decays in the atmosphere. These
reactions are also atmospherically relevant since subsequent atmospheric oxidation of
these butyl radicals would lead to production of aldehydes or ketones which have very
different OH reactivities and photolysis rates and would therefore influence the HOx
cycle differently (Choi et al. 2006).
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5.3.4 Branching ratio results for n-butane with CI over 235

-320K

The following primary chlorinated products are expected from the reaction of
n-butane with Cl atoms:

CH3CH3CH3CH3z + CIl -  CH3CH2CH2CH2— CH2CICH3CH3CH3 (R5.27)

- CH3CH2CHCH3z— CH3CH2CICH3CH3 (R5.28)

As can be seen, 1-chlorobutane (R5.27) and 2-chlorobutane (R5.28) are the
two expected products from the hydrogen abstraction process, with competition being
between a primary or secondary hydrogen of n-butane. Further reaction leads to
further chlorination of products by chlorine molecules present in excess in HIRAC,

as is shown in R5.29 for 2-chlorobutane:

CH3CH2CICH3CH3—— CH2CICH,CICH3CH3 (R5.29)

Figure 5.11 shows the comparison of branching ratios obtained experimentally
for n-butane using FTIR and GC detection at 320 K.
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Figure 5.11: Concentration profiles for 1-chlorobutane and 2-chlorobutane from the
reaction of n-butane (4 x 10 molecule cm®) with Cl atoms in HIRAC at 320 K.
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The same degree of curvature as for 1-chloro-2-methylpropane is shown here
for 2-chlorobutane. In this case it is clear to note that both GC measurements show
tailing off at 1 x 10 molecule cm™ while this is not apparent for the FTIR
measurements pointing towards a possible overlap of the dichloroproduct which has
been noted and discussed for the iso-butane products previously. Importantly
however, this does not influence the branching ratios reported given that the first few

data points that show linearity have been used to derive these values.

The results obtained show good agreement between the GC and FTIR
measurements in HIRAC. Table 5.5 compares the results obtained with those reported
by Tyndall et al. (1997) and Sarzynski and Sztuba (2002).

Temperature/ (z 3) K 235 292 320 365

1-chlorobutane This work (GC) - 30£3 31+3 -
This work (FTIR) 374 292 33+3 -

(Sarzynski and Sztuba, 2002) - 2912 30+4 31+6
(Tyndall et al., 1997) - 292 - -
2-chlorobutane This work (GC) - 71+£3 69 +3 -
This work (FTIR) 63+4 71+£2 67 +3 -

(Sarzynski and Sztuba, 2002) - 714 69+4 68 + 6
(Tyndall et al., 1997) - 71+3 - -

Table 5.5: % Branching fractions (Kproduct/krn) for Cl atom reactions with n-butane in
HIRAC at 1000 mbar.

The results obtained for the product branching fractions for the reaction of ClI
atoms with n-butane are all in excellent agreement with the room temperature results
by Tyndall (295 K) and Sarzynski and Sztuba (292 K). As had been noted for the
temperature dependence study, the branching fractions obtained by FTIR
measurements in HIRAC at 235 K appear to be anomalous since they are in
disagreement with the trend observed at higher temperatures. Unfortunately there
were very few data sets that could be analysed for n-butane at this temperature, given
the slower rates at which products appeared at 235 K. As such, the results reported at
this temperature had only been obtained from a single experimental data set, therefore
there is a possibility the experimental uncertainties for this run may have been

underestimated.
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The branching fractions obtained in HIRAC for the reaction of Cl atoms with
n-butane are found to be temperature independent as had been initially predicted by
Lewis et al. (1980) from Cl atom experiments carried out with propane over a
temperature of 298 — 598 K. This temperature independence has also been supported
by Tyndall et al. (1997), while Sarzynski and Sztuba reported weak temperature
dependence in the branching ratios of n-butane, which is in agreement with the

derived conclusions from this study.
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5.4 Conclusion

The understanding of Cl atom chemistry is of increased importance due to
higher concentrations of Cl atoms being reported in urban atmospheres resulting in
competition with OH radicals. This study has investigated several aspects of Cl atom

chemistry and revisited several topics of interest.

The kinetics data determined in HIRAC for Cl atom reactions with
hydrocarbons were all within good agreement of the literature values for butanes and
pentanes. All relative rate coefficients obtained were within 10% of the literature

values for rate coefficients measured at room temperature.

Moreover, the order of reactivity for butanes and pentanes agreed well with
the literature (iso-butane <n-butane <iso-pentane <n-pentane). As can be noted the
reactivity of branched alkanes is less than straight chain alkanes. Results for n-butane
and iso-butane were analysed using both GC and FTIR data, and the relative rate
coefficients for both were within error of each other: n-butane: 1.90 + 0.08 x 1071°
(GC), 1.76 £ 0.10 x 10" 1°(FTIR); iso-butane: 1.36 + 0.05 x 10° (GC), 1.20 + 0.10 x
101° (FTIR), which confirms the precision of the results obtained in HIRAC. The
results also confirm the suitability of the relative rate method used in HIRAC for the
temperature dependence and product studies to follow.

From surveying the literature it was found that very few have investigated
pentanes in reasonable detail, and in particular their temperature dependence. For the
temperature dependent study performed for n- and iso- butanes and pentanes, the main
goal was to further confirm the suitability of the recently installed temperature control
system in HIRAC as well as obtain new important information on the temperature
dependence of pentanes over tropospheric conditions in light of recent use of pentanes
as tracers for Cl atom chemistry in the Arctic (Hellen et al., 2012).

The results obtained are within good agreement of the literature values for n-
butane and iso-butane. Both butanes exhibited temperature independence for their
reaction with Cl atoms, with possibly a slight negative temperature dependence for
iIso-butane as can be seen from the slight positive gradient of the Arrhenius plot in

Figure 5.3. There are several interpretations to this phenomenon, the most credible
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explanation being the fast kinetics of these reactions resulting in a barrier-less reaction
not influenced by temperature. The results obtained for n-butane were more scattered
than iso-butane, likely to have been due to problems in some of the experiments when
introducing n-butane into HIRAC.

The investigation of the temperature dependence of n-pentane and iso-pentane
showed a similar trend for the butanes, with a slight negative temperature dependence
being exhibited for iso-pentane, and temperature independence for n-pentane. The
implications of these findings may be important in field investigations that used
pentanes as a tracer for Cl atom concentrations in the atmosphere, as depending on
the temperature at which the monitoring was carried out the results for iso-pentane
reactivity could have changed from anything between 5 — 25% based on the results
obtained in HIRAC.

A chlorobutane product study for n-butane and iso-butane was aimed at
looking further into the difference not just in the Kinetics but also mechanistic
behaviour of these Cl+ hydrocarbon reactions. Unfortunately difficulties were
encountered in analysing the pentane experiments due to the greater number of
products and very limited availability of these products from the supplier, required for
identification and calibration purposes. Hopefully, should suitable reference spectra
become available for these products, along with the improvement of the current FTIR
software, these experiments could be reinvestigated and the product yields deduced
from this work for the pentanes over a temperature range, enhancing the information

available for these reactions.

The temperature dependence for chlorobutane product yields obtained would
be relevant to the numerous field campaigns in the polar regions and during colder
temperatures from a mechanistic point of view, since the understanding of the
chemistry of these reactions is important should the CI atom concentrations be
deduced from these hydrocarbon decays in the atmosphere. Results obtained for n-
butane at room temperature (292 + 3 K) are in excellent agreement with both
Sarzynski and Sztuba and with Tyndall et al. (primary/secondary: 29%/71%). While
temperature independence was observed for n-butane it can be noted that a slight
temperature dependence in the branching fractions was found from the study of iso-

butane. Room temperature branching fractions here were also in excellent agreement
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with literature data (primary/tertiary: 63%/37%). The t-butoxy radical formed from
the reaction of Cl atoms with iso-butane has no a-hydrogens as it is a tertiary hydrogen
abstraction process. This ultimately is known to decompose to form acetone and a
methyl radical (Blitz et al., 1999). In the atmosphere such radicals can also react with

oxygen to form a carbonyl and HO..

In the case of the primary abstraction pathway for iso-butane the isobutoxy
radical formed can either react with oxygen to give the respective aldehyde or
decompose to give formaldehyde and iso-butene. There is some uncertainty as to
which of the two pathways predominates in the atmosphere, however in conclusion
these branching ratios have been crucial in understanding whether these abstraction
reactions ultimately lead to the formation of either an aldehyde (primary abstraction)

or a ketone (tertiary abstraction).
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Chapter 6 - Hydrogen abstraction reaction of

Cl atoms with ethanol

6.1 Introduction

The rising costs of petroleum and desire for greater energy security where
fossil fuel resources are depleting has resulted in an increasing interest in biofuels as
an alternative source of energy. The use of biofuels has already been highlighted in
Chapter 4 in the section on the kinetics and reactivity of esters. The discussion dealt
with the biofuel commonly called biodiesel, and this type of biofuel is produced
primarily from plant oils and fats that convert into long-chain fatty acids referred to
as FAMEs (fatty acid methyl esters). The other main type of biofuel in common use
is ethanol (or bioethanol). Ethanol is of great importance as a source of energy from
biomass, and is also used directly as a fuel. These energy options are being driven
owing to the environmental and energy securities from these methods (Farrell et al.,
2006). Biofuels can offer an opportunity to prolong the lifetime of finite petroleum
resources, as biological systems have been shown to be very good at converting
sunlight to biomass, making biofuels a suitable candidate for future energy needs.
There is, however, a greater need to understand and assess their potential and
combustion characteristics in greater detail before they can be fully accepted by
society, and a lot of work is currently being carried out to address this (Demirbas,
2010, Selvam and Vadivel, 2013, Tuccar and Aydin, 2013, Lapuerta et al., 2008,
Agarwal, 2007).

Product studies for reactions of alcohols are of importance for the
understanding of urban atmospheric chemistry. Only a few studies have characterised
the product yields of ethanol oxidation reactions in detail, with more Kinetic studies
being carried out for reaction with CI atoms possibly due to the ease to carry out the
Cl atom studies compared to OH (Taatjes et al., 1999, Seakins et al., 2004, Crawford
et al., 2004, Nelson et al., 1990, Carter et al., 1979, Garzon et al., 2006). Cl atoms

react 25-50 times faster than the OH radical does (Nelson et al., 1990, Wallington et
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al., 1988c, Carr et al., 2011) with alcohols resulting in higher product yields in most

cases when compared to OH over the same reaction times (Grosjean, 1997).

Despite this greater reactivity of Cl atoms over OH radicals, the latter are
present in higher concentration and are the primary contributor to the degradation of
atmospheric ethanol. This has been discussed in Section 5.2.1. Both reactions of OH
and Cl atoms with alcohols proceed via hydrogen abstraction from either a C-H or O-
H bond. In the case of ethanol reactivity, this can occur via either primary or secondary

C-H abstraction (o and 3 abstraction respectively) or O-H as is shown in R6.1 — 6.3:

Cl (OH) + CH3sCH,OH — CH3CHOH + HCI (H20) (R6.1)
Cl (OH) + CH3sCH20H — CH2CH20H + HCI (H20) (R6.2)
Cl (OH) + CHsCH20H — CH3CH20 + HCI (H20) (R6.3)

Recently published work on the reaction of methanol with OH has suggested
that alcohol oxidation plays an important role at low temperatures despite the presence
of an activation barrier (Shannon et al., 2013). Reaction Kinetics is governed by the
details of potential energy surfaces upon which reactions take place. Figure 6.1
illustrates the PES of the reaction of OH with ethanol (Xu and Lin, 2007). A reaction
is likely to proceed if there is sufficient energy to overcome the overall activation
barrier ending in products. The Arrhenius equation, described in Chapter 5, shows the
relationship of temperature with the rate coefficient, k, and includes two other
parameters, the Arrhenius (A) parameter (related to the rate of collisions and geometry

of reaction) and the activation energy (the overall barrier).

Kinetic studies indicate that during alcohol reactions with OH or Cl atoms, the
hydrogen abstraction from the C-H bond is the major pathway, rather than from the
O-H bond (Nelson et al., 1990). This is expected given there are more C-H sites than
O-H sites to attack, and it also is consistent with theory given the bond strength of the
O-H bond is greater than that for C-H (104 kcal mol™* compared to 94 kcal mol™ in
methanol) (Hess and Tully, 1989).
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Figure 6.1: Potential energy surfaces for the three possible channels for the reaction
of OH with ethanol (Xu and Lin, 2007).

The above PES for the reaction of OH with ethanol shows three possible
pathways (i.e.: R6.1 — R6.3) for the reaction due to the OH being able to abstract one
of the two methylene hydrogens, one of three methyl group hydrogens or one
hydroxyl hydrogen. All pathways proceed via a pre-reaction complex formation
OH-O(H)C2Hs. According to the work by Xu and Lin, the three possible transition
states have activation barriers of —0.6, 1.8 and 3.4 kcal mol™ for a, B and hydroxyl
hydrogen abstraction respectively (Xu and Lin, 2007). All pathways result in
fragmentation of the complex to form H2O + CH3CHOH, H20 + CH>CH20OH and
H20 + CH3CH20 with overall heats of reaction: —22.9, —15.5, and —13.3 kcal/mol
(Xu and Lin, 2007).

The atmospheric oxidation of ethanol leads to important secondary pollutants
such as acetaldehyde, peroxyacetylnitrate (PAN), formaldehyde and ozone (Seakins
et al., 2004) with the primary oxidation product being acetaldehyde (0.80 + 0.15)
(Carter et al., 1979). Acetaldehyde is formed from the hydroxyethyl radical which is
formed in R6.1 from the abstraction of the a-hydrogen from ethanol. This radical

reacts with molecular oxygen by hydrogen abstraction as is shown in R6.4:

Oz + CH3CHOH — CH3CHO + HO: (R6.4)
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The alternative pathway from C-H hydrogen abstraction (from B-hydrogen in
R6.5) leads to an alkyl radical CH2CH>OH which reacts with oxygen to form a peroxy

radical that in the presence of NO forms an alkoxy radical:

0O, + CH.CH,0OH — OOCH,CH,0OH (R6.5)
NO + OOCH,CH20H — NO> + OCH,CH>0OH (R6.6)
Further oxidation of this alkoxy radical will lead to hydroxyacetaldehyde.
R6.7 competes with decomposition of this alkoxy radical to ana-hydroxyalkyl radical
and formaldehyde (R6.8), the former radical reacting with oxygen to give
formaldehyde (R6.9):

02 + OCH2CH,0OH —HC(O)CH20H + HO> (R6.7)
OCH2CH;0H — CH,0OH + HCHO (R6.8)
02 + CH20H — HCHO + HO» (R6.9)

The kinetics and mechanism of propanol (Yamanaka et al., 2007), n-butanol
(Hurley et al., 2009, Andersen et al., 2010, McGillen et al., 2013), iso-butanol
(Ballesteros et al., 2007, McGillen et al., 2013) and n-pentanol (Hurley et al., 2008)
have all been extensively investigated in recent years stressing the increased interest
in the oxidation processes of alcohols, and the importance of this information to

atmospheric chemistry and the implications due to the shifts of energy utilisation.

The importance of ClI atom reactions with alcohols and their atmospheric
relevance has fuelled interest in more general aspects of Cl atom reactivity. Site
selectivity of ClI atom reactions is important not just for a better understanding of
atmospheric chemistry, but also since Cl atoms are widely used as selective sources
of radicals in kinetic experiments (Taatjes et al., 1999). This chapter will focus on
outlining work carried out in HIRAC to better understand the way hydrogen atom
abstractions from C-H bonds occur in the reactions of Cl atoms with ethanol and some
of its deuterated isotopologues (CD3CH20H, CH3CD20OH, CD3CD-.OH).

Site-specific rate data was determined for ethanol and its isotopologues
(CD3sCH20H, CH3CD20OH and CD3CD:OH). Similar studies were carried out
previously by a number of authors (Taatjes et al., 1999, Seakins et al., 2004, Crawford
et al., 2004), however none had previously reported HCI:DCI product ratios and
obtained mechanistic information of these reactions from these ratios, which is what

will be reported in this chapter. The only previous isotopic study to our knowledge on
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the branching ratios to products of the reaction of Cl atoms with ethanol were reported
by Taatjes et al. (Taatjes et al., 1999) who measured HCI yields, therefore these would
be the first reported investigations using HCI/DCI ratios, and would also serve as a
test of the capabilities of HIRAC (as well as chambers in general) to obtain absolute
rate data using the FTIR which has previously not been attempted in HIRAC or in any
chamber to our knowledge for isotopic investigations of this kind. Branching ratios
are needed for the modelling and understanding of alcohol chemistry and to probe the
impact of the increased use of ethanol in combustion. A description of the

methodology used and some preliminary results will follow.

