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Organic aerosols in the atmosphere range in color from white to brown to black and each type 

contributes differently to the atmospheric radiative energy budget. White aerosols scatter 

radiation causing a cooling effect, while black aerosols reduce this cooling by absorbing 

radiation and converting it into heat. The contribution of brown aerosols, also known as “brown 

carbon” (BrC), to this radiative forcing carries the most uncertainty due to its unique light-

absorbing properties and chemical composition. Primary BrC is produced by biomass burning 

and other combustion processes, while secondary BrC is formed by a variety of atmospheric 

processes. To better quantify the ability of BrC to absorb near-UV and visible radiation, methods 

like UV-Vis and fluorescence spectroscopy are used to analyze its optical properties. In this 

dissertation, UV-Vis spectroscopy is used to determine the mass absorption coefficient of 

secondary BrC formed via the reaction of nitrogen-containing compounds, such as ammonia and 

amines, with several dicarbonyls, as well as through gas-phase photooxidation of a variety of 

aromatic precursors via the hydroxyl radical. Fluorescence spectroscopy is also used to 

characterize fluorescence yields and spectra of BrC.  Additionally, different high-resolution mass 

spectrometry techniques have been used in order to characterize the different compounds that 

could be consider chromophores that contribute to this type of aerosols brown color. This color 

can be compromised by atmospheric aging, such as exposure to sunlight. By combining 

spectroscopy and mass spectrometry methods, the loss of BrC’s ability to absorb radiation upon 

UV exposure is used to determine its kinetics, as well as pin-point specific compounds that may 

be responsible for light absorption. This dissertation provides a comparison of the properties of 

BrC produced by different atmospherically-relevant systems and precursors, aiding in a better 

overall understanding of the influence of BrC on the climate.   
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1.1. Background and Motivation 

1.1.1. Organic Aerosols 

 An aerosol is composed of a liquid or solid that is suspended in a gas, usually in air. 

Atmospheric aerosols can cause population health issues, decrease visibility, and influence 

climate and weather. Photochemical reactions in cities such as Los Angeles and coal burning and 

pollution in places like Beijing result in large concentrations of aerosol particles referred to as 

“smog,” which significantly reduces visibility in these areas.1, 2 Health issues arise from the 

stress that inhalation of foreign particulates exerts on the body, and include cardiovascular and 

respiratory problems, as well as possible effects on the central nervous and reproductive 

systems.3-5 Direct effects on climate are related to the interaction of aerosols with solar radiation. 

Scattering of incoming solar radiation reduces the amount of solar energy that reaches the 

Earth’s surfaces causing a predominantly cooling effect. The opposing absorption traps this 

radiation in the lower atmosphere and converts it into heat. Aerosols also have an indirect effect 

on climate by altering cloud properties, for example, by making the cloud droplets more 

numerous and smaller in droplet diameter, which results in an increased cloud albedo.6-8 While 

the basic physical principles of the climate effects of aerosols are understood, the complexity of 

these processes and multiple unaccounted feedbacks between them result in large uncertainties in 

calculating the effect of aerosols on the radiative energy budget in the atmosphere. For this 

reason, optical and hygroscopic properties of aerosol particles are actively investigated by 

atmospheric scientists.                 

 Aerosols in the atmosphere are produced by both primary and secondary sources and 

have been found to contain mineral species, primary biological aerosol particles, black carbon, 

inorganic species, and organic species.7, 9 Particles that predominantly contain organic species 
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are referred to as organic aerosols (OA) and are the main type of aerosol discussed within this 

thesis. Primary organic aerosols (POA) are emitted directly into the atmosphere by vehicle 

exhaust, fossil fuel combustion, biomass burning, and sea salt spray. Secondary organic aerosols 

(SOA) are produced by biogenic and anthropogenic volatile organic compounds (VOCs) 

undergoing different types of atmosphere processes, including: heterogeneous uptake of VOC 

precursors onto the surface of particles, gas-phase VOC reactions with oxidants, such as ozone 

(O3), the nitrate radical (NO3), and the hydroxyl radical (OH), followed by condensation into 

particles, and aqueous photochemical processing of VOCs in fog and cloud droplets followed by 

evaporation. Once formed, POA and SOA can then undergo further aging processes that alter 

their chemical and physical properties. 10-13    

1.1.2. Brown Carbon Aerosols 

OA have a range of optical properties, from predominantly scattering to strongly 

absorbing, that are related to their direct effects on climate. Particles that do not contain strongly-

absorbing species, such as sea-spray or forest haze scatter radiation and produce a cooling effect. 

