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ABSTRACT	OF	THE	THESIS	
	

Photolytic	Processing	of	Organic	Aerosol	through	Carbonyl	Photochemistry	
	
By	
	

Sandra	Louise	Blair	
	

Master	of	Science	in	Chemistry	and	Materials	Physics‐Chemistry	
	

	University	of	California,	Irvine,	2014	
	

Professor	Sergey	Nizkorodov,	Chair	
	
	
	

						Atmospheric	 aerosol	 is	 known	 to	 have	 a	 direct	 effect	 on	 the	 radiative	 forcing	 of	 the	

climate	 by	 absorbing	 and	 scattering	 light	 and	 an	 indirect	 effect	 by	 acting	 as	 cloud	

condensation	 nuclei.	 	 Organic	 aerosol	 (OA),	 sometimes	 the	 major	 contributor	 to	

atmospheric	aerosol,	contains	highly	oxidized,	multifunctional,	low	vapor	pressure	organic	

compounds.	 	Carbonyls	play	a	significant	role	in	the	photochemistry	of	secondary	organic	

aerosol	(SOA)	as	the	near‐UV	absorption	spectra	of	SOA	are	dominated	by	the	C=O	π*n	

transition.	 	 SOA	photochemistry	 can	be	expected	 to	be	driven	 in	part	by	 the	well	 known	

photochemical	 reactions	of	 carbonyls	 such	as	Norrish	and	Yang	mechanisms.	 	Therefore,	

investigating	 a	model	 carbonyl,	 such	 as	 a	 linear	 chain	 aldehyde,	 in	 an	 environment	 that	

mimics	 SOA	 should	 provide	 valuable	 information	 on	 the	 mechanism	 and	 rate	 of	

photochemical	 processes	 occurring	 in	 SOA.	 	The	pure	 form	of	 an	aldehyde	will	 act	 as	 its	

own	SOA‐like	organic	matrix.	 	The	quantum	yield	of	photolysis	may	be	suppressed	in	the	

condensed‐phase,	but	might	 still	be	 significantly	high	 to	make	photolysis	 relevant.	 	A	C11	

aldehyde,	 undecanal,	 is	 investigated	 in	 this	 thesis	 as	 a	 model	 for	 this	 carbonyl	

photochemistry	 in	 OA.	 	 Undecanal	 photolysis	 was	 investigated	 at	 room	 temperature	 in	
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liquid	 and	 gas	 phases.	 	 Products	 were	 analyzed	 with	 gas	 chromatography	 mass	

spectrometry	 or	 proton	 transfer	 reaction	 mass	 spectrometry.	 	 The	 products,	 quantum	

yields,	 and	 rate	 constants	 of	 undecanal	 in	 each	 environment	 were	 compared.	 	 Results	

suggest	that	the	loss	of	carbonyls	due	to	photolysis	in	the	condensed‐phase	should	be	just	

as	important	as	the	photochemistry	in	the	gas‐phase.	
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INTRODUCTION	

	

Air	 pollution	 from	particulate	matter	 (PM)	 and	 gases	 have	 harmful	 effects	 on	 health,	

climate,	 and	 visibility.1	 The	 six	 regulated	 criteria	 pollutants	 are	 PM,	 ozone,	 carbon	

monoxide	 (CO),	nitrogen	oxides,	 sulfur	dioxide,	 and	 lead.	 	 PM	 is	 known	 to	have	negative	

cardiovascular,	respiratory,	morbidity,	and	mortality	effects	and	is	suggested	to	also	cause	

reproductive	 and	 developmental	 problems,	 impaired	 cognitive	 abilities,	 and	 cancer.2,	 3		

Recent	 studies	have	 shown	 the	occurrence	of	 these	health	 effects	 at	 even	 lower	ambient	

concentrations	 than	previous	studies.2	The	World	Health	Organization	estimated	 that	3.7	

million	deaths	 globally	were	 attributed	 to	PM	with	 a	diameter	 of	10	µm	and	 less	 (PM10)	

from	 ambient	 air	 pollution	 of	 2012.4	 	 Fresno	 and	 Madera,	 California,	 became	 the	 most	

polluted	 cities	 in	 the	 nation	 for	 short‐term	 and	 year‐round	 particle	 pollution	 for	 data	

covered	 from	 2010‐2012.5	 	 PM	 contains	 many	 different	 compounds	 including	 sulfates,	

nitrates,	 organics,	 ammonium,	 and	 chlorides.6	 Organic	 aerosol	 (OA)	 is	 significant	 and	

sometimes	the	major	component	of	PM2.5	and	PM10,7‐9	providing	20‐90%	of	the	submicron	

particle	mass.6‐9		OA ages in heterogeneous processes such as oxidation by radicals (OH10 and 