6.2 Experimental

DCI and HCI branching fractions are reported in this section for the reaction
of Cl atoms with ethanol and its isotopologues (CD3CH2OH, CH3CD,OH and
CD3CD20H). The significance of these reactions as well as the scarcity of site
selective information has triggered an interest in reinvestigating these reactions in

HIRAC. The methodology will be described in this section.

The gases and liquids used in the present work were obtained from different
sources. Chlorine (Sigma Aldrich, 98%), HCI (Sigma Aldrich, 99%) and DCI (Fluka,
99%) gases were used as received. HCI and DCI were used to obtain reference spectra
on the FTIR. Ethanol and its isotopologues were all supplied from Sigma Aldrich and
had stated purities of CHzCH,OH (99.5%), CD3CD20H (99% atom D), CH3sCD,OH
(99% atom D), CD3CH20H (99.5% atom D). The small 1% impurities (presumably
unidentified organic contaminants) could be a significant error for the study of
HCI:DCl ratios. For this reason repeat freeze-pump-thaw cycles were performed prior
to introducing into HIRAC to minimise this likely uncertainty. Relative rate kinetic
experiments using GC-FID and FTIR were performed for ethanol, CD3CH20OH and
CH3CD20H at 292 + 3 K. This is discussed in the preliminary results section to
follow, and is accompanied by an isotopic branching ratio study probing HCI and DCI
products. Measurements of HCI and DCI were performed to obtain isotopic branching

ratios for the reaction of Cl atoms with ethanol and its isotopologues at atmospheric
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pressure and temperature. The reactions R6.11 — R6.14 have been investigated in this

study:
Cl2 + hv (£320 nm) — Cl + CI (R6.10)
CH3CH20H + Cl — CH3CHOH + HCI (R6.11)
CH3CH20H + Cl — CH,CH20H + HCI (R6.12)
CD3CH20H + Cl — CD.CH,0H + DCI (R6.13)
CH3CD20H + Cl — CH3;CDOH + DCI (R6.14)
CDsCD20H + Cl — CD.CD,0H + DCI (R6.15)
CD3CD20H + Cl — CD3CDOH + DCI (R6.16)

Chlorine atoms (R6.10) were generated similarly to the methodology
described in the previous two chapters using Philips TLK40W/05 actinic UV
blacklamps and chlorine gas as the precursor. In the case of these experiments only
two lamps were used to initiate photolysis. This would keep the Cl atom production
rate low to better distinguish the initial HCI and DCI evolutions on the FTIR. GC-FID
measurements were used during relative rate experiments to monitor the ethanol and
its isotopologues and reference compound concentrations. Typical concentrations
used were (1 — 5) x 10! molecule cm™ chlorine gas, (0.8 — 2) x 10 molecule cm™
ethanol and its isotopologues, and 5 x 10 molecule cm? ethane (reference
compound). Experimental determination of the HCI:DCI ratios is possible with
quantification of HCl and DCI by an FTIR spectrometer (Brucker IFS/66, MIR source,
in conjunction with a modified multipass Chernin cell (Glowacki et al., 2007b) path
length ~172 m, Happ-Genzell apodisation, 32 averaged scans, 0.5 cm™).

Figure 6.2 shows the FTIR spectra obtained in HIRAC which were used as
references, in order to attempt at calibrating for the DCI and HCI absorbances
recorded during the isotopic studies. This was, however, difficult to obtain owing to
exchange of DCI into HCI during delivery into HIRAC, which was found difficult to
account for. For this reason, and given the fact that only ratios of the two were of
interest, a numerical calculation was used in order to correct for the different

magnitudes of their respective vibration-rotational transitions.

A/B = 8mhv?/c? (Eg6.1)

Literature values for the HCI A factor (40.21 s™) for the 1-0 band (J=0 to J=0)
and DCI A factor (11.038 s1) for the same transition (Arunan et al., 1992) were used
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in order to calculate the HCI:DClI ratio from the following derived relationship which

links the emission and absorption coefficients via:.

A(HCI)/A(DCI) = B(HCI)/B(DCI) (V}(HC)A3(DCI)) (Eg6.2)

Where v is the frequency (s). The ratio of A values for 1-0 transitions for DCI and
HCI obtained was used in order to correct the absorbances obtained for the ratio of
HCI and DCI during experiments in HIRAC. A value of 3.64 was obtained for the
transition at 2727.43cm™ for HCI and the corresponding transition at 2010.85cm™
DCI, both being 1-0 transitions on the P7 branch of the vibration-rotational spectra.
Figure 6.3 shows the HCI evolution from the reaction of Cl atoms with CD3CH3OH.
FTIR spectra were analysed using the peak analysis package available in the OPUS
software. The vibration-rotation transition analysed for DCI was the P7 branch
transition at 2010.85 cm™, and the corresponding transition for HCI was analysed at
2727.43cm™.
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Figure 6.2: FTIR spectra of HCIl and DCI in HIRAC at 292 K and 1000 mbar in
OFN nitrogen bath gas.
The analysis involved setting up a method in the OPUS v5.5 platform and
defining the region of the spectrum that would be analysed for the different
experimental spectra available. Peak heights were recorded and these results were

corrected using the ratio obtained previously.
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Carbon monoxide was a problem for DCI analysis, as it absorbed in a similar
region and overlapped with DCI. For this reason the P7 (7" vibration-rotational
transition on the P) branch of DCI was chosen for analysis. Some isotopologues of
ethanol also absorbed close to 2000 cm™, and therefore the lowest possible P-branch
transition where no overlap occurred was selected. The signal-to-noise ratio was
slightly poorer at this range; however it was sufficient for these experiments. A
validation of the method was carried out by analysing the respective isotopic peaks,
verifying the ratios were the same for a number of sets of data that were analysed. The
results confirmed the analysis method being used was repeatable for the different
isotope transitions not overlapping with any other species for the FTIR spectra of both
HCI and DCI.

HCI DCI

100

a0

1.00

30 seec. photolysis

1.00

0.00

100

sec. photolysis

0.00

1.00

L m M s
180 sec. photelysis

100 0.00

0.00

1.00

oo

T T T T T
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000

Figure 6.3: Infrared spectra of the analysed portion of the spectra, containing HCI
(2600 — 3100 cm?) and DCI (1900 — 2100 cm™) for the reaction of Cl atoms with
CD3CH20H in HIRAC. Irradiation was turned on and off every 120 — 150 s. The
presence of CO2 (2400 cm™) and CO (2200 cm™) is also noted in these spectra.
HCI:DCI ratios were derived by plotting the relative changes of A[HCI]
against A[DCI] from the evolution of these two products during the experiment. The

[HCI] evolving from chamber walls was not subtracted, as it was assumed to be
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constant for the sets of experiments that were carried out over the same day. This,
however, is likely to contribute to a large undetermined uncertainty in the [HCI] being
produced from the reaction of Cl atoms with ethanol. It was difficult to obtain a factor
to subtract this residual HCI since the rate was not found to be constant during the
experiment and also changes from day to day based on the exposure of the chamber

walls to organics and other compounds.

This study would assess the suitability of the HIRAC FTIR system for
obtaining these isotopic branching ratios, and several tests were initially carried out
to assess the optimum chamber conditions to use. The effect of the purity of the bath
gas used was tested using the FTIR to determine its influence on the residual HCI
from the chamber walls. Figure 6.4 shows a comparison of the two bath gases that
were tested. A higher purity source of nitrogen was found to be more suitable for these
experiments, since residual organics present in impure bath gases would contribute to
residual HCI in the chamber. It was found that both OFN (BOC, Oxygen Free) and
UHP (Ultra High Purity) nitrogen both gave similar residual HCI for runs of chlorine
gas photolysis only in HIRAC. OFN nitrogen being more economical to use was

selected as the bath gas of choice for these experiments.
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Figure 6.4: A comparison of residual HCI recorded at the start of the experiment in
HIRAC using Oxygen-free and Ultra High Purity N>.
Experiments were performed in the HIRAC chamber using the long-path FTIR

instrument described in Section 2.4.1. All experiments were carried at 292 + 3 K and
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1000 mbar in laboratory grade nitrogen. Chlorine gas ((1 — 5) x 10! molecules cm™)
was used as a precursor for all experiments and irradiation was performed using two
TL 40W/12 RS SLV UV-B medical therapy lamps. Cl atoms were generated by
successive “lamps on” and “lamps off”” periods (100 second cycles). The use of only
two lamps ensured the photolysis rate was kept low since only primary products (HCI
and DCI) were being assessed, and therefore slowing the chemistry down would

ensure more of the initial chemistry is recorded.

A fans test was also assessed given the possible influence from disturbances
of the chamber walls resulting in possible evolution of HCI which is not from reaction
of Cl atoms with ethanol and which would influence HCI:DCI measurements. Isotopic
exchange of the deuterium in the DCI was also likely to occur on the walls of HIRAC
and several diagnostic tests were carried out using FTIR detection to monitor the
relative decays of HCI and DCI. Figure 6.5 confirms that with fans on, exchange of
DCI to HCI occurs at a fast rate due to faster mixing and results in few data points (2
— 3) obtained in this experiment shown for reaction of Cl atoms with CH3CD»OH, and
more uncertainty is predicted due to difficulty in quantifying the exchange rate, which
would be dependent on several experimental conditions, in particular the conditioning
of the HIRAC walls.

0.5 —0.05

. e HCI
e DCI - 0.04

o
EN
1

0.03

o

w
1
®
1

[ X ]
spun ‘gJe / (D) eoueqlosqy

Absorbance (HCI) / arb. units

0.2 . H002
L4 oo e ©® g
0.14 <4 0.01
L ]
T N Y,
0 100 200 300 400 500 600

time / seconds

Figure 6.5: Fans on experiment for reaction of CH3CD2OH (2 ppmv) with CI atoms
(20 ppmv) at 292 + 3 K and 1000 mbar in HIRAC.
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Fans off experiments were carried out using all isotopologues in order to
assess the possibility of carrying out the experiments without fans to decrease the rate
at which isotope exchange occurs at the chamber walls. This latter effect could not be
fully characterised given that the effects of chamber walls, in particular stainless steel,
are influenced by environmental conditions and conditioning of the walls, therefore
for the purpose of these experiments this could not be carried out. In order to achieve
this it was first necessary to first determine the effect no fans would have on the
method being used.
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Figure 6.6: Fans off experiment for CH;CD2OH+CI (2ppmv) with Cl atoms (20

ppmv) at 292 + 3 K and 1000 mbar in HIRAC.

Figure 6.6 shows that for a fans off experiment for reaction of Cl atoms with
CH3CD20H, the deuterium exchange is delayed enough to be able to obtain more data
points for DCI formation before conversion to HCI than with fans on. Fans on
experiments lead to faster exchange to the chamber walls and this is likely due to
faster mixing occurring in HIRAC. For this reason it was more appropriate to carry

out these experiments with fans off to delay the exchange from occurring.

These data would only be valid, however, provided the contents of HIRAC are
adequately mixed prior to the start of the reaction, and therefore before photolysis was

initiated it was ensured that all concentrations of reactants were stable in HIRAC. This

179



Hydrogen abstraction reaction of Cl atoms with ethanol

is what is regularly carried out during experiments in HIRAC when using fans
(highlighted in chapter 2) to ensure that none of the reactants are reacting with
precursors or being lost to walls. In the case of these fans off experiments, more time
was allowed (15 — 30 minutes) for equilibration of these compounds.

6.3 Preliminary Results

6.3.1 Relative rate method for the study of the reaction of
Cl atoms with ethanol and CD;CH,OH

A validation of the FTIR setup used for studying Cl atom reactions with
ethanol and its isotopologues was considered useful to assess any potential
uncertainties such as unnoticed anomalies in the FTIR spectra. This was a concern
given the integration of the spectra was not carried out as for the investigation of
chlorobutanes product yields in the previous chapter. This was due to the lack of
reliable reference spectra for DCI and any of the deuterated isotopologues and their
respective products, for which further work is required to have suitable reference
spectra made available.

Calibration of methodology and the apparatus used would be achieved by
obtaining the kinetics of reaction of Cl atoms with ethanol and its isotopologues.
Using the GC-FID as a comparison ensured the FTIR system was suitable for
obtaining not just kinetics but also mechanistic information. This was achieved by
comparing how both instruments performed and their inter-comparison for studying
the kinetics of the reaction of chlorine with ethanol, as had been investigated before
in previous chapters, as well as by previous workers in HIRAC for different systems
using both instruments (Malkin, 2010).

Relative rate experiments were carried out using the same method as had been
reported in previous chapters 4 and 5 for experiments carried out in HIRAC. These
relative rate experiments were all carried out in OFN nitrogen bath gas. HIRAC was
first filled to ~970 mbar with nitrogen and the ethanol (~2 - 5 ppmv), chlorine (~20 -

40 ppmv) and ethane (~2 - 5 ppmv) were introduced via a delivery vessel and ~5
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minutes was allowed for adequate mixing in the chamber. Ethane was used as a
reference compound and the rate coefficient used for determination of the relative rate
coefficient for these ratios was that recommended by IUPAC, and mentioned in
chapter 5 ((5.80 + 0.20) x 101t molecule™ cm®s™) (Atkinson et al., 2006b). Reference
spectra were obtained for each individual isotopologue in HIRAC. These are shown

in Figure 6.7.
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Figure 6.7: FTIR spectra of isotopologues of ethanol (2 ppm) in HIRAC at 292 K
and 1000 mbar in OFN nitrogen bath gas.

The chemicals used in these experiments were acquired from the following
commercial sources: CHsCHs (Sigma Aldrich, 98%), CH3CH,OH, CD3CH>0OH,
CH3CD20H and CD3CD20OH (Sigma Aldrich, 99.5+%) and Cl, (Sigma Aldrich,
99.5%). The presence of small impurities for ethanol and their isotopologues would
significantly affect the results for the HCI:DCI ratios calculated, and all the liquids
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were prepared in a vacuum line and purified by several successive freeze-pump-thaw
cycles to remove any impurities that may cause interferences in the analyses and also
contribute to the HCI and DCI yields by reacting with Cl atoms during the experiment.
Both these factors were minimised as much as possible by purification and by using
the highest purity samples available from the supplier; however a < 1% occurrence of
impurities would fall into the random errors of the rate coefficient determinations.
According to NMR and GC-FID analysis work by Taatjes (1999), the main impurity
for CD3CH>OH and CH3CD,OH was normal ethanol which reacts similar to its
deuterated counterpart. While this was < 1% for CD3CH>OH, which had a similar rate
coefficient to ethanol, it was noted that the rate coefficient of CH3CD,OH may be
influenced to a greater degree (1 — 2%) owing to the rate coefficient for this deuterated
ethanol being smaller than the ethanol reaction with Cl atoms, however was neglected

given it was within random uncertainties of the measurements.
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Figure 6.8: Comparison of FTIR and GC relative rates obtained for the reaction of
ethanol with Cl atoms using ethane as a reference compound in HIRAC at 292 K
and 1000 mbar and nitrogen bath gas (error bars represent 1c).
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Figure 6.9: GC relative rate obtained for the reaction of CD3sCH>OH with Cl atoms
using ethanol as a reference compound in HIRAC at 292 K and 1000 mbar and
nitrogen bath gas (Error bars represent 1c).

The measured relative rate coefficients for Cl atoms reacting with ethanol,
CH3CD20H and CD3CH2OH are summarised in Table 6.1 and compared with
previously reported literature values. Results obtained for reaction of Cl atoms with
ethanol show excellent agreement between GC and FTIR for relative rate
measurements (within < 3%). The uncertainties quoted for experimental results were
obtained from the linear regression of the relative rate results (using Regres2 software

described in chapter 4).