In contrast, strongly-absorbing aerosols, such as black carbon formed by incomplete combustion 

and certain types of mineral dust, scatter and absorb radiation. An aerosols scattering ability can 

be represented using a single-scattering albedo (SSA), the ratio of its scattering to its total 

extinction.14 The larger the albedo the greater the scattering, for example, values greater than 

0.85 are expected to result in cooling, while smaller values have significant absorption abilities 

and may cause warming.15 “White,” strongly scattering aerosols have and SSA near one, while 

“black,” strongly absorbing aerosols, such as freshly emitted soot, fall closer to 0.3 to 0.4.16-18 

Brown carbon (BrC) refers to a type of light-absorbing organic material found in various 

aerosols.11 These aerosols have a characteristic yellow-brown coloring and have the ability to 
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both scatter and absorb radiation to different degrees.11, 19, 20 Primary BrC is emitted from 

combustion sources like biomass and biofuels burning, residential coal burning, and forest fires,7, 

11, 19, 21-23 while secondary BrC is produced by different SOA formation and aging processes.24-33 

OA, including BrC, have a tropospheric lifetime of about one week, with dry and wet deposition 

being a primary sink.7 Throughout its lifetime, BrC can undergo different aging processes, such 

as photolysis and oxidation, which change its physicochemical properties, making quantification 

of its contributions more complicated than other organic aerosols.7, 10   

The mass absorption coefficient (MAC) of BrC is an order of magnitude smaller than that 

of black carbon21 and its light-absorption coefficient has a stronger wavelength dependence.11, 12, 

34 However, BrC is believed to be more abundant in the atmosphere than BC, making its overall 

contributions to the absorption of radiation by aerosol particles comparable. BrC is able to 

absorb radiation in the visible (400 – 700 nm) and near-UV (300 – 400 nm) regions of the solar 

spectrum, usually with a steep increase occurring between the visible and UV region.11, 35 Since a 

large fraction of BrC is water-soluble (up to ~70%),36, 37 it can dissolve into cloud droplets. 

Within these droplets, the light-absorbing abilities of BrC also contribute to radiative forcing 

indirectly by causing cloud dispersion and droplet evaporation.38 For example, global 

simulations by Feng et al. (2013) estimate that BrC may contribute 19% (with radiative forcing 

up to 0.25 Wm-2) to total anthropogenic aerosol absorption,39 while Lin et al. (2014) calculated 

the global absorption of BrC to fall within 0.22 to 0.57 Wm-2.40   

1.1.3. Measurements of Brown Carbon 

A main focus of BrC research is the correlation between its optical and chemical  

properties, in hopes of identifying mechanism of formation and aging of distinct light-absorbing 

chromophores. Optical properties of aerosols are typically determined by online methods, 
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including photoacoustic spectroscopy (PAS, measures absorption coefficient),41-49 cavity ring 

down spectroscopy (CRDS, measures extinction coefficient),41, 42, 45, 47, 49-51 and nephelometry 

(measures scattering coefficient).21, 52-54 The absorption coefficient of the material from which 

the particles are made can also be measured by offline methods, by extracting the particle 

compounds in an appropriate solution, and doing standard spectrophotometry (the method used 

in this thesis). Molecular characterization is done most commonly using various types of online 

and offline mass spectrometry (MS), with high-resolution mass spectrometry (HRMS) becoming 

a dominant method in BrC research. Different ionization sources are used, depending on the 

types of compounds that are being detected, including electron impact (EI), chemical ionization 

(CI), electrospray ionization (ESI), nanospray desorption electrospray ionization (nano-DESI), 

direct analysis in real time (DART), atmospheric pressure chemical ionization (APCI), and 

atmospheric pressure photoionization (APPI).10 Different separation techniques are also used to 

separate the complex BrC mixture into fractions before the analysis, such as gas (GC), liquid 

(LC), and high-performance liquid (HPLC) chromatography. An in depth discussion on these 

methods is not in the scope of this introduction, but methods that are directly relevant to this 

thesis are discussed in a later section and within respective chapters.  

High resolution mass spectrometry (HRMS) has become a front runner in the field of 

aerosol mass spectrometry. HRMS is an offline technique that utilizes linear ion trap 

(LIT)/Orbitrap55-57 and Fourier transform ion cyclotron resonance (FT-ICR)58-60 mass analyzers. 