NO3
11) and molecular O3,

12 acid catalyzed oligomer formation13 and cyclization,14, 15 and 

photolysis.10, 16  In	 addition	 to	 health	 effects,	 particles	 can	 affect	 the	 climate	 directly	 by	

absorbing	 or	 reflecting	 solar	 light	 and	 indirectly	 by	 acting	 as	 cloud	 condensation	 nuclei,	

and	can	dramatically	reduce	visibility.17			

In	the	atmosphere,	the	presence	of	oxygen	filters	out	the	vacuum	UV	(	<	200	nm)	and	

the	 ozone	 layer	 absorbs	 hard	 UV	 (200	 nm	 <	 	 <	 300	 nm)	 radiation,	 allowing	

photochemistry	of	labile	chromophores	in	aerosol	within	the	actinic	region	(	>	300	nm).		
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Secondary	organic	aerosol	(SOA)	functional	groups	that	are	photolabile	within	the	actinic	

region	 include	 carbonyls,	 nitrates,	 peroxides,	 and	 a	 variety	 of	 conjugated	 systems.	 	 This	

research	 looks	 specifically	 at	 the	 carbonyl,	 contributing	 to	 an	 average	 of	 approximately	

23%18‐21	of	SOA	functional	groups.		Carbonyls	play	a	significant	role	in	the	photochemistry	

of	SOA	as	the	absorption	spectra	strongly	correspond	to	the	C=O	π*n	transition	around	

290	nm.22	 	 SOA	photochemistry	 can	be	 expected	 to	be	driven	 in	part	 by	 the	well	 known	

photochemical	 reactions	 of	 carbonyls	 such	 as	 Norrish23	 and	 Yang24	 mechanisms.		

Therefore,	 investigating	 model	 carbonyls,	 such	 as	 linear	 chain	 aldehydes,	 in	 an	

environment	that	mimics	OA	should	provide	valuable	 information	on	the	mechanism	and	

rate	of	photochemical	processes	occurring	in	SOA.			

Most previous photochemical studies of saturated linear chain aldehydes were done in the 

gas-phase.25  In contrast, the importance of photochemistry occurring in condensed phases in the 

atmosphere has not been recognized until recently.26-29 Our understanding of particle 

photochemistry is only qualitative at this point as few studies have been conducted using an 

organic matrix of the type one could encounter in OA.16, 22  There are many organic matrices that 

could mimic the environment found inside an SOA particle.  Our approach is to use the pure 

form of an aldehyde that will act as its own organic matrix.  A C11 aldehyde, undecanal, provides 

a model for this carbonyl photochemistry.  Its vapor pressure is high enough such that it provides 

access to different states (solid, liquid, gas) in a convenient temperature range.  Undecanal 

photolysis was investigated at room temperature in liquid and gas-phases.  The products, rate 

constants, and quantum yields of undecanal in each environment were compared.  The goal of 

this research is to probe the importance of aldehyde photochemistry in SOA compared to its gas-

phase.	
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CHAPTER	1:	Literature	Survey	

	

Norrish23	and	Yang24	mechanisms	are	well	known	in	the	photochemistry	of	carbonyls	

and	 similar	 products	 can	 be	 expected	 to	 form	 in	 the	 photolysis	 of	 undecanal	 as	 seen	 in	

Figure	1.1.		Carbonyls	of	aliphatic	aldehydes	exhibit	a	weak	absorption	band	between	240‐

360	nm	 for	 an	π*n	 transition	 to	 form	an	excited	1,2‐biradical	 (BR1).30,	 31	 	The	Norrish	

Type	I	radical	process	involves	α‐cleavage	to	give	both	an	alkyl	(A1)	and	acyl	(A2)	radical.		

A	subsequent	hydrogen	transfer	from	A2	to	A1	produces	molecular	products	including	an	

alkane	 and	 carbon	 monoxide.	 	 Photochemical	 aldehydic‐hydrogen	 detachment	 is	 also	

possible,	but	very	minor.30,	 32	 	 If	 the	excited	BR1	has	a	carbon	chain	 length,	Cn,	of	at	 least	

n=4	and	has	a	geometry	such	that	it	can	form	a	six‐membered	ring,	a	gamma	hydrogen	may	

be	transferred	to	the	oxygen	forming	a	1,4‐biradical	(BR2)	in	the	Norrish	Type	II	reaction.33		