The results obtained compare well with relative rate work by Wallington et al.
(1988) and Khatoon et al. (1989), and are within error of the relative rate results by
Taatjes et al. (1999). A large discrepancy in the rate coefficient of Cl atoms with
ethanol is noticed for absolute rate studies, as was noted by Taatjes et al. (1999), who
found the absolute rate coefficient to fall about 15% higher than the relative rate
studies. No clear reason was found to explain why there was such a large difference
between these two sets of studies, but an estimated uncertainty of +20% was
recommended for the rate coefficient obtained at 298 K (9.5 x 10! molecule™ cm® s”

1).
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ket Rate coefficient (k / 10! Study
molecule*cm3s?)
1.48 £0.02 8.5+0.2? (Wallington et al., 1988c)
1.40£0.30 7.8+0.2° (Khatoon et al., 1989)
- 10.1+0.6° (Nelson et al., 1990)
- 10.5+0.6° (Crawford et al., 2004)
CHsCH,0H - 10.2£0.2° (Seakins et al., 2004)
- 9.4+0.8° (Taatjes et al., 1999)
- 109+ 1.2° (Taatjes et al., 1999)
1.43+0.04 8.3+0.32 This Work (GC)
1.40 + 0.05 8.1+0.3 This Work (FTIR)
1.60+0.08 94+1.1° (Taatjes et al., 1999)
CD3CH,0H - 9.0+0.9° (Taatjes et al., 1999)
158 £0.04 9.2+£0.32 This Work (GC)
- 5.4 +0.5° (Taatjes et al., 1999)
CHsCD,0OH
1.32+0.04 7.6+£0.32 This Work (GC)

Table 6.1: Relative rate ratios and coefficients for Cl atom reactions with ethanol
and its isotopologues at 292 + 3 K and 1000 mbar in the HIRAC chamber compared
with literature values (® relative rate study, absolute rate study).

The relative rate work by Wallington et al. (1988) and Khatoon et al. (1989)
are shown to differ by < 20% from other relative rate studies by Nelson et al. (1990),
and more recently by Seakins, Orlando and Tyndall (2004), Taatjes et al. (1999) and
Crawford et al. (2004). The latter three studies are in better agreement with the value
quoted by Nelson et al. of (1.1 + 0.6) x 10° molecule’* cm3s™ (Nelson et al., 1990)
and that recommended by IUPAC of (1.0 + 0.06) x 107*° molecule™ cm® s (Atkinson
et al., 2006b).

It must be noted that the work by Taatjes et al. (1999), which is the most
extensive work reported on the chemistry of the reaction of Cl atoms with ethanol,
reports absolute measurements for this reaction that are about 15% higher than the
relative rate measurements reported for the same study. The reason for this
discrepancy was unclear as there is no obvious reason according to Taatjes et al. for
these margins and a recommended value of (9.5 + 1.9) x 10! molecule® cm? s
(Taatjes et al., 1999) was reported for this study based on the average of the two
studies. This latter result is found to be within error of the results obtained in HIRAC
for the reaction of Cl atoms with ethanol, although this would be due to the large

estimated uncertainty (£20%) quoted by Taatjes et al..
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The relative rate ratio to ethanol of (0.997 + 0.06) for the reaction of Cl atoms
with CD3CH>OH analysed using the HIRAC GC is in excellent agreement with the
result obtained by Taatjes’ study (0.98 £ 0.04). This could only be done based on peak
height analysis since there was significant overlap between the two alcohols during
this experiment. Unfortunately this could not be analysed using the FTIR due to

overlapping spectra for the ethanol and its isotopologue (CD3CH,OH).

The importance of this validation was to confirm the suitability of the HIRAC
FTIR for the purpose of studying these systems. The excellent agreement obtained
between FTIR and GC measurements for the same experiment carried out for the
reaction of Cl atoms with CH3CH.OH emphasises the suitability of this setup for
further investigations of C-H hydrogen abstraction of Cl atoms from ethanol and its
isotopologues using the HIRAC FTIR.

6.3.2 Isotopic branching ratios for Cl atom reactions with

ethanol

The relative rate investigations confirmed the suitability of the HIRAC FTIR
to perform further investigations on these Cl atom reactions with deuterated ethanols.
The FTIR was used to measure the HCI and DCI branching yields produced from Cl
atom reactions with CD3CH>OH, CH3CD>0OH and CD3CD>OH. The study of the latter
deuterated ethanol would provide guidance on how well the results for the o and § C-
H abstractions obtained are. The O-H abstraction was not considered in this study
given the very low abstraction rate from this site (< 5%) would be likely to result
within the experimental error of the work being carried out given the preliminary

nature of the results being presented.

Figure 6.10 shows the profiles of the different changes of HCI and DCI during
Cl atom reaction of the three deuterated ethanols. This Figure shows the rough time
frame used for working out these HCI:DCl ratios was around 100 — 150 seconds, since
isotopic exchange would start to be more significant as the experiment progressed, as
can be seen for CH3sCD>OH profile in Figure 6.10.
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Figure 6.10: FTIR HCI and DCI relative changes of the absorption measurements for
reaction of the different ethanol isotopologues with Cl atoms in HIRAC at 292 K
and 1000 mbar in OFN nitrogen (fans off).

The outputs of these experiments were reported as HCI:DCI ratios
(A[HCI]J/A[DCI]) which are shown in Figure 6.11 and 6.12. The branching ratios were
not presented given the large uncertainty in the HCI coming from the walls of HIRAC
that could not be accounted for. The same procedure outlined in chapter 5 for the
branching ratio calculations of Cl atom reactions with butanes was applied, by fitting
a line through the plots shown in Figure 6.12 however a reliable branching ratio could

not be obtained from this preliminary work.

The corresponding plots for the HCI:DCI ratios from these experiments are
shown in Figure 6.12. Kinetic isotope effects unfortunately could not be derived either

given the poor quantification of the results being reported.
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Figure 6.11: Absorbance of DCI versus HCI from reactions of Cl atom with
CD3CD,0OH, CH3CD>0OH and CD3CH20H in HIRAC at 292 K and 1000 mbar OFN
nitrogen bath gas (errors are reported as 106).
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Figure 6.12: A[DCI] versus A[HCI] from reactions of Cl atom with CD3CD-OH,
CH3CD-OH and CD3CH20H in HIRAC at 292 K and 1000 mbar OFN nitrogen bath
gas (errors are reported as 10).
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Isotopologues HCI Yield (Taatjes et al., 1999)
CD3CH20H (P abstraction) 0.95+0.10
CH3CD20H (o abstraction) 0.16 £ 0.04

CD3CD20H (hydroxyl abstraction) <0.05

Table 6.2: Taatjes’s HCl yields calculated for Cl reactions with selectively
deuterated ethanols.
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6.4 Discussion and Conclusions

The understanding of ClI atom chemistry is of increased importance due to
higher concentrations of Cl atoms being inferred in marine, polar and urban
atmospheres resulting in competition with OH for major oxidation reactions (Saiz-
Lopez and von Glasow, 2012). Room temperature rate coefficients for Cl atom
reactions with ethanol and its isotopologues have been determined in HIRAC from
FTIR and GC measurements. The results obtained are in reasonable agreement with
some of the relative rate literature values by Taatjes et al. (1999), Wallington et al.
(1988) and Khatoon et al. (1989), however differed from absolute rate coefficients
reported by different authors. GC-FID and FTIR results obtained in HIRAC for the
reaction of ethanol with CI atoms were in excellent agreement with each other,
differing by only 3%. This confirmed the suitability of using the HIRAC FTIR for

carrying out further Cl atom studies with ethanol.

The branching fractions for HCI and DCI production during the reaction of ClI
atoms with deuterated ethanols could not be determined in HIRAC, however the plots
shown in Figure 6.11 and 6.12 give the correct trend that is in agreement with previous
work by Taatjes (Taatjes et al., 1999). However due to several difficulties in working
out the isotopic branching ratios for these deuterated ethanols as has already been
elaborated earlier, these values were considered unreliable. This is primarily due to
the poor characterisation of the HCI evolution and isotopic exchange on the chamber
walls. As such, one must consider these results to be preliminary in nature, since
reliable quantitative data could not be obtained unfortunately from the investigations
carried out here. The HCI evolving from the walls of the chamber could be assumed
to be constant provided they were carried out over the same day and the chamber had
been properly cleaned out between each experiment. If this assumption is correct, then
there is no need to subtract the residual HCI formation rate, which is an exponential
function in any case, and the ratio could be considered to include an extra quantity of
HCl that is not representative of the reaction of ethanol with Cl atoms. Given the ratios
of HCI:DCI for the different isotopologues would scale as expected between each
other, than it is fair to conclude that the experimental results obtained would be valid,
but subject to further work in improving the methodology in order to obtain more

quantitative evidence to back these findings.
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Another difficulty encountered that would be likely to have an effect on these
studies was the volatile organic impurities in the ethanols. In a previous study by
Taatjes, the impurities were measured using NMR and corrected for in the measured
coefficients and yields, which were however very small influences (< 1%). The
corrections for measured impurities in CD3CH20OH were negligible as the main
impurity was found to be normal ethanol, which CH3CD>0OH may be slightly worse
but still 1 — 2% level which is within random uncertainties in measurements. Repeat
freeze-pump-thaw exercises ensured this uncertainty was minimised as much as

possible.

The final outcome of this work points towards the difficulty in carrying out
isotopic experiments of this nature in metal chambers. The chamber wall effects are a
major obstacle that are difficult to characterise and as such residual [HCI] could not
be accurately determined for the purpose of these studies to quantify the results
obtained by subtracting away this HCI formed from a combination of isotopic
exchange and chlorine atoms reacting with residual organics coming off the walls.
Despite the chamber walls being cleaned before these experiments were carried out,
the lamps and chlorine gas only experiments would still result in HCI formation,
indicating the difficulty in cleaning such a large metal chamber for experiments of
this kind. Nevertheless the suitability and potential of the HIRAC FTIR system has
been demonstrated in this chapter, and future similar experiments could be carried out
for different branching ratio studies in HIRAC of interest; however caution needs to

be taken in assessing the residual HCI.
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Chapter 7 - Investigations of OH generation

methods under low NOy conditions

7.1 Introduction

A recent and growing interest in the understanding of the mechanisms of OH
oxidation under low NOx has stemmed from the missing OH source in non-polluted
environments. The recycling of OH due to NOy in urban areas does not occur in the
tropics and marine environments, however [OH] measured in these environments has
been found to be similar to urban levels implying a potential biogenically driven
recycling OH source that has not been fully resolved and results in discrepancies
between models and observations (Lelieveld et al., 2008, Stone et al., 2012, Whalley
etal., 2012, Stone et al., 2011, Pugh et al., 2010, Hofzumahaus et al., 2009). Isoprene
oxidation has been a topic of great interest in recent years owing in particular to the
recycling of OH and to the discrepancies in product yields and mechanisms of the
reaction of OH radicals with isoprene (Archibald et al., 2011, Malkin et al., 2010,
Seakins and Blitz, 2011, Stone et al., 2011, Brune et al., 2013).

The presence or absence of NOy has a significant effect on the HOx cycle in the

troposphere, as is highlighted in Figure 7.1.

0, ROz-"ﬁaleH%O CH,COCH,

H2 02
ROOH

Figure 7.1: Simplified HOx cycle with high NOy (polluted) pathway in dashed lines
while background conditions are in solid lines (Olson et al., 2006).
Under high NOy conditions a series of reactions (R7.1 — 7.3) are known to lead

to OH recycling:
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HO2 + NO — OH + NO (R7.1)
RO; + NO — RO + NO; (R7.2)
RO + 02 — R’CHO + HO> (R7.3)

HO. formed in R7.3 regenerates OH radicals (R7.4), and subsequent
photolysis of NO2 leads to formation of Oz which is the main precursor of OH in the

troposphere.

NO; + hv (< 420 nm) — OCP) + NO
OCP)+02+M — 03+ M

(R7.4)
(R7.5)

Recent modelling studies have shown that the modelled OH under predictions
worsened under low NOx conditions, as a result of biogenically-influenced
environments (Stone et al., 2012, Dusanter et al., 2009, Stone et al., 2010). An answer
to this may be found by looking into the degradation processes of biogenic VOCs such

as isoprene and o-pinene that may contribute to this missing OH precursor.

A recent HOx-Comp campaign aimed at obtaining HO, and OH measurements
revealed [OH] measured in low NOy environments are many times higher than OH
expected from models (Elshorbany et al., 2012, Kanaya et al., 2012). A simplified
HOx cycle shown in Figure 7.2 elaborates the pathways under low NOy in solid lines.
Uncertainties in HO2 measurements resulting from RO interferences are also shown
to lead to higher than currently estimated OH in atmospheric models, which implies
new OH sources need to be identified for these environments in order to better

understand the OH recycling occurring.
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Figure 7.2: Simplified HOy cycle with high NOy (polluted) pathway in dashed lines
while background conditions are in solid lines (Elshorbany et al., 2012).
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A high NOx OH source has already been characterised in HIRAC by Tamsin
Malkin using methyl nitrite photolysis (Malkin, 2010). Large chambers such as the
EUPHORE chamber in Valencia and the SAPHIR chamber in Julich, described in
chapter 1, are unable to carry out low NOx conditions as NO> reacts with water to form
HNO: which adheres to the Teflon chamber walls. In HIRAC this can be remediated
by cleaning the walls and evacuating the chamber prior to experiments, however for
facilities such as EUPHORE and SAPHIR, which are essentially large Teflon bags,
this is not possible. Therefore given its size, HIRAC has the potential that few
chambers have to simulate these low NOy conditions and be able to better understand

the source of the missing OH in non-urban environments.

The aim of this chapter is to evaluate the ozonolysis of alkenes, photolysis of
alkyl peroxides and acetone in the attempt to identify a viable low NOx OH generation
methods for the purpose of isoprene oxidation studies in HIRAC. The first section
will discuss the potential use of a non-photolytic source of OH (ozonolysis of simple
alkenes). This will be followed with the discussion of two photolytic sources of OH

(UV photolysis of acetone and of peroxides).

7.2 OH sources in chamber studies

OH chemistry has been extensively reviewed in the literature (Atkinson, 1986,
Heard and Pilling, 2003), however a full understanding of the products formed during
VOC oxidation processes brought about by OH is lacking and is required to
understand tropospheric chemistry more fully (Stone etal., 2011, Whalley et al., 2012,
Archibald et al., 2011). There have been various OH generation methods reported for
chamber studies (Siese et al., 2001, Karl et al., 2004, Albu et al., 2006). Several
investigations have been reported using multiple atmospheric simulation chambers.

An example of the different generation methods available is highlighted in a
study by Picquet-Varrault et al., on the OH radical oxidation of allyl acetate. The study
was performed over three different chambers using three different OH precursors
which were chosen based on the construction of the chamber and the suitability of the

OH precursor (Picquet-Varrault et al.,, 2002). Two of these investigations were
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performed in the LISA facility in Paris (one experiment in an indoor Teflon film bag
and another in an indoor pyrex photoreactor), and the other investigation was carried
out in the EUPHORE chamber in Valencia.

The first sets of experiments in the LISA facility were carried out using the
photolysis of hydrogen peroxide in purified air. All kinetic results for this study were
obtained from these experiments. A mechanistic study was also carried out in the
pyrex photoreactor using methyl nitrite or nitrous acid (HNO.) photolysis as their OH
radical generation method in purified air. The outdoor simulation chamber
EUPHORE experiments were aimed at obtaining additional mechanistic information
from the reaction of OH radical with allyl acetate. In this case OH was generated by
the photolysis of nitrous acid formed in chambers by reaction of NOx with water to
walls. The formation of nitrous acid in atmospheric chambers has been known for
some time (Besemer and Nieboer, 1985) and is the main method of radical generation
in the EUPHORE chamber.

2 H,0 +2 NO — 4 HNO (R7.6)
HNO.— OH + NO (R7.7)
It is based on the surface area/volume ratio which in principle can be used to
roughly estimate the OH radical flux from this photolysis in chambers (Besemer and
Nieboer, 1985).