The mass resolving power of HRMS methods is very high compared to more conventional MS 

methods (~105 – 106 vs ~103), resulting in the separation of peaks with the same nominal mass. 

The difference between measured and exact m/z values is also minimal due to its high mass 
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accuracy. This combination of mass accuracy and resolving power is ideal for the unambiguous 

identification of the numerous compounds found in complex BrC aerosols.61    

1.1.4. Brown Carbon Systems 

As previously mentioned, BrC is produced by both primary and secondary sources in the  

atmosphere. This section will summarize studies done to explore different BrC systems, 

emphasizing the different pathways secondary BrC may be formed, starting with a brief 

overview of primary BrC sources. Different types of combustion are the primary source of BrC 

in the atmosphere, but extensive research has shown that the properties of BrC differ when 

produced from varying fuel types and burning conditions. Multiple controlled burns of different 

fuel sources have been done in order to explore the influence of burning conditions on the optical 

and molecular properties of primary BrC. 36, 52, 62-67 Studies have also been done during biomass 

burning and haze events to see how the increased production of BrC affects the optical and 

chemical properties of ambient aerosols.63, 68-77  

  There is an extensive list of secondary sources of BrC. Since some BrC is water soluble, 

one production pathway is different aqueous reactions within cloud and fog waters. Gelencser et. 

al. (2003) used Fenton chemistry to produce hydroxyl radicals (OH) that then oxidized aromatic 

hydroxyacids,78 resulting in elevated light absorption in the products, resembling those of humic-

like substances.37 This process was also found to produce oligomeric products when applied to 

levoglucosan.79 The photolysis of hydrogen peroxide (H2O2) has also been used as a source of 

OH used for the oxidation of phenolic compounds, which produces light-absorbing, high 

molecular weight compounds.80-82 Pyruvic acid has also been found to produce BrC via aqueous 

photochemistry when certain electrolytes are also in solution.83, 84 Simple aldehydes and ketones 

are able to undergo acid-catalyzed aldol condensation to may also produce light-absorbing 
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products due to oligomerization.85-89 Oligomerization products can also be formed by α-

dicarbonyls by the same process at pH 4 – 5, or by hydration followed by hemiacetal formation 

at pH 3.5.90           

Another key aqueous-phase reaction of dicarbonyls that produces BrC is the reaction with 

nitrogen species such as NH4
+, amino acids, and ammonia.28, 30, 51, 91-103 The mechanism of this 

reaction will be explained in Chapters 2 and 3 of this thesis. Glyoxal (G) and methylglyoxal 

(MG) are α-dicarbonyls produced during oxidation of many VOCs, such as isoprene and toluene. 

Both G and MG are highly water-soluble and easily partition into clouds, fogs, and wet 

aerosols.10 These compounds can then react with reduced nitrogen species in the atmosphere to 

produce BrC. Oligomerization products and nitrogen-containing compounds are commonly 

formed by this reaction.93, 97 Although both G and MG produce BrC, Powelson et al. (2014) 

found that MG was more efficient at browning and that amines and ammonia result in very 

different UV-Vis spectra.95 This reaction can also proceed by the reactive uptake of these 

carbonyls onto ammonium sulfate seed particles.28, 29, 98, 103-106 Lastly, although this has been 

found to be a significant BrC production pathway, the lifetime of this type of BrC is on the order 

of minutes when exposed to sunlight so its contribution to radiative forcing is likely minimal.107  

BrC can also be form in the gas-phase by photooxidation of VOCs to form SOA. 

Photooxidation of biogenic precursors, like isoprene and its derivatives, produces SOA with a 

small absorption coefficient not representative of BrC.27, 32, 108-111 This is due to their composition 

being dominated by carbonyl, carboxyl, and hydroxyl functional groups, which do not have low-

energy electronic transitions.10 However, if highly acidic seed particles are present under dry 

conditions they can promote the formation of biogenic SOA with increased absorption 

coefficients, likely due to potential adol condensation reactions of the uptake of carbonyls onto 
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the particles.10, 26, 33, 112, 113 Biogenic SOA from both photooxidation and ozonolysis can also 

undergo the aging by ammonia, amines, and amino acids to produce BrC SOA.  Absorption 

coefficients of biogenic SOA are also significantly increase by exposure to nitrogen species like 

ammonia, amines, and amino acids.27, 109, 114-117 The carbonyl products of this oxidation react 

with ammonia (or other nitrogen-containing compound) to form primary amines and imines that 