Delta	hydrogen	transfers	are	also	possible,	but	are	less	likely	(~5%),	especially	with	non‐

substituted	 alpha	 carbons	 of	 linear	 aldehydes.34	 	 The	 H‐transfer	 is	 followed	 by	 a	 beta	

cleavage	of	 the	BR2	 to	yield	an	alkene	and	vinyl	 alcohol	which	quickly	 tautomerizes35	 to	

acetaldehyde.	 	 Yang	 Photocyclization	 of	 the	 BR2	 leads	 to	 an	 alkyl	 cyclobutanol;	 this	 is	

generally	a	minor	product	compared	to	Norrish	Type	I	alpha	cleavage	and	Norrish	Type	II	

beta	cleavage.24,	36	

The	photochemical	pathways	of	linear	saturated	aldehydes	depend	on	chain	length	and	

surrounding	 environment.	 	 The	 Norrish	 Type	 II	 channel	 opens	 up	 as	 an	 aldehyde	 chain	

reaches	 four	 carbons	 in	 length,	 providing	 a	 γ‐H	 for	 intramolecular	 abstraction.33	 	 Going	

from	a	C4	to	a	C5	linear	saturated	aldehyde,	the	Norrish	Type	II	pathway	increases	due	to		
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the	 availability	 of	 a	 secondary	 γ‐H	 (versus	 a	 primary	 of	 the	 C4	 species);	 larger	 chain	

aldehydes	have	similar	yields	as	a	C5	aldehyde.37		When	this	is	possible	and	BR2	is	formed,	

it	may	 convert	 back	 to	 the	 starting	 aldehyde	 via	 disproportionation.38	 	 The	 surrounding	

environment	may	vary	between	solvent	type,	phase,	and	temperature.		It	plays	a	large	role	

in	 the	 evolution	 of	 radical	 species.	 	 In	 the	 gas‐phase,	 photochemically	 produced	 radicals	

will	 react	with	molecules	and	 radicals	 in	 the	air	 and	most	 likely	 result	 in	alkoxy	 radicals	

that	 can	 then	 either	 lead	 to	 oxidation,	 isomerization,	 or	 decomposition	 products.26	 	 In	

comparison,	 condensed‐phase	 photochemistry	 offers	 an	 environment	 with	 many	 more	

Figure	1.1		Pathways	of	aldehyde	photolysis23,24 
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possible	complex	reaction	mechanisms.		Solvents	can	affect	the	energy	difference	between	

the	π*n	and	π*	π	transitions	where	the	latter	might	have	a	lower	excitation	energy	and	

decrease	the	photolysis	quantum	yield	in	polar	solvents.38		Condensed	media	may	also	add	

a	 “cage	 effect”	 where	 reactions	 are	 diffusion	 limited.39	 	 The	 magnitude	 of	 this	 effect	

depends	on	the	solvent	viscosity.		If	the	radicals	react	faster	than	they	can	diffuse	through	

the	 solvent	 then	 a	 “solvent	 cage”	 is	 formed	 where	 the	 radicals	 recombine	 or	

disproportionate	inside	the	cage.		The	condensed	environment	can	also	limit	the	ability	for	

rotation	to	favorable	geometries.	 	A	basic	solvent	may	inhibit	the	BR2	disproportionation	

to	 the	 starting	aldehyde	by	 stabilization	of	 the	hydroxyl	 group	with	hydrogen	bonding.38		

More	viscous	 solvents	and	colder	 temperature	 conditions	 can	prevent	BR1	 from	 forming	

BR2	 thus	 decreasing	 the	 Norrish	 Type	 II	 and	 Yang	 photocyclization	 products	 due	 to	

geometry	 restrictions.	 	 A	 temperature	difference	 of	 10	 °C	 can	 reduce	 the	photolysis	 rate	

constant	by	a	factor	of	2‐4.40	

In	 the	 family	 of	 saturated	 linear	 chain	 aldehydes,	 formaldehyde,	 acetaldehyde,	 and	

propanal	 have	 been	 studied	 the	most	 frequently.25,	 41‐43	 	 There	 are	 some	 photochemical	

studies	of	C4‐C737,	 44‐48	aldehydes	and	few	studies	of	C836	and	longer	aldehydes49,	 50,	which	

are	 more	 relevant	 for	 the	 condensed‐phase	 atmospheric	 photochemistry.	 	 Aqueous51,	

organic	 solvent,52	 polymer,53	 solid,54	 and	 surface55	 photochemical	 studies	 of	 aldehydes	

exist,	 but	 SOA‐like	 organic	matrix‐phase	 studies	 are	 rare.38	 	 	 This	more	 atmospherically	

relevant	SOA‐like	phase	in	aldehyde	photochemistry	is	investigated.	
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CHAPTER	2:	Experimental	Methods	

	

I.		Gas‐Phase	Photochemistry	

All	experiments	were	done	at	1	atm.		The	experimental	setup	consists	of	a	300	L	Teflon	

chamber	 coupled	 to	 an	 Ionicon	 reflectron	 Proton	 Transfer	 Reaction‐Time	 of	 Flight‐Mass	

Spectrometer	 (PTR‐ToF‐MS).	 	 The	 chamber	 is	 equipped	with	 16	UV	 lamps	 (Philips	 40W	

Ultraviolet	B	TL	40W/12	RS	SLV),	an	 injecting	port,	and	a	sampling	valve	to	the	PTR‐MS.		