The OH sources investigated in HIRAC and reported in this chapter are three
different low NOx methods: the ozonolysis of alkenes and photolysis of peroxides and
acetone. As already mentioned in chapters 1 and 2, the capability of detecting radicals
in a chamber the size of HIRAC is what makes it unique (Glowacki et al., 2007a).
Alkyl nitrite photolysis has been previously characterised by Tamsin Malkin in
HIRAC (Malkin, 2010). Alkyl nitrite photolysis has been used as an OH precursor in
kinetic studies involving OH for many years and is a well-established method under
high NOy conditions (Atkinson, 1986, Zhou et al., 2008). The photolysis of methyl
nitrite at 300 — 400 nm leads to the generation of OH radicals via the following

reaction mechanism;

A= 290
CH3ONO + hy——3 CH30 + NO (R7.8)
CH30 + O2 — CH20 + HO2 (R7.9)
HO2 + NO — OH + NO (R7.1)
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Methy! nitrite photolysis in HIRAC gave OH yields in the order of 108 molecule
cm in HIRAC, however these results have been questioned and recent work by Fred
Winiberg on the HIRAC FAGE revealed a possible unknown interference under high
NOy conditions which had previously not been reported. For this reason, and the
necessity to conduct reactions under low/zero-NOyx conditions in HIRAC to
investigate the missing OH recycling for isoprene oxidation, these three different OH

sources have been individually assessed in this chapter.

FAGE measurements would be beneficial in backing up these results and these
methods also provide a way of calibrating the instrument in HIRAC. It must be
pointed out that the FAGE instrument was out of action due to problems with the
FAGE laser system at the time when the majority of these experiments were carried
out. The only FAGE results obtained and to be reported in this chapter are for the tert-
butyl hydroperoxide. This is not the first time an OH yield was determined by FAGE
in HIRAC (Malkin et al., 2009). The unavailability of FAGE for a number of these
investigations meant that only the relative rate and scavenger methods, to be described
in the following section, were available to investigate the OH yields from some of the

generation methods investigated.

7.3 Ozonolysis of simple alkenes

7.3.1 Introduction

The ozonolysis of alkenes in the atmosphere has been introduced during the
characterisation of the mini photolysis chamber in Chapter 3. The gas phase reactions
of O3z with alkenes and other VOCs containing carbon-carbon double bonds lead to
the production of OH radicals (Johnson and Marston, 2008). Being a non-photolytic
precursor, this process is regarded as being the major night-time source of OH in the
troposphere, and is also the dominant source during the daytime when alkene
concentrations are significantly high, such as in urban environments (Paulson and
Orlando, 1996).
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The mechanism of the ozonolysis of alkenes is complex (Johnson and Marston,
2008) and has been discussed in Chapter 3 during the characterisation of the mini
photolysis chamber. The reaction is known to proceed via a Criegee intermediate
(Criegee and Wenner, 1949) which is either stabilised collisionally or decomposes to

give rise to OH radicals as is shown in Figure 7.3.

.D/c: :\> o + OH

M
\ :f
o
>. /

Figure 7.3: Mechanism of OH radical generation via Criegee intermediate
rearrangement during the ozonolysis of trans-2-butene (Johnson and Marston, 2008).

There is evidence that suggests that a 1, 4-sigmatropic shift in a Criegee
followed by bond fission will result in OH radical formation (Martinez and Herron,
1988). The OH yield depends on the alkene. These experiments have been previously
investigated by Tamsin Malkin in HIRAC (Malkin, 2010) who carried out
experiments for trans-2-butene and isoprene ozonolysis in HIRAC and also obtained

absolute OH yields from the ozonolysis of isoprene (Malkin et al., 2009).

Experiments have been carried out again to reinvestigate the suitability of this
reaction as an OH source under low NOy conditions. This method is only suitable as
a source of OH when the species being investigated reacts faster with OH than the
competing reaction between the alkene and OH. There is also need for the species to
have a slow reaction with Os. An investigation on aerosol aging in a small chamber

made use of this generation method as a source of low NOx OH (Lambe et al., 2007).
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7.3.2 Experimental Method

O3 generation in HIRAC was performed using a mercury pen-ray lamp (Oriel
Spectra-Physics, 6035) which photolysed the Oz introduced in these experiments until
1 — 3 ppmv of [O3] was generated prior to the introduction of the alkene. Oz was
monitored were determined by a conventional UV photometric Oz analyser (Thermo
Electron Environmental instruments, Model 49C). A standard flow rate of 2
L/minutes sampled continuously from HIRAC with averaging time of 10 s. A
detection limit of 1 ppb was determined for this instrument based on previous
calibrations by Glowacki using a commercial ozone primary standard (Thermo
Electron Corporation 49i-PS) and intercomparison with the HIRAC FTIR (Glowacki
et al., 2007Db).

All experiments were carried out in 80% departmental nitrogen, and 20%
oxygen. All gases were used as provided from the supplier: n-butane (Sigma-Aldrich,
99%) and iso-butane (Sigma-Aldrich, 99%). Several purification freeze-pump-thaw
cycles were carried out for trans-2-butene (Sigma Aldrich, 99.5%) and cyclohexane
(Sigma-Aldrich, 98%) to remove any impurities that may react with OH. Typical
initial concentrations for relative pair hydrocarbon tracers were ~1 ppmv each, while
typical concentrations of cyclohexane scavenger for scavenger experiments were
~400 ppmv. The hydrocarbons were flushed into HIRAC via the delivery vessel prior
to the introduction of the alkene to record their stability on the GC-FID (Agilent
Technologies 6890N Flame lonisation Detection). This instrument has been described
in Chapter 4, and was used to measure the decay of the hydrocarbon and/or scavenger
tracers. The instrument was set to sample every 2 minutes, and the oven was
maintained at 313 K. Once the alkene was introduced, the ozonolysis reaction
commenced and both the Oz analyser and GC-FID recorded decays of the reactants
and hydrocarbon pairs. These are shown in Figures 7.4 and 7.5 for Oz and trans-2-
butene respectively. All four fans were operational during these experiments and were

run at 50% of their output speed (1500 rpm).

The OH generated from these methods could be estimated using one of two
known techniques: relative rate tracer pair and scavenger technique. These two
methods, albeit indirect, both provide evidence of OH generation during the

experiments. The main criteria for the selection of the hydrocarbons used for both
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methods are dependent on their reactivity towards OH radicals but relative
unreactivity towards any other reactive species present in the chamber. The relative
rate tracer pair makes use of the same principles highlighted in chapter 4 for the
relative rate method, and provided the above mentioned criteria are met, the relative
changes of these two hydrocarbons should be dictated by the relative reactivity with
OH being generated. A quantitative way of obtaining OH yields from these
experiments would involve use of a scavenger hydrocarbon method, which implies
addition of a hydrocarbon in high enough concentrations to react with all the OH being
generated in the chamber. The OH generated here could be inferred by quantitatively
interpreting the effect of varying concentrations of the scavenger during the

experiment.

OH reacts with hydrocarbons present in HIRAC giving several oxidation
products. The rate of reaction will depend on the concentration of the hydrocarbon
and the OH, which can be inferred from the hydrocarbon decay, provided the

hydrocarbon is only removed due to reaction with OH.

OH + HC — Products (R7.10)

-k orenc [OH]HC] (Eq7.1)

[OH]= _(=d[HC]/dt) (Eq7.2)
Kot X[HC]

where —d [HC]/dt is the decay rate of the hydrocarbon and kow+tc is the rate
coefficient for removal of the hydrocarbon with OH. The rate coefficient can be
determined from the literature and also obtained using a relative rate during the
experiment, and the hydrocarbon concentration [HC] can be measured, the [OH] can
be inferred using the Guggenheim method (Bloss et al., 2004). This is first done by

calculating the experimental pseudo first order coefficient for hydrocarbon decay:

P In(fHC],/[HC],)
k B — (Eq 7.3)

where [HC]: and [HC]> are the concentrations at t; and t> respectively. The

mean OH concentration can then be inferred by calculating the following:

[OH] = ¥ -Xa) (Eq 7.4)

kon+HC
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Where Kgi is the dilution rate of the measured [HC] due to FAGE and GC sampling.
Saturated hydrocarbon tracer pairs were used to obtain an [OH] estimate from these
experiments. An iso-butane/n-butane hydrocarbon pair was used. The relative rate
methodology for these experiments is similar to that described in Chapters 4 and 5. A
distinct disadvantage of a scavenger experiment over the relative rate tracer pair
method is the mean [OH] will be lowered due to the presence of excess amounts of
hydrocarbon scavenger (< 100 ppmv) reacting with all the OH being generated. The
relative rate tracer pair technique uses smaller concentrations (> 1-2 ppmv) of

hydrocarbons resulting in a larger more detectable mean [OH].

7.3.3 Results

Results obtained for two sets of experiments on the ozonolysis of trans-2-
butene are presented here. Further investigations will take place to fully characterise
this generation method in HIRAC, and these results are expected to appear in Fred
Winiberg’s thesis (2014) and therefore results reported in this section are preliminary.
Both experiments carried out used similar starting conditions (2 ppmv Oz, 3 ppmv
trans-2-butene, and 1 ppmv of hydrocarbon tracers). One of the experiments included
cyclohexane as a scavenger, while the other made use of two relative rate tracers. The
decays of the Oz and trans-2-butene decays from the first experiment are shown in
Figures 7.4 and 7.5.

Unfortunately it was not possible to obtain an OH vyield from the scavenger
experiments given the very small relative stoichiometric change of cyclohexane
observed on the GC-FID and the unavailability of the FTIR instrument at the time of
the experiments meant cyclohexanone product yields could not be used as a measure
of OH as was done previously by Tamsin Malkin in HIRAC (Malkin et al., 2009).
Note that in order for the cyclohexane to scavenge at least 99% of the OH generated,
about 400 ppmv of cyclohexane was estimated to be introduced in HIRAC prior to

the start of the experiment.
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Figure 7.4: [O3] decay with trans-2-butene, 3 ppmv, in the presence of a
cyclohexane scavenger, 500 ppmv, in HIRAC at 1000 mbar and 292 K.
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Figure 7.5: Comparison of MCM modelled trans-2-butene decay with experimental
decay from reaction of trans-2-butene, 3 ppmv, with Oz, 2 ppmv, in the presence of
a cyclohexane scavenger, ~500 ppmv each, in HIRAC at 1000 mbar and 292 K.

A relative rate experiment was also carried out for iso-butane/n-butane pair
during the ozonolysis of trans-2-butene. A relative rate plot for this experiment is
shown in Figure 7.6. 1.5 ppmv of iso-butane and n-butane were used, with n-butane

being used as a reference compound in this case given that its reaction with OH has
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been reviewed by IUPAC (Atkinson et al., 2006a). The rate coefficient used for the

reaction of OH with n-butane was (2.35 + 0.23) x 10*? molecule cm3 s,

0.10

0.08 -

Slope =0.89 £ 0.10

0.06

0.04 4

0.02 1

In ([/so-butane], / [/so-butane]y)

. . , . , .
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In ([n-butane], / [n-butane]s)

Figure 7.6: Relative hydrocarbon (n-butane/iso-butane, 1ppmv each) pairs included
during trans-2-butene (2 ppmv) with Oz (3 ppmv) in HIRAC at 1000 mbar and 292
K.

The above relative rate plot demonstrates that OH is being generated in HIRAC
from this method. The relative rate ratio obtained for iso-butane/n-butane is in
excellent agreement with ratio from rate coefficients recommended by IUPAC (0.90
+ 0.08) (Atkinson et al., 2006a). The OH generated during this experiment could be
estimated from the hydrocarbon tracer pair decays using the methodology detailed in
Section 7.3.2. These calculations gave a mean [OH] in HIRAC of 1.1 x 10° molecule
cm3, averaged over the hydrocarbon decays measured using the GC-FID. This is
lower than what is expected from trans-2-butene (~107 molecule cm3) which has been
previously reported to have an OH yield (Yowr) of 0.47. These experiments could not
be backed up with FAGE measurements, and therefore a steady state [OH] could not

be verified for this OH generation method.
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7.3.4 Discussion

The result obtained from this investigation demonstrates the potential of
HIRAC and the instruments available to qualitatively generate a low NOx source of
OH. The absence of FAGE during these experiments meant it was not possible to
quantify the OH generated. Further characterisation is being carried out to understand
the viability of this method as an OH generation method for HIRAC under low NOx

conditions.

The hydrocarbon decays gave a peak [OH] estimates of ~1.1 x 10°® molecule
cm3, The OH yield (Yon) had been previously reported by Tamsin Malkin to be 0.47
for this reaction, implying that if this method could be sustained for longer periods of
time then it may be a suitable method of generating OH under low NOy conditions in
HIRAC.

This method gives a reasonably high peak [OH], within the detection limits of
the FAGE instrument, from small initial concentrations of alkene and ozone in
HIRAC. The challenge with this OH generation method is being able to sustain the
steady state of OH in HIRAC, which would be dependent on replenishing the alkene
and Oz gradually during the duration of the experiment. There may also be issues
regarding reactivity of Os in particular if isoprene were to be investigated, and the

difficulty in analysing all the products generated from these ozonlysis reactions.

7.4 Low pressure acetone photolysis

7.4.1 Introduction

Acetone, CH3COCHz3, is the most abundant carbonyl compound in the
atmosphere, now regarded as being an important source of OH in the upper
troposphere (Sprung and Zahn, 2010). This arises from higher than previously thought
concentrations of acetone in these parts of the troposphere (Folkins and Chatfield,
2000).

202



Investigations of OH generation methods under low NO, conditions

Photolysis is a significant removal process and a source of HO radicals in the
upper troposphere (Gierczak et al., 1998). Acetone originates from both natural
(vegetation) and anthropogenic (biomass burning) emissions, as well as from the
oxidation processes of alkanes (McKeen et al., 1997, Gierczak et al., 1998, Talukdar
et al., 2003). The two main pathways of acetone photolysis are shown in R7.11a and
R7.11b:

CH3COCHS3 + hv (<338 nm) — CH3CO + CH3 (R7.11a)

CH3COCHz + hv (> 299 nm) — CHs + CHz + CO (R7.11b)
Acetone photolysis is a suitable method for generating NOyx free OH in
chamber studies (Seakins and Blitz, 2011, Carr et al., 2008). It is also readily available
as it is used ubiquitously as a solvent. This method of generating OH radicals is

considered to be “straightforward” as it does not require any synthesis. The pathway

leading to HOx formation is highlighted from R7.12 — R7.15:

CH3COCH; + hv (=299 nm) + 202 — CH3O2 + CHsC(0)O2 (R7.12)

CH3COCHz+ hv (> 299 nm) — CHsCO + CHs (R7.13)
CH3CO + 02 — OH + CH2C(0)0 (R7.14)
CH20 + hv + 20, — CO + 2HO; (R7.15)

The yield of acetylperoxy radicals from R7.14 is known to decrease from
>95% at pressures above 135 mbar to about 50% at 8 mbar (Tyndall et al., 1997).
Indirect evidence for the formation of OH radicals from the low pressure
decomposition has been shown by Tyndall’s work. The carbon-containing coproduct
of this channel has been recently identified as an alpha lactone by Chen and Lee
(2010) that support the concerted mechanism shown in Figure 7.7. This mechanism
had been suggested by Tyndall but could not be proved due to the difficulty in
identifying the coproduct(s) of the reaction, but Chen and Lee have reported

identifying this lactone using transient FTIR (Chen and Lee, 2010).
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Figure 7.7: Reaction pathway for acetone photolysis under low pressure and the
production of OH.

At higher pressures however the OH yield is outcompeted by stabilisation by
collision of an excited peroxy radical with other species present in the atmosphere
(Arnold et al., 2004, Carr et al., 2008). As a consequence, using this method at high
pressures would yield low [OH], thereby being a more suitable source for experiments
conducted at lower pressures. The suitability of this method was tested at pressures of
<200 mbar which is relevant to the upper troposphere and therefore not as relevant to

biogenic VOCs oxidation which are short-lived in the troposphere.

7.4.2 Experimental Method

These experiments were performed in the recently refurbished mini photolysis
chamber detailed in chapter 3 (FAGE is inaccessible for this chamber). Initial
experiments and characterisation of this chamber has already been highlighted in
chapter 3, and this section follows from the work done on the pressure dependence of

acetone photolysis.

The lamps used for these photolysis experiments were two 254 nm Philips
75W/HO TUV T8 UV C lamps and all these experiments were carried out in an air
mix made up of 80% departmental N> and 20% O». All gases were used as provided

from the supplier: propane (Sigma-Aldrich, 99%), n-butane (Sigma-Aldrich, 99%)
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and 2-methylpropene (Sigma-Aldrich, 99%). Several purification freeze-pump-thaw
cycles were carried out for liquids used in these experiments: acetone (Sigma Aldrich,
99.5%) and cyclohexane (Sigma-Aldrich, 98%) in order to remove any impurities that

may photolyse or have an effect on the chemistry being studied.

Hydrocarbon and acetone decays were monitored using the GC-FID
instrument described in chapter 2. The reaction mixture was analysed at 6 minute
intervals for approximately 40 minutes prior to photolysis to determine the presence
of any potential dark reaction that could be removing any of the reactants. A recently
setup LabView 10.1 software has been developed to read the thermocouples in the
chamber read ~290 £ 3 K (the uncertainty was taken as the average variation during

the duration of the experiments).

Typical starting concentrations used for all these experiments were ~60 — 120
ppmv acetone and ~1 — 5 ppmv hydrocarbons. These proportions were found to be
suitable for ensuring 99% of [OH] generated would react with the hydrocarbons used
as tracers to quantify the [OH]. This OH generation could be quantified through
measurement of hydrocarbon decays on the GC-FID instrument. The relative decay
of the two hydrocarbons is a further confirmation that both hydrocarbons are reacting
only with the OH radical and no other species that may be present during the

experiment.

Calibration of the GC-FID instrument was necessary prior to experiments to
confirm validity of sampling and test the recently set up solenoids and LabView
software used to automate the sampling process for the mini photolysis chamber. This
was carried out by repeat dilutions of a known measured concentration of the acetone
and ethane, and measuring the peak areas and peak heights which are expected to
scale linearly with concentration. The measured amounts of organics were flushed
into the mini photolysis chamber via a stream of N2 through a 4.33 x 10 L copper

delivery vessel.

During the hydrocarbon decay experiments, repeat GC measurements were
taken from the chamber and an OH vyield was determined from the photolysis of

acetone using the following relationship:

[OH] = Yon x A [Acetone] (Eq 7.5)
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Where Yon is the OH yield from acetone photolysis during the experiment.
The [OH] is experimentally determined based on knowing the concentration of
hydrocarbon at the start of the experiment and the loss of hydrocarbon during
photolysis would translate into [OH] present in the chamber. A relative rate
experiment carried out for these systems would confirm the hydrocarbon being
investigated is only reacting with OH radicals based on known rate coefficients for

their reaction with OH.

7.4.3 OH estimation from low pressure acetone photolysis

The potential of these reactions as a source of OH radicals for flash photolytic
kinetic studies has been investigated by Carr et al. (Carr et al., 2008). The merits of
the ketone/oxygen OH source are contrasted with other established precursors. The
advantage of using this technique as an OH source in chamber studies in that it is a
NOx free source and it does not require synthesis or problematic storage. The main
disadvantage of this technique, more so at high pressures, is its low OH yield, meaning
high concentrations of acetone are required to produce comparable OH concentration
of the other techniques (~50 ppmv at 1000 mbar).

An average photolysis rate for acetone (Jacetone) Of (2.21 + 0.15) x 10 st was
obtained in the mini photolysis chamber over pressures of 150, 175 and 200 mbar
(shown in Figure 7.7). All three pressures gave Jacetone Within error of the average,
therefore very little change was observed over this pressure range, further confirming

the pressure independence of this process as had already been stated in chapter 3.
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Figure 7.8: Average Jacetone fOr acetone at 290 = 5 K over a pressure range of 150 —
200 mbar in the mini photolysis chamber.

Scavenger experiments were initially carried out using excess cyclohexane,
but as was noted for the alkene ozonolysis experiments, difficulties were encountered
in obtaining a detectable change of cyclohexane on the GC-FID. A hydrocarbon tracer
experiment was carried out with 1.5 ppmv of propane and n-butane being introduced
in the mini photolysis chamber at 200 mbar and 292 K. The hydrocarbon decays were

monitored using the GC-FID and decays are shown in Figure 7.8.
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Figure 7.9: Hydrocarbon decays of propane and n-butane pairs reaction with OH at
200 mbar in the mini chamber at 292 K.

A relative rate ratio for the two hydrocarbons was derived from these two
hydrocarbon decays for this experiment. Estimation of OH formation from the
photolysis of acetone was obtained using the same methodology described in Section
7.3.2. The initial concentrations in the chamber on the GC prior to photolysis were
used as an estimate of sampling/systematic errors from the GC detection for the mini
photolysis chamber. A relative rate ratio of 1.9 £ 0.2 obtained from these decays
(shown in Figure 7.9) are within error of the ratio of rate coefficients recommended
by IUPAC of 2.2 £ 0.1 (Atkinson et al., 2006a). Uncertainties reported in the relative
rate ratio are obtained from a linear regression using Regres2, similar to previously
reported relative rate studies in HIRAC. These results confirm the decays observed in
the chamber for these hydrocarbons are the result of OH reactivity generated from

acetone photolysis.
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Figure 7.10: Relative rate for acetone photolysis at 200 mbar in the mini chamber at
290 £ 5 K.

From these results [OH] was estimated to be in the region of (1.3 + 0.5) x 10’
molecule cm™ based on the average for the two sets of hydrocarbon decays shown in
Table 7.1. Quantification from solely using the relative rate approach is not as
sufficient evidence to conclude on the large [OH] generated as the steady state [OH]
from this generation method can be better obtained when the experiment is coupled
with FAGE detection of OH. As with other investigations in this thesis, the
comparison of two different techniques and the measuring of different reactants

simultaneously offers better reliability in the results reported.

Kpropane+oH 1.09 x 102 Kn-butane+OH 2.36 x 10712
[Propane]/ molecule cm™ | 2.17 x 108 | [n-butane]/ molecule cm™ | 3.26 x 108
gradient 3.85 x 1010 gradient 6.94 x 1010

[OH]/ molecule cm-3 1.63 x 107 [OH] / molecule cm™ 9.02 x 108

Table 7.1: [OH] estimation from propane and n-butane decays at 200 mbar in the
mini photolysis chamber.
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7.4.4 Discussion

This OH generation method has, to our knowledge, not been previously
characterised for chamber studies. The study carried out in the mini photolysis
chamber demonstrates the potential of this method to generate high OH vyields for
kinetic and mechanistic experiments in chambers. Further experiments may be carried
out to better assess the OH yield from this method over different pressures. Another
possible investigation of interest could be a temperature dependence study of the
photolysis of acetone and OH generation, which could be investigated both in the mini
photolysis chamber, following the recent installation of a temperature control system
which is currently being characterised by Stephanie Orr, as well as in HIRAC, with a
working FAGE instrument a vital asset to obtaining OH measurements. It is expected
that as the temperature increases the OH yield decreases as there is more stabilisation
of the peroxy radical intermediate formed. The only issue faced with carrying out
these experiments in the mini photolysis chamber is the low output from the lamps at
lower temperatures. The 8 lamps in HIRAC proved sufficient for the photolysis of
chlorine during chlorine temperature dependent experiments in Chapter 5, however
the output of the lamps was not as crucial in these experiments as it would be for
acetone photolysis. If unsuccessful in the mini photolysis chamber, some experiments
could also be carried out in HIRAC, with the added benefit of having the FAGE

instrument for direct OH measurements.

Another major advantage of this method is the potential for generating OD
radicals. As the H atom in the OH radical comes from a methyl group in acetone, it
won’t be likely to exchange, so photolysis of CD3COCD3 should be a good source of

OD for laboratory kinetic experiments.

One major disadvantage of this technique however, is the fact that the OH
yields are only sufficiently high at pressures that are irrelevant to short-lived VOC
oxidation processes of interest, such as isoprene and o-pinene; the only exception
being when tropical convections push these latter species in the higher regions of the
troposphere (Apel et al., 2012). This generation method would be useful for studying
longer-lived emissions which are transported higher up in the troposphere or the
chemistry from emissions of aircrafts and volcanoes which are major contributors to

VOCs in the upper troposphere in an environment where typical pressures of ~100
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mbar and temperatures of ~220 K exist. Given the capabilities available with both
HIRAC and the mini photolysis chamber in the wide temperature and pressure ranges
that can be studied, these proposed studies could potentially yield some useful
information, stressing the advantage of a chamber being able to operate over

temperature and pressure ranges relevant to the entire troposphere (Seakins, 2010a).

Another final limitation is the photolysis of products and the fact that the
species investigated need to react faster than the competing acetone + OH reaction
(1.8 x 10°" molecule cm= s1) (Atkinson et al., 2006a). This method would however
be better suited than alkene ozonolysis in the case of isoprene oxidation studies, given
isoprene reacts 500 times faster than acetone with OH, however isoprene reacts with

0zone.
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7.5 Peroxide photolysis

7.5.1 Introduction

This section will assess the use of peroxides as a source of OH under low NOy
conditions in HIRAC. This has previously not been attempted in HIRAC; however
other quartz and Teflon chambers have reported use of hydrogen peroxide to study
OH chemistry. To our knowledge, no previous chamber studies have utilised tert-
butyl hydroperoxide, which is characterised for the first time in an atmospheric

chamber.

Peroxides are important trace species in the troposphere primarily as HOx
reservoirs which regulate the oxidation capacity of the atmosphere (Gunz and
Hoffmann, 1990). Recent reports on atmospheric peroxides have focused on aerosol
and cloud formation, primarily through the formation of sulfuric acid. Several organic
peroxides are known to exist in the troposphere and these are formed via peroxy
radical reactions with HO> radicals. Hydrogen peroxide (H20.) and hydroxymethyl
hydroperoxide (HOCH2OOH) are also known to be formed by the ozonolysis of
alkenes in the presence of water vapour (Mertes et al., 2012, Frey et al., 2009, Zhang
etal., 2012, Kwan et al., 2012).

Primary sinks for peroxides in the troposphere are reaction with OH radicals
and photodissociation in the UV range (Baasandorj et al., 2010). Very few field and
laboratory studies have been carried out to date on organic peroxides (Francisco and
Eisfeld, 2009, Zhang et al., 2012, Frey et al., 2009) and detailed kinetics and oxidation

mechanisms are lacking for these species.

The photochemistry of both hydrogen peroxide (Chu and Anastasio, 2005,
Vione et al., 2003) and tert-butyl hydroperoxide has been extensively investigated
(Baasandorj et al., 2010). The generation of OH from the photolysis of the peroxide
is dependent upon Eq 7.6, where (1) and ®()) are the absorption cross section and
OH quantum vyield of the peroxide at the photolysis wavelength. During the
experiments carried out in HIRAC, the concentration of the tert-butyl hydroperoxide
is measured from either GC-FID or FTIR.
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[OH]o = o(L)D(A)[Peroxide] (Eq 7.6)

UV radiation splits the peroxide bond yielding two OH molecules in the case
of H20, (® = 2) and the formation of OH from these peroxides is shown in R7.17 and
7.18.

H203 + hv— 2 OH (R7.17)
(CH3)3COOH + hv— OH + (CH3)3CO (R7.18)

The alkoxy radical (CH3)3CO decomposes to produce acetone and a methyl
radical as is shown in R7.19 (Curran, 2006, Orlando et al., 2003):

(CHs)3CO + M — CH3sCOCH;z + CHs + M (R7.19)

7.5.2 Experimental Method

Experiments were carried out using the scavenger and relative rate
hydrocarbon tracer techniques whereby either one (in excess) or two hydrocarbons
that reacted with the OH generated during the experiment were monitored using the
HIRAC GC-FID or in some experiments also using the FTIR. [OH] yields from
peroxide photolysis was inferred from these decays and compared with OH
determined from FAGE detection when FAGE was operational. All FAGE

measurements and analysis were carried out by Fred Winiberg.

The methodology used has been described in Section 7.3.2. The mean OH

concentration can then be inferred by calculating the following:

[OH] = & ka) (Eq7.7)

kon+nc

Where kgi is the dilution rate of the measured [HC] due to FAGE and GC sampling.
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Figure 7.11: Hydrocarbon decay of n-pentane measured using the HIRAC GC.

ki is calculated as a function of the calibrated mass flow controller used to
control the dilution flow and the chamber volume (4.5 x 10° s™). An example of
hydrocarbon decay for n-pentane at 292 K and 1000 mbar in HIRAC is shown in
Figure 7.10. The linear rather than exponential shape of this decay plot is indicative
of the constant rate at which OH is being produced, implying a steady state is being
reached sufficiently high for the purpose of this experiment. The [OH] reacted with
the hydrocarbon can be estimated based on the loss of [hydrocarbon] during the

experiment, provided the only loss process occurring is the reaction with OH.

The HIRAC FAGE was powered using a new laser system operating at a
medium repetition rate and higher energy than the previous FAGE instrument used in
HIRAC. Tamsin Malkin used an Nd:YAG (JDSU Q201-HD) pumped dye laser (Sirah
Cobra stretch) producing 308 nm light for on-resonance OH detection. The new
HIRAC FAGE system was implemented and calibrated by Fred Winiberg and was
pumped by an Nd:YAG (Litron, NANO-TRL-50-250) pumped dye laser (Lambda
Physik, LPD3000) operating at 200 Hz pulse repetition frequency. A laser pulse
energy of 0.24 mJ pulse™® at 308 nm was initially used for on-resonance OH detection.
A more in depth description of the laser system and specifications of the HIRAC
FAGE instrument will be reported in Fred Winiberg’s thesis (Winiberg, 2014).
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The lamps used for these experiments were 8 germicidal GE G55T8 / OH 7G
UV C lamps that photolyse the peroxide at 254 nm:

(CH3)3COOH + hv — OH + product (R7.20)

A comparison of the typical room temperature absorption cross sections for
(CHz3)3COOH and H20: is shown in Figure 7.11. Both peroxide and the chosen
hydrocarbons were introduced through the vacuum-line delivery system at equal
concentrations (=5 x 10! molecule cm=). In the case of scavenger experiments, the
only difference was the concentration of hydrocarbon introduced was higher,
depending on the peroxide concentration introduced and reactivity of the peroxide
with OH. The amount introduced would be based on the chosen hydrocarbon’s rate
coefficient with OH in comparison with the precursors, and the concentration would
be required to be high enough to out-compete the precursor by reacting with 99% of
the OH generated.
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Figure 7.12: UV absorption cross sections of H,02, CH3O0OH, HOCH>OOH (Sander
et al., 2010) and (CH3)sCOOH measured at 296 K (Baasandorj et al., 2010).

This method however would result in a lower OH steady state and give very

small decay measurements. The preferred relative rate technique allowed for an [OH]

steady state of roughly ~5 x 10° molecule cm=which is a measurable quantity on the

HIRAC FAGE instrument. The hydrocarbon concentrations used in this method also

gave more adequate relative changes for the GC-FID to measure. These hydrocarbon
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concentrations and the precursor concentration were measured using the HIRAC GC-
FID (0.53 mm i.d. column coated with a 50 m, operated at 305 K coated with 100%

dimethylpolysiloxane (J and W, DB-1)) at a time resolution of 6 minutes.

Cyclohexane (99.9% Sigma Aldrich), iso-butene and n-pentane (99.9%,
Sigma Aldrich) were chosen as suitable hydrocarbons as they have similar kon+Hc to
tert-butyl hydroperoxide (70% in H>O Sigma Aldrich), are well understood and

cyclohexane has been used previously, giving accurate sensitivity measurements.

7.5.3 Hydrogen Peroxide

Hydrogen peroxide, H>O», photolysis was tested in HIRAC since the
photolysis is known to only yield two OH radicals (Gunz and Hoffmann, 1990, Vione
et al., 2003) while tert-butyl hydroperoxide photolysis produces OH and a tert-butyl

radical which results in further products (Baasandorj et al., 2010).

Several difficulties were encountered with H>O; in HIRAC. One of the most
problematic was that the contents of the H20. solution provided from the supplier
(Sigma Aldrich: 30% H202: 70% H20) meant that every experiment carried out in
HIRAC introduced copious amounts of water in the chamber. Distillation of the water
prior to introduction into HIRAC would be a laborious time consuming process that
also posed a safety issue due to the high volatility of H.O2. As a result, every
introduction of the H>O> resulted in great difficulty in properly pumping down
HIRAC after experiments. One of the problems encountered was that the water would
settle in the liquid phase making it very energy consuming to remove it by pumping.
The only way the water could be completely rid of following hydrogen peroxide
experiments was by taking HIRAC apart and cleaning the chamber walls manually.
This is not an easy and quick job, but was necessary given the potential corrosive
effects the hydrogen peroxide had already caused in HIRAC. The water content also
had a significant negative effect on the FTIR background, which when subtracted

would result in poor experimental spectra.