The	PTR‐ToF‐MS	offers	 real	 time	photochemical	 analysis	of	 species	with	high	 resolution.		

Gaseous	molecules	with	proton	affinities	greater	 than	 that	of	water	 (165	kcal/mol)56	are	

ionized	by	H+‐transfer	and	can	be	detected.		Acetone	actinometry	was	used	to	calculate	the	

spectral	 flux	 density	 of	 the	 lamps	 (see	 Figure	2.1).	 	 Actinometry	 experiments	were	done	

separately	 from	 undecanal	 photolysis.	 	 The	 photolysis	 rate	 constant	 and	 quantum	 yield	

calculations	 for	 actinometry	 and	 undecanal	 are	 seen	 in	 the	 Appendix	 (for	 both	 gas‐	 and	

condensed‐phase	experiments).	 	Acetone	photolysis	quantum	yields	and	absorption	cross	

section	data	were	taken	from	JPL.25	 	Hexanal	absorption	cross	section	data	from	the	MPI‐

Mainz‐UV‐VIS	Spectral	Atlas57	was	used	to	model	 that	of	undecanal;	 the	absorption	cross	

sections	of	C4	and	larger	linear	saturated	aldehydes	are	practically	identical.36		

Solutions	 of	 each	 analyte	 (~0.40	 M)	 were	 prepared	 in	 methylene	 chloride	 so	 that	

concentrations	 in	 the	 ppbv	 range	 were	 possible	 to	 attain.	 	 Methylene	 chloride	 does	 not	

absorb	 light	 in	 the	 region	 that	 the	 lamps	 radiate	 and	 its	 photolysis	 is	 negligible.58	 The	

Teflon	 bag	was	 partially	 filled	with	 zero	 air,	 a	 few	microliters	 of	 solution	were	 injected	

through	the	septum,	and	the	bag	was	filled	with	more	zero	air.		Calibration	experiments		
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Figure	2.2	PTR‐ToF‐MS	calibration	of	acetone	and	undecanal.	

Figure	2.1		Gas‐phase	actinometry	data.		Gas‐phase	spectral	flux	density,	Do(λ);	
absorption	cross	sections,	σ(λ);	and	quantum	yield,	ϕ(λ).		Acetone	data	was	taken	from	
JPL25;	hexanal	data	was	from	the	MPI‐Mainz‐UV‐VIS	Spectral	Atlas57.		
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were	 conducted	 for	 each	 analyte	 of	 known	 concentration	 (see	 Figure	 2.2).	 	 Several	

concentrations	and	corresponding	signals	of	the	analyte	were	measured	by	dilutions	with	

zero	air	in	calibration	experiments;	signals	were	normalized	by	temperature,	pressure,	and	

hydronium	ion	concentration	as	seen	in		Equation	2.1.		The	first	term,	ρ,	is	a	proportionality	

constant.	 	 It	 does	 not	 change	 between	 experiments	 of	 the	 same	 analyte.	 	 Therefore,	

transmission	 ratios	 and	proton	 transfer	 reaction	 rate	 constants	were	not	 required	and	ρ	

was	extracted	by	a	linear	fit.		The	drift	voltage	( ),	temperature	( ),	and	pressure	

( )	were	600	V,	60	°C,	and	2.35	mbar.	 	The	drift	tube	length	( )	and	reduced	mobility	

( )	 are	 9.3	 cm	 and	 2.8	 cm2∙V‐1∙s‐1.	 	 After	 the	 analyte	 signal	 stabilized,	 the	 lamps	 were	

turned	 on	 and	 photolysis	 was	 allowed	 to	 proceed	 for	 ~4	 hours.	 	 The	 wall	 loss	 was	

negligible	in	both	cases,	as	established	in	radiation‐free	runs.		The	acetone	and	undecanal	

parent	 peaks,	 [MH+],	 were	 monitored	 at	 m/z	 59.0497	 and	 m/z	 171.1749.	 	 The	 time	

evolution	of	various	peaks	in	the	mass	spectrum	were	monitored.		Experiments	were	done	

in	duplicate.	