The oxidising effects of H.O on the chamber walls and propensity to go to
the walls made it very hard for H.O> to be quantified using the FTIR. Hydrogen

216



Investigations of OH generation methods under low NO, conditions

peroxide (H202) has been previously used as a source of OH in glass chambers (Albu
etal., 2006, Klotz et al., 2002, Zhou et al., 2006) but has to our knowledge never been

reported for use in steel chambers.

7.5.4 Tert-butyl hydroperoxide

The photolysis of tert-butyl hydroperoxide was attempted following the
unsuccessful attempts of using hydrogen peroxide as an OH source in HIRAC. The
methodology used has been described earlier in Section 7.3.2 and is based on previous
experiments carried out in EUPHORE (Bloss et al., 2004).

The photolysis rate obtained for tert-butyl hydroperoxide using the same
equipment detailed in Section 7.5.2 was (1.45 + 0.03) x 10 sL. This was obtained in
the presence of a scavenger (cyclohexane) that was present in a large excess over tert-

butyl hydroperoxide ensuring > 99% of OH reacted with the cyclohexane.
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Figure 7.13: Tert-butyl hydroperoxide photolysis rate obtained in HIRAC at 1000
mbar and 292 K in the presence of a cyclohexane scavenger.
Hydrocarbon decays were monitored using GC and FTIR for reaction with OH

generated from the photolysis of tert-butyl hydroperoxide in HIRAC. Figure 7.13
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shows a typical set of hydrocarbon decays measured for iso-butene and cyclohexane
at 1000 mbar and 292 K. Excellent agreement between FTIR and GC-FID
measurements for this experiment further validates the hydrocarbon measurements
being recorded in HIRAC. Figure 7.14 shows a typical relative rate relationship
obtained during the same photolysis of tert-butyl hydroperoxide experiment in
HIRAC.

This relative rate experiment was used to quantify the OH generated from the
relative decays of the tracer iso-butene/cyclohexane hydrocarbon pair measured using
the GC-FID. Excellent agreement was obtained for the cyclohexane decays using both
GC-FID and FTIR instruments demonstrating the accuracy obtained for these
hydrocarbon measurements in HIRAC and validating the GC data obtained in other

experiments were the FTIR could not be used.
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Figure 7.14: Hydrocarbon decays for cyclohexane and iso-butene in HIRAC using
GC and FTIR detection at 292+ 3 K and 1000 mbar. iso-butene was below the
detection limit on the FTIR and could not be shown.
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Figure 7.15: Relative rate for the reaction of OH with iso-butene and cyclohexane in
HIRAC at 292 + 3 K and 1000 mbar.

A relative rate plot for this hydrocarbon pair is shown in Figure 7.14 for results
obtained by GC-FID. A relative rate ratio could not be obtained using FTIR data given
the iso-butene was below the detection limits in this experiment. A relative rate ratio
from the GC-FID measurements of 3.20 + 0.28 was obtained from this experiment.
The relative rate coefficient derived from this ratio using a literature rate coefficient
for cyclohexane of (6.9 + 1.5) x 102 molecule cm™ s (Atkinson, 1986) for iso-
butene was found to be (2.4 + 0.22) x 10"** molecule cm™ s, This is a factor of two
lower than the most recent kinetic data reported by Atkinson for iso-butene (5 x 10!

molecule cm= s) (Atkinson et al., 2006a).

A possible reason for the poor agreement for these experimental results with
the literature could be the low percentage change for cyclohexane (10%).
Alternatively, the low concentrations of iso-butene used which meant the iso-butene
was being measured by the GC-FID within its limits of detection (~1 x 102 molecule
cm), or that some of hydrocarbon decays could be due to losses to walls. All the
experimental conditions for the experiments carried out at 1000 mbar for n-pentane
and cyclohexane are presented in Table 7.2. Dilution from the HIRAC FAGE

instrument was accounted for and would not be expected to be an issue for the relative
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rate experiments since the dilution would be expected to be proportional for both

hydrocarbons.
10" molecule cm3 108 st 10" molecule cm® minutes
Hydrocarbon [HC1] [HC2] [TbuOOH] [HC] mean peak [OH] GC
(HC) decay [OH] GC FAGE cycle
n-pentane 2.00 - 3.00 3.58 0.48 1.10 3
n-pentane 5.00 - 5.00 3.50 0.18 1.10 6
cyclohexane 1.94 - 3.41 2.50 0.10 1.50 1.85
cyclohexane 1.98 - 3.41 2.60 0.10 1.60 1.85
iso-butene/ 0.56 5.30 4.50 2.50 0.08 0.40 1.85
cyclohexane

Table 7.2: Experimental conditions in HIRAC for tert-butyl hydroperoxide
(TbuOOH) photolysis at 292 + 3 K and 1000 mbar using HIRAC FAGE and GC-
FID instruments. Mean [OH] was calculated using Eq 7.2.

Table 7.2 shows results for two sets of hydrocarbon tracer experiments for n-
pentane and cyclohexane which were performed to demonstrate repeatability in the
[OH] being detected using the HIRAC FAGE instrument. Excellent repeatability was
obtained for these hydrocarbons with both tracers and an average peak [OH] of ~1 x
10" molecule cm™ for experimental conditions of ~1 — 2 ppmv of hydrocarbon and
peroxide. A comparison of the hydrocarbons traces using GC-FID and FAGE are
shown in Figure 7.15 and 7.16 for n-pentane and cyclohexane respectively. Both
figures show very good agreement between the [OH] measured by FAGE and that
calculated from the hydrocarbon decays from the GC-FID.
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Figure 7.16: Initial n-pentane HC decay experiment using FAGE and GC in HIRAC
at 292 K and 1000 mbar (measurements corrected for dilution, errors to 1c).
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Figure 7.17: [OH] from HC decay (GC) compared with measured [OH] from FAGE
for cyclohexane experiment in HIRAC at 292 + 3 K and 1000 mbar (measurements
corrected for dilution, errors to 1o, non-linear Gaussian fitting used for FAGE

measurements).
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7.5.5 Discussion

Tert-butyl hydroperoxide photolysis has been successfully characterised in the
HIRAC chamber as a suitable OH generation method under low NOy conditions.
Suitable experimental conditions for HIRAC have been obtained that give a peak
[OH] of ~1 x 10" molecule cm™, and mean [OH] of ~5 x 10° molecule cm™. The
results were backed by direct measurements using the HIRAC FAGE instrument, and
the [OH] traces measured over a period of ~30 — 60 minutes agrees well with the

calculated [OH] from the hydrocarbon decays measured using the GC-FID.

Aside from being a useful OH generation source, this method has also been
tested in HIRAC in order to find an alternate way of calibrating the FAGE instrument.
Similar experiments had been carried out in EUPHORE in Valencia to calibrate the
FAGE instrument used for OH detection, and avoid relying on a single measurement
for determination of [OH] in chambers. The use of a hydrocarbon whose reaction with
OH has been well characterised infers an OH concentration from the loss in
concentration of the hydrocarbon, assuming the hydrocarbon was lost solely due to
reaction with OH. The decay of the hydrocarbon infers the OH which is compared

with the FAGE measurement over the same time period.

Pressure dependent calibrations of hydrocarbon decays using tert-butyl
hydroperoxide have also been in HIRAC obtained as part of this work and will be
reported by Fred Winiberg (Winiberg, 2014). HIRAC provides a suitable environment
for these pressure dependent experiments as it can cover a large range of pressures,

which would be of significance to airborne field instruments.
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7.6 Conclusions

OH generation under low NOy conditions in HIRAC will be important in future
to allow for mechanistic studies such as isoprene oxidation as well as other reactions
involving OH with other biogenic VOCs under low NOx conditions. The main criteria
for this source of low NOyx OH much desired in HIRAC were to be relatively “easy”
to conduct (i.e. not requiring much time in preparation for every experiment),
sustainable over approximately 30 — 60 minutes (mean timescale for standard HIRAC
experiment) and generate [OH] within the detection limits of the HIRAC FAGE

instrument (~5x 10° molecule cm®).

In this investigation three suitable sources have been examined and their merits
will be assessed and contrasted according to the information gathered from the
investigations carried out in HIRAC. The goal is to have a clean source of OH radicals
with minimal complications caused by other reactive species. Indirectly, [OH] can be
calculated using either a scavenger or a relative rate pair technique, while direct
measurements may be obtained using FAGE. A combination of these three techniques
has been employed and presented in this chapter. Unfortunately the first two
techniques discussed in this chapter lacked a working FAGE instrument and so only

indirect evidence could be presented.

Table 7.3 highlights the key advantages and disadvantages of the three
different methods of OH generation under low NOy conditions assessed. The first two
techniques involve the photolysis of an OH precursor (peroxides and acetone) while
the third technique involves the reaction of Os with alkenes.

223



Investigations of OH generation methods under low NO, conditions

Low NOx OH
Generation
Method

Advantages

Disadvantages

Low Pressure
Photolysis of
Acetone

Acetone is readily available and
inexpensive.

No preparation or synthesis of any
precursors required.

Acetone chemistry has been well
documented and is understood
(McKeen et al., 1997, Gierczak et al.,
1998, Talukdar et al., 2003).

Low OH yield at atmospherically
relevant pressures.

Photolysis at ~300 nm may lead to
photolysis ~ of  organics  being
investigated and/or reaction products.

Difficult to get lamps with a correct
spectral profile, and with sufficient
intensity.

Photolysis of
peroxides

H,O, and tert-butyl hydroperoxide
are both readily available and
relatively inexpensive to obtain.

Photolysis of both these species have
been investigated and reported in the
literature (Vione et al., 2003,
Baasandorj et al., 2010).

H,O, photolysis has been used
previously in chamber investigations
for studying OH chemistry (Klotz et
al., 2002, Albu et al., 2006).

Peroxides are supplied in solution with
water, and therefore have a tendency to
introduce copious amounts of water
into the chamber.

H20- has a strong potential for loss to
metal chamber walls where it may
participate in heterogeneous reactions
and corrode/oxidise the lining of the
walls.

Tert-butyl hydroperoxide photolysis is
slightly more complex due to more
products being formed and due its
reaction and product reactions with OH
not being easy to avoid.

Simple alkene
ozonolysis

A suitable dark source of OH radicals
in the absence of NOx.

Alkenes are also readily available,
and Os generation in chambers is
easily carried out, ie.: no
requirements for preparation.

Limited to VOCs which do not react
with Os.

Competition between the VOC being
studied and the alkene for OH radicals
limits the reaction of the VOC being
studied.

Table 7.3: Advantages and disadvantages of low NOx OH generation methods
available for chamber studies. All methods have the advantage of not having any

NOx chemistry.

As is listed in Table 7.3, all three precursors used are readily available and do
not require any complicated synthesis or preparation, which saves on time during OH
chemistry experiments in HIRAC. This is advantageous given the average time taken
for experiments in HIRAC is around ~2.5 hours taking into account the time required
to empty the chamber between runs and filling the chamber at the start of each

experiment.
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Alkene ozonolysis takes slightly longer to prepare that the other two photolytic
sources, since Osis made up in HIRAC prior to introducing the alkene and generating
OH in the chamber. This however takes no longer than 30 minutes, although some
time is required for the O3 to properly mix and setup all instruments prior to initiating
the chemistry. However, given the presence of Oz in the system, this technique would
be the least suitable given the reactivity of isoprene and other VOCs with Os. It is also
the most complicated given the alkene concentration would need to be sustained
during the experiment. Tyndall and Orlando at NCAR have been successful in making
use of 2-methyl-2-butene (TME) ozonolysis for the generation of OH in their steel
chamber. Due to time constraints this method could not be tried out in HIRAC,
however could be characterised in future. One challenge with this method is finding
a way of constantly replenishing the fast reacting alkene into HIRAC in order to

maintain the mean OH concentration in the chamber as constant as possible.

Acetone photolysis had, to our knowledge, not been previously used as a
source of OH in chamber studies. This work represents therefore the first attempts at
using acetone photolysis to carry out Kinetics experiments. The study carried out in
the mini photolysis chamber demonstrated the potential of this method to generate
high OH yields for kinetic and mechanistic experiments in chambers. The usefulness
of this technique is however debatable given the OH yield drops significantly at higher
pressures making this source only useful when pressure dependent studies are being
carried out. This generation method would be useful for studying longer-lived
emissions which are transported higher up in the troposphere or the chemistry from
emissions of aircrafts and volcanoes which are major contributors to VOCs in the
upper troposphere in an environment where typical pressures of ~100 mbar and
temperatures of ~220 K exist. Given the capabilities available with both HIRAC and
the mini photolysis chamber in the wide temperature and pressure ranges that can be
studied, these proposed studies could potentially yield some useful information,
stressing the advantage of a chamber being able to operate over temperature and
pressure ranges relevant to the entire troposphere (Seakins, 2010a). One final
limitation includes the fact that the species investigated needs to react faster than the
competing acetone + OH reaction (1.8 x 10" molecule cm= s1) (Atkinson et al.,

2006a). This method would however be better suited than alkene ozonolysis in the
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case of isoprene oxidation studies, given isoprene reacts 500 times faster than acetone

with OH, however isoprene reacts with ozone.

The final generation method assessed in HIRAC was peroxide photolysis. This
method was characterised for tert-butyl hydroperoxide and mean OH of ~5 x 10°
molecule cm™ was measured using the HIRAC FAGE and were monitored using OH
tracers by the HIRAC GC-FID and OH chemistry could be noted for periods of up to
an hour. The decays of the hydrocarbons were comparable to the OH measured using
FAGE over the same time period. The only downfall of this method is the photolysis
lamps used (254 nm) would photolyse any of the VOCs produced that absorb within
that range, which would account for a vast number of the products of isoprene
oxidation which is what is intended to be studied. In order to possibly be able to use
this source in HIRAC to study isoprene oxidation in the future, a method needs to be
thought of that would require the photolysis lamps to be in for very short periods of
time, which would minimise the influence the lamps have over the oxidation reaction

being studied.
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Chapter 8 - Conclusions and proposed future

research

This final section will highlight the original contributions of this work as well
as go through recommendations and potential studies that could further the work
presented in this thesis. Several aspects of atmospheric chemistry have been
investigated, including chlorine reactions with esters (chapter 4), hydrocarbons
(chapter 5) and ethanol (chapter 6), ozonolysis of alkenes (chapters 3 and 7), as well
as various photolysis studies aimed at characterising a generation method of OH
radicals in HIRAC under low NOx conditions (chapter 7). Improvements have also
been made to HIRAC, including the installation of a temperature-control system
(chapter 3) which has been characterised and tested in an investigation on the
temperature dependence of butanes and pentanes over a temperature range of ~220 —
320 K. Product branching ratios have also been investigated during this study, and
have been reported for the first time in HIRAC using measurements made using the
GC-FID and FTIR instruments. Initial testing of a cryogenic trap and the setting up of
this instrument for potential use in isoprene oxidation studies has been mentioned
(chapter 2), the setting up and characterisation of a mini photolysis chamber as a test-
bed for investigations to be carried out in HIRAC (chapter 3), as well as the
characterisation of a low NOy source of OH in HIRAC using GC-FID and FAGE. All
these investigations, their outcomes, and future recommendations are to be

individually assessed here.

The first achievement to be highlighted in this summary is the successful
installation and characterisation of a temperature control system in the HIRAC
chamber. The installation, insulation and temperature profiling of HIRAC was carried
out together with Shona Smith and Fred Winiberg. Successful experiments of the
ozonolysis of propene over a temperature range of ~233 — 323 K presented in chapter
3 confirmed the suitability of this system for studying temperature dependent kinetics.
This system now enables HIRAC to study reactions of interest to tropospheric
chemistry over temperatures of ~220 — 320 K and a pressure range of ~50 — 1000
mbar. This is of importance as it represents the entire range of conditions occurring in

the troposphere. Suggestions on future studies that can be carried out in HIRAC over
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these temperature limits include the study of product ratios for tropospherically
relevant reactions of organics. Such an example has already been presented in chapter
5, where the temperature dependence of butanes and pentanes reactions with Cl atoms
was investigated. The findings from these investigations were novel for the reaction
of Cl atoms with pentanes at low temperatures. The mechanisms of these processes
were also investigated and identification and quantification of product ratios using
both GC-FID and FTIR have been presented over a temperature range. A slight
negative temperature dependence recorded for the reaction of Cl atoms with iso-
pentane has notable atmospheric implications in that the rate coefficient was found to
vary by 15 —20% over 220 — 320 K. These findings are particularly significant in field
measurements where pentanes have been used as a hydrocarbon tracer for Cl atoms
in the Arctic regions. Iso-pentane is however not as abundant as other NMHCs (~10
pptv) (Hellen et al., 2012) but the 15 — 20% change in its rate coefficient may still be
significant should CI atom chemistry be a more significant driver of oxidation on a

global scale than initially perceived.