	

∙ ∙ ∙ 	

∙ 10 ∙ 22400 ∙

∙ ∙ ∙ ∙
∙ 	

	

	

	

Equation		2.1		PTR‐ToF‐MS	calculations.		Concentration	of	analyte,	Mppbv,	in	ppbv	predicted	
from	the	experimental	parameters	for	the	PTR‐MS	instrument.		See	text	for	the	definition	of	
different	terms.			
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II.		Condensed‐Phase	Photochemistry	

A	 temperature‐controlled	 sample	 cell	with	1	 inch	diameter	 calcium	 fluoride	windows	

and	 an	 adjustable	 pathlength	 from	 Harrick	 Scientific	 (TFC‐M25‐3)	 was	 used	 in	 these	

experiments.		Light	traveled	from	a	xenon	arc	lamp	(Newport	model	60100)	through	a	295	

nm	long	pass	 filter	and	a	 focusing	 lens	 to	 the	sample	cell.	 	The	Teflon	spacer	path	 length	

was	 calculated	 from	 transition	 interference	 fringes	 appearing	 in	 the	 FTIR	 spectrum	

(Mattson	Galaxy	5030),	and	was	920	µm.		An	actinometer,	2‐nitrobenzaldehyde	(2NBA),	in	

a	methylene	 chloride	 solution,	was	monitored	 at	 its	 FTIR	 ‐NO2	 symmetric	 vibration59	 at	

1348	cm‐1	as	seen	in	Figure	2.3		(calibration	experiments	of	2NBA	were	conducted	as	well).		

Photolysis	 converts	 2NBA	 to	 its	 isomeric	 form	with	 a	wavelength	 independent	 quantum	

yield	of	0.5,60‐62	and	this	process	can	be	monitored	by	FTIR	with	a	decrease	in	the	1348	cm‐

1	peak.		The	2NBA	photolysis	rate	constant,	 2NBA(s‐1),	was	(2.17	±	0.30)	∙10‐2.		The	spectral	flux	

density	and	absorption	cross	sections	are	seen	in	Figure	2.4.		Undecanal	was	photolyzed	in	

its	 pure	 liquid	 form	where	 it	 acted	 as	 its	 own	 organic	matrix.	 	 Following	 photolysis,	 the	

samples	were	diluted	in	methylene	chloride	(~10‐4	M)	and	were	analyzed	with	a	Thermo	

Trace	electron	impact	gas	chromatography	mass	spectrometer	(GCMS)	for	decane	standard	

addition	experiments.		Undecane	was	used	as	an	internal	standard.   
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2NBA(s‐1)	=	(2.17	±	0.30)	∙10‐2	

Figure	2.3		2NBA	actinometry.		
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A	 second	 set	 of	 experiments	 was	 performed	 with	 a	 similar	 setup	 as	 previously	

described	except	that	the	295	nm	longpass	filter	was	replaced	with	a	360	bandpass	filter.		

This	 created	 a	 photolysis	 spectral	 flux	 density	 to	 better	 mimic	 that	 of	 the	 gas‐phase	

experiments	 (see	 Figure	 2.5).	 	 FTIR	 spectroscopy	 was	 used	 to	 investigate	 product	

formation	for	the	spectral	flux	density	seen	in	Figure	2.5.		
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Figure	2.5		Condensed‐phase	absorption	data	2.		Spectral flux density 
with a 360 nm band pass filter, Do(λ). 
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CHAPTER	3:	Results	and	Discussion	

	

I.		Gas‐Phase	Photochemistry	

First	 order	 rate	 constants,	 AC(s‐1)	 and	 UN(s‐1),	 are	 extracted	 from	 PTR‐ToF‐MS	

photolysis	data	for	acetone,	(1.13	±	0.03)∙10‐5,	and	undecanal,	(4.77±	0.14)∙10‐5,	in	Figure	3.1.		

Undecanal	 has	 larger	 absorption	 cross	 sections	 than	 acetone	 and	 has	 a	 wavelength	 of	

maximum	absorption	near	290	nm	(acetone:	275	nm)	which	has	better	overlap	with	 the	

lamp	 emission	 than	 acetone.	 	 This	 allows	 undecanal	 to	 photolyze	 ~4	 times	 faster	 than	

acetone.	 	 Table	 3.1	 shows	 quantum	 yields	 from	 these	 experimental	 results	 along	 with	

literature	values36	of	other	linear	saturated	aldehydes.		
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Figure	3.1	Gas‐Phase	Acetone	and	Undecanal	Photolysis	(Separate	experiments;	
X	=	analyte).		The	photolysis	rate	constants	were	calculated	from	the	slopes	of	
the	lines.	

AC(s‐1)	=	(1.13	±	0.03)∙10‐5		

UN(s‐1)	=	(4.77±	0.14)∙10‐5	
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Undecanal	parent	 ions	underwent	water	 loss	and	further	fragmentation	with	peaks	at	

m/z	values	(and	intensities	normalized	to	the	 largest	peak)	of	83	(100%),	171	(20%),	97	

(8%),	69	(4%),	153	(2%),	and	111(2%).		The	m/z	peak	at	153	was	from	water	loss	and	the	

rest	of	the	peaks	are	alkyl	chain	fragments.		The	parent	171	peak	was	monitored	as	it	was	

unique	 from	 any	 expected	 product	 fragments.	 	 Figure	 3.2	 shows	 the	 signals	 in	 relative	

counts	per	second	(cps)	of	undecanal	and	a	few	identified	photoproducts.		There	is	a	very	

large	increase	in	the	Norrish	Type	II	product,	acetaldehyde,	with	photolysis	time.		From	this	

result	the	co‐photoproduct,	1‐nonene,	would	also	be	expected	to	form,	but	its	parent	peak	

was	not	detected	in	the	mass	spectrum.	 	PTR‐ToF‐MS	data	of	a	1‐nonene	standard,	which	

could	be	measured	at	higher	concentrations,	showed	that	 it	had	fragmented	significantly,	

m/z	values	of	57	(100%),	71	(75%),	85	(36%),	and	127	(5%),	compared	to	Diskin	et	al63.		

The	57	 and	71	m/z	 peaks	 are	 common	 for	 alcohols;64	 this	 1‐nonene	 fragment	 cannot	 be	

isolated	from	other	product	fragments.		

Aldehyde	 ϕ	 Notes	

C4	 0.32	±	0.02	

Appearance	of	Norrish	Type	I	and	II	

products	monitored	at	700	Torr	by	

Tadic	et	al36	

C5	 0.34	±	0.02	

C6	 0.38	±	0.02	

C7	 0.31	±	0.01	

C8	 0.32	±	0.01	

C11	 0.29	±	0.11	 Loss	of	undecanal	at	760	Torr	

Table	3.1	Gas‐phase	Quantum	Yields	of	Linear	Saturated	Aldehydes.		Literature	
values	of	C4‐C7	are	from	Tadic	et	al36.
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Decanal	is	also	observed	to	increase,	forming	from	the	Norrish	Type	I	mechanism	and	

oxidation	of	the	A1	decyl	radical	(see	Figure	3.3).65		Peroxidation	of	the	formyl	radical	(A2),	

from	the	Norrish	Type	I	pathway,	ultimately	leads	to	formic	acid	as	seen	in	Figure	3.4.53,	66,	

67		Decane	may	have	formed,	but	is	not	detected	with	PTR‐ToF‐MS	as	it	is	not	expected	to	

ionize	efficiently	as	alkanes	do	not	have	proton	affinities	larger	than	water.		Hexane	is	the	

largest	alkane	with	a	calculated	proton	affinity	of	162	kcal/mol;	increasing	the	chain	length	

by	a	single	carbon	increases	the	proton	affinity	only	by	a	few	kcal/mol.68	Aldehyde,	alcohol,	

ester,	and	ketone	(somewhat)	parent	ions	are	known	to	further	fragment	in	PTR‐ToF‐MS.64		

Other	possible	products	could	not	be	identified	due	to	their	overlap	of	common	fragment	

ions.			
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The	quantum	yield	of	undecanal	determined	relative	to	that	of	acetone,	0.29	±	0.11,	was	

similar	to	linear	saturated	aldehydes	studied	by	Tadic	et	al36.		Note	that	possible	secondary	

chemistry	was	not	taken	into	account,	but	will	be	modeled	in	the	future	where	branching	

ratios	of	the	Norrish	Type	I	and	II	products	can	be	calculated.		Our	experiments	measured	

the	loss	of	the	starting	aldehyde	whereas	Tadic	et	al36	measured	the	formation	of	products	

for	the	quantum	yield	calculation.		These	experiments	were	also	done	at	a	higher	pressure;	

one	could	expect	a	smaller	quantum	yield	due	to	increased	collisional	induced	relaxation	of	

the	 excited	 aldehyde,	 but,	within	 uncertainty,	 the	 quantum	yields	 are	 not	 different.	 	 The	

photolysis	conditions	were	very	similar	to	these	experiments,	as	wide	band	emission	lamps	

produced	radiation	of	275‐380	nm.36		This	similar	quantum	yield	results	can	be	expected,	

as	linear	saturated	aldehydes	have	practically	identical	absorption	cross	sections.36	

Figure	3.3	Formation	of	decanal.