Given the successful use of this system in HIRAC, and improvements made
at addressing problems encountered during characterisation, including condensation
in the quartz tubes housing the lamps, and over-heating of the lamps when HIRAC
was heated to higher temperatures, this system now has the potential to be used for
several other temperature dependent studies of interest to the troposphere. Similar to
Cl atom chemistry, reactions of atomic bromine are known to play a significant role
in the marine and polar regions (Jobson et al., 1994). Br atom reactions with
hydrocarbons have been sparsely reported in the literature (Laine et al., 2012), and
recent BrO measurements in Polar regions during ozone depletion has shown that
concentrations can be as high as ~5 x 10 atoms cm 3 (Liao et al., 2011b, Liao et al.,
2011a). Given the interest to understand the chemistry in environments where
temperatures vary quite significantly (Arctic temperatures vary from ~220 — 300 K),
HIRAC could provide a suitable platform for the study of these sparsely investigated
reactions of importance and help in better understanding of VOC oxidation processes
in marine and polar environments. There are concerns regarding the introduction of a
corrosive liquid into a metal atmospheric chamber, and in particular the corrosive
effects it may have on the FTIR mirrors. Much consideration needs to be taken into

account before performing such experiments. Bromine reacts vigorously with metals
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particularly in the presence of water, and results in the formation of bromides;
therefore it is important to evaluate the suitability of carrying out such experiments in
HIRAC, perhaps a good way of doing this is to first carry out some tests in the mini
photolysis chamber described in chapter 3. The availability of a smaller scale
chamber in the HIRAC lab will offer increased potential in carrying out experiments
quicker and in testing any experiments that may pose a certain risk of corrosion for

instance, such as these proposed Br atom experiments.

Another achievement and original contribution to be noted is the relative rate
and structure activity relationships obtained for Cl atom reactions with
propionates. The increased interest in esters stemming from the increased use of
biofuels has led to the investigation of the kinetics of these species that are likely to
be generated from the combustion of biofuels. Given the limited number of reports on
the chemistry of these species, chapter 4 aimed at addressing this and investigated
further these compounds and their kinetics with Cl atoms in HIRAC. This was also
seen as a continuation of the work already performed in HIRAC on acetates by Tamsin
Malkin and Khuanjit Hemavibool(Hemavibool, 2009, Malkin, 2010). The reactivity
trends obtained for the different propionates were similar to those previously reported
by Malkin (Malkin, 2010)and stress the importance of obtaining such SARs. Chamber
studies provide the advantage of obtaining temperature and pressure dependent SARs
that could be useful in predicting the rates of oxidation processes of higher organics,
although extrapolation of these kinetic calculations has had some scrutiny over the

years.

Finally the increased importance of the missing OH source in rural
environments (Hard et al., 1986, Archibald et al., 2011, Di Carlo et al., 2004, Stone et
al., 2012) has led to the increased interest in studying OH chemistry under low NOy
conditions. Chamber studies provide a suitable environment for such investigations,
and work on low NOy isoprene oxidation in HIRAC has been happening over the past
year. An important necessity for these experiments to be successful was a suitable
precursor of OH radicals in chambers under low NOy conditions. Several methods
were tested in HIRAC and reported in the final chapter of this thesis (chapter 7).The
findings from this chapter have demonstrated the potential for all three methods to
yield a detectable concentration of OH radicals in HIRAC; however each method was

found to have its limitations. In the case of the ozonolysis of alkenes, the major
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drawback would be sustaining the OH concentrations for a long enough time period
for an experiment to be carried out in HIRAC (30 — 60 minutes). Devising a way of
continuously injecting the alkene into the chamber in order to keep the generation of
OH going is crucial in obtaining a useful low NOy source of OH in chambers out of
this method. This method also struggles from the fact that the presence of Os
chemistry would create complications in the understanding and modelling of the
chemistry in the chamber given the presence of multiple reactive oxidants, and the
greater difficulty in assessing the products from each individual oxidation pathway.

The other two generation methods were two photolytic methods which in
terms of what were achieved, could potentially be useful in future. Acetone photolysis
did yield a detectable amount of OH in the mini photolysis chamber, the first to our
knowledge to be reported in an atmospheric chamber. The OH vyields obtained are
however only sufficiently high at pressures that are irrelevant to short-lived VOC
oxidation processes of interest, such as isoprene and a-pinene. Future proposed work
include a temperature dependence study of the photolysis of acetone and OH
generation, which could be investigated both in the mini photolysis chamber,
following the recent installation of a temperature control system, as well as in HIRAC,
with a working FAGE instrument always being a vital asset in obtaining OH

measurements.

Hydrogen peroxide, being previously used as an OH source in quartz and
Teflon chambers, was shown to be unsuitable in metal chambers, and HIRAC got to
witness this first hand. Unfortunately the consequences of introducing copious
amounts of water (from the hydrogen peroxide supplied) into the chamber and the
corrosive effects (adsorbs and oxidises on metals) on the walls have had to be rectified
by a thorough manual cleaning of the inside of HIRAC. Tert-butyl hydroperoxide was
shown to be a sustainable source of OH yielding detectable quantities of OH in
HIRAC. The only disadvantage noted for this method is the photolysis at 254 nm
would result in the photolysis of any of the VOCs produced that absorb within that
range. This would photolyse most of the products of isoprene oxidation which is what
is intended to be studied. A possible way of by-passing this is by adapting the method
such that the photolysis lamps would only be on for very short periods of time,

minimising the influence the lamps have over the oxidation reaction being studied.
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Appendices

Appendix A - Gas phase reactions of NOs
radical in a flow tube using CRDS

Introduction

This section describes the measurement of the rate constants for the reaction
of NOz with a series of aldehydes and alkenes inside a flow tube using CRDS. This
was carried out to assess a suitable source of NOz in HIRAC. Preliminary work was

carried out in a flow tube.

There are two main methods of NOz generation: thermal decomposition of
N20s and reaction of NO2 + Oz (to be referred to as the in situ method). The most
suitable for the study of NOgz + alkenes is the former method since the latter requires
use of Oz which reacts with alkenes to form OH which will then oxidise alkenes and

complicate the chemistry (Malkin, 2010).

Following several unsuccessful attempts at preparation and delivery of N2Os
in HIRAC, there was a need to improve the preparation and delivery system. A smaller
CRDS system was used in order to better characterise the process of NO3 generated
from N2Os prior to application in the larger volume of the HIRAC chamber. The main
focus of this section will be to present a series of flow tube experiments carried out in
the Dainton laboratory to study NOs generation methods on a smaller scale. This was
used to optimise the conditions necessary for NOs production using thermal

decomposition of N2Os in preparation for subsequent kinetic studies in HIRAC.

Experimental details

Apparatus

An illustration of the CRDS instrument used for these experiments is shown
in A.1. It consists of a 10 Hz pulse repetition frequency red light source (laser), an
optical cavity and detection system. The light source travels along the length of the
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flow tube (of ~ 1 m length) via a set of broadband mirrors, that direct the light into the
optical cavity through 620 nm high reflectivity mirrors (Los Gatos Research, R =
99.995 %, ROC = 1.0 m, A =590 — 650 nm) that are aligned to maximum ring-down.
A Nd:YAG (Continuum Powerlite 8010) pumped dye laser (Sirah, precision scan)
operating on Rhodamine B, which allows scanning at 615 — 630 nm was used with
the output of the dye laser tuned to the desired wavelength light at ~ 623 nm, as NOs
absorbs strongly at this wavelength, and this is within range of the high reflectivity
mirrors used. Argon was used as the purge gas for cleaning the mirrors. The reactants
were introduced through a separate port together with U.H.P nitrogen (B.O.C. zero

grade) gas acting as the bath gas.

Red tuning /_ ______________ Dye laser | N:YAG (332 11.11{, PRF =10
mirror / %= 623nm Hz) laser light

Reactant

-1m 623 nn mirrors

.\* PMT

Filter

N

Red tuning
mirror

Glass flow tube

Used for N,Os
method

Reaction vessel

A.1: A sketch of the CRDS flow tube apparatus.

NOj; generation via an in situ method

NOs detection using CRDS in flow tube

As has already been mentioned, NOs3 radical detection was successful in
HIRAC using the in situ method of preparation; however NOs from N2Os was not
detected. This section will go through the details of NO3 detection using CRDS, and
on the work that has been done in generating NOs in this system as well.
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660 nm mirrors would have been more ideal for the study of these reactions since
absorption of NO2 and Oz are less prominent at this wavelength. The influence of NO2
species present in the study of NOs-organic kinetics is negligible since the majority
of organics have been found to be reactive with NO, to a maximum of 102’ molecule”
1 em®s?t, which is at least a factor of 10° smaller than for the NOj3 radical (Atkinson
et al., 1984). The presence of Oz on the other hand does cause problems, as it reacts
quite readily with various organics, most notably alkenes. The latter reaction was
studied in this work and will be mentioned in the following section. The reactions of
NO3z with aldehydes and with alkenes were also investigated. A summary of the NOs
reactions carried out with aldehydes and alkenes studied using this CRDS system will

follow in later sections.

The signals observed for the NOz and Oz are shown in A.2. The results showed
that doubling the NO, concentration had a small effect on the NO3z signal, possibly
due to an equilibrium effect (NO3 + NO2 < N20s). Based on the results found, a
(NO,) of 102 molecule cm™ was adequate for the purpose of these NOs kinetic
investigations, since the signal observed was enough for the desired Kinetic
experiments to be performed, and since the maximum (O3) was desired to be three

orders of magnitude higher than (NO-) to ensure 100% conversion.

—n—[NO(x2)
—e—[NO]
—v— 0, background

1/t /s

520 621 522 523 524 525

Wavelength mm

A.2: NOsz and Oz CRDS signal scanned over a wavelength range of 620 - 5 nm using
different (NO).
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O3 + alkenes

O3+ alkene reactions were studied in order to better characterise the flow tube
CRDS system and ensure the setup was suitable for similar investigations using NOs.
The ozonolysis of alkenes are an important process in the atmosphere as they provide
a direct oxidation pathway for unsaturated VOCs that competes with OH and NOs
radical initiated processes and leads to production of important reactive intermediates
such as OH and HO- (Paulson et al., 1996; Malkin et al., 2009). Oz cleaves the double
bond of alkenes, forming various different products, including OH in the case of some
species. The kinetics of the ozonolysis of alkenes has been well reviewed in the
literature (Atkinson et al., 2006). The mechanism for the ozonolysis of alkenes was
first suggested by Criegee (Criegee, 1975) and is described in A.3.
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,0
>—o 1 —  Decomposition products

A.3: General mechanism for the reactions of Oz with alkenes (Marston, 1999).

Experimental details

These experiments were carried out with the alkene (10 — 10" molecule cm®) being
in excess of the O3 (10'* molecule cm™), in order to obtain the pseudo-first order rate

decay:

O3 + alkene — products (Al.4)
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42 = [0g] (AL.5)
k' = kO3+a|kene [alkene] (A16)

Where k' is the pseudo-first order rate constant for the Oz + alkene reaction. The
(alkene), being in excess and not being the monitored species, was multiplied by the
contact time in the flow tube (~ 2 — 3 seconds — not well determined due to

uncertainties in volume and flow in tube). Thus the calculation would be:

In % =kt (AL1.7)

therefore, In (O3): = k't + In (O3), (A1.8)

In (O3): = k ((alkene) t) + In (Os)o (AL1.9)

In (O3)- (O3)o= k't In (Oz); = k't + In (O3)o (Al1.10)

Results

A plot of the natural log of the decay of (Oz) as a function of the (alkene) multiplied
by the contact time gives Kos+aikene as the gradient (from equation 5.10). This same
method was used for all the experiments carried out in this system, including reaction
of Oz with ethene, propene, and trans-2-butene, reactions of NOs with ethanal,
propanal and butanal, and reaction of NOz with propene. Most of these reactions were
studied at room temperature, a flow tube pressure of 50 - 75 Torr, and a total flow of
0.25 SLM. The measured rate constants are shown in A.4. Good agreement was
observed with literature values for the reaction of Oz with ethene and trans-2-butene,

however propene was a factor ~ 2 higher than the literature values.

This work / molecule cm® | Literature (Experiment) | Literature (Review)/
Compound
st /molecule cm3s? molecule cm3s?
Ethene 1.74 (£ 0.04) x 1078 1.76 (+ 0.20) x 108 1.58 x 1018
Propene 1.96 (+ 0.06) x 107 1.05 (£ 0.20) x 10°Y 1.00 x 107
Trans-2-butene 2.17 (£ 0.15) x 10°¢ (1.21-2.38)x 1016 -

A.4: Rate constants for the reaction of Oz with ethene, propene and trans-2-butene
measured by CRDS compared to IUPAC recommendations (Atkinson et al., 2006).
The plots for these reactions are shown in A.5. The ratios of the rate constants were
in line with the IUPAC recommendations, however further work is needed in order to
understand better the system and be able to calculate and measure the rate constants
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of these reactions better. An uncertainty in our system, primarily from the estimation
of the contact time, which is not reliably known, is a possible reason why results

obtained are out by a factor of 2 or 3.

2.0

184 = ethene
| ¢ propene
1.6 A t-2-butene
—~~ 1
— 144
(9] ]
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|—|c
' 104
S ]
= 084
c |
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0.2
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[alkene]*contact time / 10" molecules.cm™.s

A.5: Pseudo-first order plots for the reaction of Oz with ethene, propene and butene.

NOj generation via thermal decomposition of N2Os

Preparation

N20s is prepared by reaction of NO2 with Oz using a trap to isolate the N2Os.
Os is produced using an Os generator that converts a flow of oxygen into an ozonised-
oxygen mixture by electrical discharge. Two different Oz generators were tested for
the preparation of N2Os, the Fischer model 250 produces a maximum of 0.1% Os in
O whilst the model 500 has a higher energy electrical discharge and produces 1.0%
O3z in Oo.

The setup for preparation of N2Os is shown in A.6. It consists of a vacuum
line, a 2 L mixing vessel and a trap contained in a metal Dewar filled with a dry-ice /
acetone slurry (195 K). The trap has a vent in order to allow unreacted gases to escape

from the system through a bubbler, to the right of the trap.
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A.6: N2Os preparation setup.

N20s was produced by titrating 2 - 20 Torr of NO2 with a constant slow flow
of O3/Oz into the 2 L mixing vessel. The amount of NO> was typically ~ 2 - 4 Torr for
the standard Os generator (0.1 % O3/Oz), and ~ 20 Torr for the higher electric
discharge Os generator. The flow rate of Oz in to the O3 generators was kept to a
minimum setting on the Oz generator in order to achieve maximum conversion to Os.
The flow of O3/O> into the mixing vessel was also slow in order to ensure efficient
titration of NO2 to N20Os.

The amount of Oz flowed into the mixing vessel was judged by eye, as the
brown colour in the bulb due to NO2 vapour slowly becomes colourless upon titration.
Subsequently an extra ~ 100 Torr of O3/O2 was added to the mixing vessel in order to
ensure maximum NO>— N20s conversion. The mixing vessel at this point still
isolated from the trap was raised to atmospheric pressure by flowing departmental
nitrogen. The tap between the mixing vessel and the trap, and the vent were
simultaneously opened once atmospheric pressure had been reached. The flow of N2
forced the contents of the bulb into the trap, freezing down the product of titration,
i.e. white N2Os crystals. The flow rate through the system was kept low by observing
the bubbler.

The trap, now containing N2Os crystals was evacuated at room temperature in
order to remove any remaining NO> and the sequence was repeated several times in

order to produce a high yield of N2Os. The N2Os produced was stored under vacuum
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at 195 K in a Dewar topped with dry ice. An FTIR spectrum of N2Os produced was
obtained (A.7) to confirm the product identity and purity.