Figure	3.4	Formation	of	formic	acid.
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II.		Condensed‐Phase	Photochemistry	

The	main	 difference	 between	 the	 gas‐	 and	 liquid‐phase	 photolysis	 is	 that,	 aside	 from	

autoxidation,	condensed‐phase	reactions	of	free	radicals	may	include	facile	radical‐radical	

recombination,	disproportionation,	and	intermolecular	abstraction.69‐73		Also,	a	bimolecular	

autoinhibition	mechanism	with	BR1	and	starting	material	(i.e.,	undecanal)	may	occur	in	the	

condensed	phase	(see	Figure	3.5).70	 	The	undecanal	photolysis	rate	constant,	 UN(s‐1),	was	

calculated	 from	the	curve	 in	Figure	3.6	to	be	(8.35	±	0.35)∙10‐5.	 	A	Norrish	Type	I	product,	

decane,	 was	 the	 only	 newly	 formed	 peak	 in	 the	 GCMS	 chromatogram.	 	 The	 loss	 of	

undecanal	 was	 attributed	 to	 the	 formation	 of	 decane	 and,	 under	 this	 assumption,	 the	

calculated	 undecanal	 photolysis	 quantum	 yield	 is	 a	 lower	 limit.	 	 Although	 decane	 may	

directly	 form	 from	 this	 pathway,	 the	 condensed‐phase	 offers	 neighboring	 aldehyde	

molecules	 as	 a	hydrogen	abstraction	 source	 for	 the	 initially	 formed	Norrish	Type	 I	decyl	

radical.69‐73		For	example,	Kossanyi	et	al69	photolyzed	benzophenone	in	an	excess	of	butanal	

and	 proposed	 that	 H‐abstraction	 of	 the	 aldehyde	 would	 occur,	 and	 another	 butanal	

molecule	could	H‐abstract	from	the	protonated	benzophenone	radical	to	give	the	starting	

ketone	 and	proceed	 in	 a	 “chain‐like”	 reaction.	 	The	benzophenone	quantum	yield	 should	

have	been	less	than	1	if	only	these	two	processes	occurred,	but	was	1.4	owing	to	additional	

radical	 reactions.	 	 It	was	explained	 that	 the	 lager	quantum	yield	would	arise	 from	cross‐

molecular	reactions	of	radicals	with	the	ground	state	benzophenone.69	

It	was	assumed	that	the	photolysis	rate	of	undecanal	was	equivalent	to	or	greater	than	

the	 rate	of	 formation	of	decane.	 	The	 calculated	quantum	yield	was	0.18	±	0.01	and	was	

based	 solely	 on	 the	 formation	 of	 decane,	 which	 is	 a	 lower	 limit.	 	 Paquet	 et	 al70	 had	

photolysis	 quantum	 yields	 of	 pentanal	 for	 alpha‐dione	 and	 alpha‐ketol	 of	 55%	 and	 38%	
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with	radiation	at	355	nm.		The	differences	in	the	quantum	yields	and	products	may	come	

from	 the	 fact	 that	 this	 data	 reports	 an	 average	 quantum	 yield	 over	 a	 broad	 range	 of	

wavelengths.	 	There	may	also	be	other	undetected	products	of	undecanal	that	are	formed	

that	are	either	hidden	within	the	saturated	undecanal	chromatogram	peak	or	elute	with	the	

solvent.	 	 Further	 experiments	 that	 monitor	 undecanal	 starting	 material	 are	 required	 to	

validate	this	quantum	yield.	
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Figure	3.5	Autoinhibition	Mechanism	of	Aldehydes.		Adapted	from	Paquet	et	al70.	

Figure	3.6		Formation	of	decane	in	undecanal	photolysis.

UN(s‐1)	=	(8.35	±	0.35)∙10‐5	
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FTIR	data	of	 liquid	undecanal	 taken	before	photolysis	 is	 provided	 in	Figure	3.7.	 	 The	

FTIR	difference	absorption	spectra	during	photolysis	are	 shown	 in	Figure	3.8	and	Figure	

3.9.		A	few	regions	of	the	FTIR	spectrum	are	oversaturated	from	the	undecanal	signal	and	

differences	are	not	mentioned	for	these	regions.		One	can	see	the	loss	of	undecanal	by	the	

decrease	in	the	C‐H	stretch	at	2818	cm‐1,	Fermi	resonance	peak	at	2714	cm‐1,	C=O	stretch	at	

1723	 cm‐1,	 and	 some	 peaks	 in	 the	 fingerprint	 region.	 	 It	 is	 possible	 that	 an	 O‐H	 stretch	

increases	around	3,700‐3,000	cm‐1,	 suggesting	 formation	of	products	 containing	 carboxyl	

groups.	 	 If	an	alcohol	was	produced,	one	would	expect	 to	see	a	C‐O	peak	between	1,200‐