100 - . —~——

% Transmittance

0 — -
1000 1250 1500 1750 2000 2250 2500

1
wavenumber /cm

A.7: FTIR spectrum for N2Os sample preparation.

N2Os absorption peaks were observed at 1246 cm™ (»12 vibration-rotation
band), 1350 cm™ and 1750 cm™. The peaks at 1325cm™ and at 1600cm™ are
interferences from HNO3z and NO- respectively present as impurities in the sample
(Ballard et al., 1993). NO> is used in the preparation of N2Os and is most likely due
to decomposition of the N.Os during sample preparation and time it took to take this
FTIR, where N2Os decomposes to give NOz and NO2. HNOs is most likely present
from the reaction of N2Os with H>O vapour in air, which in our preparation came from

the FTIR cell not being sufficiently pumped down prior to taking a sample.

Results

Following successful preparation of N2Os, a number of studies were carried
out using the flow tube CRDS system. A schematic of our setup is shown in Figure
5.1. Note that the main flow goes through the N2Os only and reagent is injected
directly into the cell. The first set of experiments were designed to optimise the

method for delivery of N2Os into the system. N2Os was introduced through a port
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connected directly to the flow tube thus minimising contact with the walls and
therefore loss of NO3s (Atkinson, 1990). The N2Os was maintained at ~ 195 K until
immediately prior to the start of each experiment. At the start of an experiment, the
N20s bulb/trap was elevated from the dry ice Dewar and allowed to warm up. Signals
due to NOs were observed instantaneously (Figure 5.7) indicating that the N2Os
sample was being rapidly consumed. As a result an immersion probe was employed
to precisely control the temperature of the Dewar into which the N2Os trap was kept
on to using an immersion probe that would control the temperature at which the Dewar

containing our trap of N2Os was kept.

Measured change in ring down time observed from this NOs production
method was at least 5 times greater than in the case of the in situ NO3 generation
method (A.8). These investigations were used to optimise the flow of N2Os to obtain

a sufficient NOgz signal for kinetic studies without consuming N2Os too rapidly.

0.30
'.H- g % -.“'-.l f_'- ﬁ:“l:.\fq\ g,

0.25
[

020 " NO,

* background
NO,+reactant

0.15 4

0.10

1/ ringdown time

0.05

I

A.8: CRDS NOs signal at 623 nm generated from thermal decomposition of N2Os,

N20s decomposition was studied under lower temperature conditions (~ 173
— 233 K) and only a minimum temperature of ~ 203 - 223 K was reached for our
experiments giving us a reasonably stable signal without consuming too much N2Os.
It was also noted that upon increasing the main flow of gas through the N2Os, the
stability of the NOs signal was improved further. The additional flow of N> most likely
reduced contact of NOs with walls of the flow tube and flushes out the excess
unreacted NO; from the system more rapidly, thus minimising fluctuations in the

observed ring-down signal.
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NOs + aldehydes

Experimental details

The next set of experiments studied using the flow tube CRDS system was the
rate of reaction of NO3z with a series of aldehydes (ethanal, propanal and butanal).
Two different methods of NOz generation were used to compare the two sets of
results. Similar conditions to the Oz + alkene experiments were used, with (aldehydes)
being in excess of the (NOgz) in order to achieve pseudo-first order conditions and
allowing derivation of absolute-rate constants. A range of (aldehyde) between 10%° —
10%® molecule cm™ was used. The flow of nitrogen through the flow tube was kept
constant at ~ 200 sccm, and the total flow inside the system was ~ 0.25 SLM giving

130 - 140 Torr total pressure.

Results
NO; via thermal decomposition of N>Os generation

The N20s was prepared on the same day as the experiments were carried out
using already described methodology. The results obtained are shown in A.9, and are
compared to literature values and previous work performed in HIRAC using the in
situ method NO3 generation method (Malkin, 2010). Thermal decomposition of N2Os
was achieved using an immersion probe that set the temperature of the bath in which

the trap was kept to ~ 220 K.
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Absolute
) Relative (D’Anna, (Cabanias,
Knos+aigehyde / molecule” | HIRAC (Malkin, 2010) /
Compound 2001) / molecule* cm?® 2001) /
Temést molecule! cm?3 st

st molecule?

cmé st
Ethanal 5.83 (+ 0.58) x 10 1° (2.83 £0.59) x 10°%° 2.60 x 1015 4.71 x 1015
Propanal 6.51 (+ 0.21) x 10 15 (7.17 + 0.69) x 1015 6.20 x 1015 8.97 x 10°15
Butanal 1.06 (x0.41) x 10 14 (1.02 £0.10) x 1024 1.22 x 1014 1.94 x 1014

A.9: Rate constants for the reaction of NOs with ethanal, propanal and butanal
using NO3 generated from thermal decomposition of N2Os with the flow tube CRDS
setup compared to various literature values.

These results were within a factor of two of the literature values. However,
excluding the good agreement for the butanal rate constant, the propanal rate constant
was just within error and the ethanal rate constant was within error of the absolute-
rate measurements and within the combined uncertainties of the HIRAC
measurement. Moreover, the trend of the pseudo-first order plots (A.10) shows
problems with the ethanal results, since it appears to overlap with the propene and is
not reflecting the same ratios observed in the literature for this series of aldehydes.

These experiments were only repeated twice, and thus there may be the need
to repeating them a few more in order to ascertain the results reported. Moreover, it is
thought that the rate constant obtained for ethanal is a factor of 2 greater than the
literature owing to impurities in the sample that was used, that may not have been

stored and kept well before use.

Some signs of curvature are also apparent from the plots obtained (Figure 5.8),
as was observed for Oz + alkene experiments, which at first sight points towards
problems with our experimental procedure. There may be, however, a possibility of
having under-predicted the contact time of the gases in the flow tube, resulting in
higher errors in our system. Problems with estimating the contact time in our system
have meant that our method of analysis may be inaccurate. Also, from the curved plots
obtained for all experiments carried out in this CRDS flow tube system, it is evident
that the curvature is real, and that the method of analysis (using reaction 5.11) would
need to be reevaluated for this sytem since a better fitting for the data being produced

IS necessary.
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In (O3)t- (Os)o= k't In (Og) = k't + In (O3)o (AL.11)
Further studies are however needed in order to compare these findings with

other NOs reactions in the same system using both NOs generation methods where

possible, and be able to verify the results obtained.
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A.10: Pseudo-first order plots for the reaction of NO3z with ethanal, propanal and
butanal using NO3 generated from thermal decomposition of N2Os in the flow tube
CRDS system.

NOsin situ generation

This kinetic investigation proved to be very curious for several reasons. The
rate constants obtained were at least one order of magnitude slower than literature
values (Cabafias, 2001; D’Anna, 2001; Malkin, 2010) and the results obtained in
HIRAC using this same method by Tamsin Malkin (Malkin, 2010), as can be seen in
A.ll.
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) Relative - Absolute -
Mean knos / HIRAC (Malkin, 2010) ~
Compound (D’Anna, 2001) / | (Cabafias, 2001) /
molecule cm=3 st / molecule cm=s?
moleculecm?s? | molecule cm=?s?
Ethanal 2.81x 1016 (2.83 £0.59) x 1015 2.60 x 1015 4.71 x 10715
Propanal 7.22x 1016 (7.17 £0.69) x 1015 6.20 x 10715 8.97 x 10°15
Butanal 1.22 x 10 15 (1.02 £0.10) x 104 1.22 x 1014 1.94 x 1014

A.11: Rate constants for the reaction of NO3z with ethanal, propanal and butanal
using NOz generated from in situ method compared to those obtained by CRDS in
HIRAC (Malkin, 2010) and literature values from Cabarnias, 2001 and D Anna,

2001.

The excess aldehyde appeared to react with the Os, as the signal given was

lower than the background for Oz at higher concentrations of aldehyde (more so for

larger aldehydes, i.e. butanal). Similar observations were noted when studies with no

NO: in the system were carried out, i.e. Oz and aldehyde were only present. From

what was observed, it is not clear whether O3 is reacting with the aldehyde and

forming products that do not absorb, or that recycling of NOs is taking place, which

is reacting more with Os. The reaction of Oz with aldehydes is however too slow to

be of much significance in our system. Nevertheless, Figure 5.9 aldehyde reaction is

so slow that the cavity ring-down signal observed for the reaction of NO3 with butanal

was lower than the Oz background at a late stage of the experiment, and little is known

about why this may be.
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A.12: Cavity ring-down signal for NO3z + butanal.
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Regeneration of NOz is very likely, thus reacting further with aldehyde or even
Os. A possible equilibrium effect (A1.12), whereby N2Os is formed, may be
predominant over the duration of the experiment. Other possible reactions that may
be occurring are reactions A1.13 — A1.15, that however are much slower than the
reaction of NOs with aldehydes, and are therefore improbable to occur on such a short
timescale. Nevertheless there is the possibility of NO2 accumulating in the system,

regenerating NOg, but this factor might be too small to be noticed in our system.

N,Os <> NOs + NO2 (A1.12)
NO; + Os— NO; (A1.13)
NOs— NO, + O3 (A1.14)

NO; + RCHO — NO, (A1.15)

A decision was taken to turn our attention to N2Os, and to carry out the
experiments using this as our NOz precursor rather than Os + NO>. These experiments
would confirm whether the rate constants obtained using the in situ method were true
or, if they differ, may give evidence for NO: as a possible product from the reaction
of NOs and aldehydes using this NOz generation method.
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A.13: Plots for the reaction of NO3 with ethanal, propanal and butanal using NOs
generated from in situ method in the flow tube CRDS system.
A.13 demonstrates that the results obtained here are also showing signs of

curvature, as was the case in the previous results obtained. This further confirm the
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curvature is actually caused by our system, and that a different analysis method may
be needed to better fit this data.

NOs + propene

A study of reaction of NO3z with propene was carried out using NO3 generated
from the thermal decomposition of N20Os. It was unclear from the previous set of
results for the reactions of NOs with aldehydes whether the method used had been
suitable. Studying NOs + propene, a more reliably known reaction, would confirm the
suitability of the N2Os generation method for future NOgz Kinetic studies. The results

obtained from this study are shown in A.14.

measured rate constants / molecule cm? st literature Knos+propene / molecule™® cmd s
Compoun
d ] (Atkinson et al.,
kNO3+propene kNO3+pr0pene (Atklnson etal., 1988)
2006)
9.50 (+0.20) x 10-
Propene | 9.17 (0.09) x 1015 | 1.48 (+0.14) x 104 9.45 (+0.47) x 101 )

A.14: NO3 + propene rate constants using NO3 from thermal decomposition of
N20s.

There is good agreement with the literature for the first set of data, but very
poor agreement in the case of the second rate constant. The results obtained were
carried out on different days, and this may explain why they are almost a factor of two
different from each other. Possible fluctuations in the temperature and pressure of the
system during the experiment, or even variations in the flow of gases into our sytem
may alter the results obtained. Both results are however found to be within error of
the results obtained by Atkinson (Atkinson et al., 1988). Further work is required in
order to verify these results. Unfortunately, no other alkenes were studied in time for

the submission of this report.
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A.15: Pseudo-first order plot for the reaction of NOs with propene using NO3

generated from thermal decomposition of N2Os in the flow tube CRDS system.
The curvature of the plots obtained from all the results reported in this section
indicates a possible flaw in our analysis. This was real, and points towards the need
to use a different way of fitting our data to obtain a better gradient from our results.
The different analysis method proposed is based on the exponential decay of [O3] in

the flow tube:

The absolute rate constant may be derived from the integration of A1.16. This

way, we are observing the area under the graph (shown in Figure 5.12) and hence the

mean [Os]:
(O3)t = (Oz)o € KR (A1.16)
[ (03)c dt =] (Os)o & 01 X (A1.17)
— (03)0 . khi(R)t\E
kbi(R) CRRO) (A1.18)
—(03)0 1 —kbi(R)t
kbi(R) (1-e ™M) (A1.19)

(03) - areaundergraph (Al.ZO)

contacttime

274



Appendices

_ (03) (1 - e *bi Ry (A1.21)

" kbi (R)t

N.B.: plotting In % vs [R]t gives initially a linear plot (as observed in data

presented) but with significant curvature (as was observed in all cases) at the peak of

the plot.

Future proposed research

Following this, the primary objective of these studies would be to continue
this work in HIRAC, and thus be able to prepare N2Os in a larger volume. Possible
ways of delivery into HIRAC are being thought of. A suitable way would be to use a
large glass vessel with a direct connection to the chamber and to the main gas flow
(N2), that would thus minimise contact with walls and also result in a more stable

signal, as was observed in the investigations reported here.

N20sin situ in the chamber, making use of the chiller system that has been
recently installed to carry this out at sufficiently low temperatures (~ 223 - 253 K) is
worth investigating; thus being able to isolate and make use of the N>Os shortly after
its preparation, and keeping it within the same reaction vessel. The temperature
control of the system can be potentially utilised to drive the N2Os «» NO2 + NO3

equilibrium to NOs.
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Appendix B - Simplified FACSIMILE model
for acetone photolysis in HIRAC

(® MCM3.2 subset generated for the following species: ;

* HCHO ;

*

* variable definitions. All species are listed here.;

VARIABLE

CH3ICOCH2 CH3COCH202 CH3COCHZ2 CH3CO03 CH3COZ2 CH3CO CH3COOH CH30OH CH302
CH30 HCHO HCO CHI CO C02 OH HOZ;

.

L]
PARAMETER

JCH3COCH3 1.65E-4;
=3
PARAMETER TEMP PRESSURE  DILUTE
02 N2 M H20
KAPHOZ2;
= 3:(;
COMPILE INITIAL ;
TTEMP = 2.950+02 ;

PPRESSURE = 2.42E+02 ;
M = O,6576E+18*PRESSURE /TEMP ;

?NZ = 9.809E-01*M ;

702 = 0.000E-00%*M ;

PH20 = 0.00%M ;
COMPILE RATES ; e
# Generic Rate Coefficients ; )

*,comp1ex reactions ;
KAPHOZ = 5.20-13*EXP(980/TEMP) ;

* CH3COCH3 photolysis in N2 at 254nm _’

o
]

COMPILE EQUATIONS |

o

# peaction definitions. ;

% JCH3COCH3 : CH3COCH3 = CH3 + CH3 + CO ;

% B.BE-12*EXP(-1320,/TEMP) + 1.7D-14*EXP{423/TEMP)
CH3ICOCH3 + OH = CH3COCH202 ;

#% 1.0E-30 (TEMP,/300)-3.3%N2 : CH3 + 02 + M = CH302 + M ;
% 7.4E-13%EXP({-520/TEMP) : CH302 + CH302 CH30 + CH30D + 02 ;
% 1.03E-13*EXP(365,/TEMP) : CH30Z2 + CH302 CH30H + HCHO + 02 ;
% 2.9E-12*EXP({500/TEMP)

CH3C03 + CH3CO03 = CH3C0Z2 + CH3C0Z + 02 ;

% 1.1E-11 : CH302 + CH3C03 = CH30 + CH3C02 + 02 ;

% 2.0E-12%EXP{500/TEMP)

CH302 + CH3C03 = CH3COOH + HCHO + 02 ;

% 8.0E-13 : CH3COOH + OH = CH302 + H20 ;

9% B, BE-12*EXP(-1320/TEMP) + 1.7E-14*EXP(423/TEMP)
CH3COCH3 + OH = H20 + CH3COCHZ ;

% 5.4E-12*EXP({135/TEMP) : HCHO + OH = H20 + HCO ;

#% 5.1E-12 : CH3CO + 02 + M = CH3CO03 + M ;

% KAPHOZ*0.44 : CH3CO3 + HOZ = OH + CH302 ;

% S5.4E-12%EXP{135/TEMP) : HCHO + OH = H20 + CO ;

% 5.2E-12*02 : HCO = HOZ + CO ;

% 1.44D0-13%(1+(N2/4.2E+19)) : OH + €O = C02 + HOZ ;

1
COMPILE ;N;TIAL; )
# gat initial values for variables;
CH3COCH3 = 2.955E17;
e

1
* Experimental results;
DATA;
TIME CH3COCH3;
RANGE 1.207E17 2.955E17;|
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