1,000	cm‐1,	but	there	is	none	present.		The	growing	peak	at	3058	cm‐1	can	be	attributed	to	a	

vinyl	C‐H	 stretch,	 either	 aliphatic	 (‐CH=CH2)	 or	next	 to	an	oxygen	atom	 (CH=CH‐O).	 	The	

former	 possibility	 would	 be	 consistent	 with	 the	 formation	 of	 1‐nonene,	 the	 expected	

Norrish	Type	II	product	of	undecanal	photolysis.		A	newly	formed	peak	at	1710	cm‐1	could	

be	a	C=O	stretch	of	a	carboxylic	acid,	ketone,	or	an	α,β‐unsaturated	ester.	 	An	increase	 in	

peaks	at	1220	cm‐1	and	1265	cm‐1	can	be	C‐O	stretches	and/or	C‐H	deformations	of	several	

types	of	compounds.		In	summary,	the	spectra	are	consistent	with	the	formation	of	alkenes,	

carboxylic	 acids,	 ethers,	 and	 α,β‐unsaturated	 esters	 as	 photolysis	 products.74	 	 Further	

analysis,	 in	 conjunction	 with	 GCMS	 measurements	 (in	 progress),	 is	 required	 to	 identify	

these	products	as	many	have	common	overlap	with	each	other.			
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CHAPTER	4:	Summary	and	Future	Experiments	

	

The	 gas‐phase	 quantum	 yield	 of	 undecanal	 (0.29	 ±	 0.11)	 is	 similar	 to	 those	 of	 other	

linear	aliphatic	aldehydes	studied	by	Tadic	et	al36.		Depending	on	the	possible	formation	of	

undetected	 products,	 the	 liquid‐phase	 quantum	 yield	 must	 be	 0.18	 ±	 0.01	 or	 greater.		

Aldehydes	 favor	 the	Norrish	 Type	 I	 pathway	 versus	 ketones	 that	 produce	more	Norrish	

Type	II	products,	and	the	expected	decane	product	was	formed.53	 	FTIR	experiments	may	

be	 detecting	 some	 products	 that	 were	 not	 captured	 or	 collected	 during	 previous	

condensed‐phase	GCMS	 experiments;	 the	 formation	 of	 gas‐phase	 products	 in	 addition	 to	

the	 previously	 observed	 decane	 product	 would	 result	 in	 an	 increase	 in	 the	 condensed‐

phase	undecanal	photolysis	quantum	yield.		The	condensed‐phase	photolysis	of	aldehydes	

is	 not	 significantly	 hindered	 relative	 to	 the	 gas‐phase	 photolysis,	 suggesting	 that	 the	

photochemistry	of	aldehydes	in	SOA	should	be	just	as	important	as	the	photochemistry	of	

gas‐phase	 aldehydes.	 	 This	 hypothesis	 will	 be	 further	 tested	 with	 future	 experiments.		

These	 condensed‐phase	 experiments	 will	 aim	 at	 monitoring	 the	 loss	 of	 the	 parent	

undecanal	 species	 for	 a	more	 accurate	 total	 quantum	yield	 and	will	 look	 at	 temperature	

dependent	trends.	 	Also,	 the	photochemistry	between	different	phases	 in	 the	atmosphere	

will	be	directly	probed	with	SOA	studies.	

Future	experiments	include	the	previous	experiments	done	in	triplicate	and	studying	a	

more	thick	and	glassy	phase	of	undecanal	at	temperatures	below	its	the	freezing	point	(‐4	

°C).	 	 The	 lower	 temperature	 and	more	 structured	 form	 of	 undecanal	will	 likely	 limit	 its	

photochemistry.75	 	We	 aim	 to	 quantify	 this	 potential	 reduction	 in	 quantum	 yield	 and	 to	

determine	the	photolysis	products.		More	atmospherically	relevant	studies	will	investigate	
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undecanal	 in	 SOA	 matrices.	 	 The	 mixture	 will	 be	 photolyzed	 in	 several	 different	

environments	to	understand	the	organic	matrix	type,	phase,	and	temperature	dependence	

of	 quantum	 yields	 and	 product	 composition.	 	 We	 will	 photolyze	 undecanal	 and	 SOA	 in	

aqueous	 solutions,	 organic	 solvents,	 and	 clean	 air,	 at	 or	 below	 room	 temperature.	 	 The	

samples	 will	 be	 monitored	 with	 FTIR,	 UV‐vis,	 and	 HRMS.	 	 Reaction	 pathways,	 product	

characterization,	and	quantum	yields	of	SOA	under	these	conditions	will	provide	insight	to	

the	photochemical	aging	of	SOA	in	the	atmosphere	
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APPENDIX:	Photolysis	Calculations	

	
Rate	Equation	for	Photolysis:	
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Simplified	equations	for	small	absorption	limit	for	gas‐phase:	
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