continue reacting with carbonyls and condensing to form oligomeric products containing 

secondary imines, with the potential to form N-heterocyclic structures via intramolecular 

cyclization.10 Since this reaction is not proceeding through adol condensation, it is not strongly 

pH dependent, unlike the reactions of MG and G discussed above. Additionally, polycyclic 

aromatic hydrocarbons can undergo nitration to form BrC.118-120        

Photooxidation of aromatic VOCs, such as toluene, trimethylbenzene, naphthalene, and 

xylene, produces BrC SOA without any additional aging processes. This browning is accentuated 

by high-NOx conditions.31, 32, 42, 49, 81, 108, 111, 113, 121-125 Although aging is not necessary, exposure 

of these BrC SOA to ammonia has also been found to increase the magnitude of its light 

absorbing properties.27, 126, 127 Nitroaromatic compound have large absorption cross sections in 

the regions where BrC SOA have been found to absorb, suggesting that these species are like 

contributing chromophores.118, 128 Several studies have identified nitroaromatics, such as 

nitrophenols and ntirocresols, as products of toluene photooxidation.129-131 Cloud water and 

PM2.5 biomass burning samples have also been found to contain nitrophenols and nitrocatechols 

as primary light-absorbing species.132, 133 Overall, both aqueous and gas-phase reactions are 

important secondary sources for BrC in the atmosphere.   
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1.2. Goals  

 The overall purpose of this thesis is to achieve a better understanding of composition and 

properties of BrC aerosols from different secondary sources. Optical properties are analyzed to 

quantify light-absorbing abilities as mass absorption coefficients (MAC) and fluorescence 

excitation-emission matrices (EEMs). High-resolution mass spectrometry methods are also used 

in order to characterize the molecular composition of different secondary BrC. Additionally, the 

effect of photolysis on these properties is explored.   

 Chapter 2 investigates the browning of aqueous solutions of 4-oxopentanal (4-OPA) and 

different nitrogen-containing compounds, including ammonium sulfate (AS), amines, and amino 

acids. Based on previous aging studies of SOA with AS, 4-OPA was selected as a representative 

1,4-dicarbonyl to investigate the chemistry and possible pyrrole intermediates produced by this 

type of reaction. UV-Vis spectroscopy was used to monitor the growth of characteristic BrC 

peaks as a function of reaction time and gas chromatography confirmed the presence of a 2-

methyl pyrrole reaction intermediate. Evaporation of the solution was also performed to 

determine if dehydration processes can contribute to BrC formation and accelerate browning in 

this type of system.  

Chapter 3 moves on to BrC produced by evaporating aqueous solutions of methyl glyoxal 

(MG), a 1,2-dicarbonyl, mixed with AS. The resulting BrC was then exposed to radiation to 

explore the effects of photolysis in the atmosphere, as well as sodium borohydride to determine 

if carbonyls in the system would be chemically reduced.  MAC values were determined using 

UV-Vis spectroscopy and were monitored as a function of photolysis time to determine reaction 

kinetics and the effective photolysis quantum yield. Fluorescence spectroscopy was used to 

create EEMs before and after photolysis and to determine the fluorescence quantum yield. The 
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effect of NaBH4 reduction on both of these optical properties is also discussed. Electrospray 

ionization high-resolution mass spectrometry (ESI-HRMS) was used to collect mass spectra of 

samples before and after irradiation to identify compounds affected by photolysis. High-

performance liquid chromatography paired with a photodiode array detector and high-resolution 

mass spectrometry (HPLC-PDA-HRMS) was used to compare BrC reduced by either photolysis 

of NaBH4 to a dark control in order to determine what species were responsible for the loss of 

light-absorption at distinct PDA peaks.        

 In Chapter 4 there is a shift to BrC produced by VOC oxidation in the aerosol smog 

chamber. Naphthalene is used as a precursor for SOA formed via photooxidation of the hydroxyl 

radical under high-NOx conditions. SOA extracted into aqueous solutions was once again 

exposed to radiation to model NAP SOA being photolyzed within cloud and fog droplets. Once 

again, spectroscopy methods were used to determine MAC, create pre- and post-irradiation 

EEMs, and calculate the effective photolysis rate for this BrC system. ESI-HRMS was used to 

investigate the effect of photolysis on the molecular composition of NAP SOA, specifically its 

average molecular formula.  

 Chapter 5 continues the work with NAP SOA, while determining the influences of 

different atmospheric conditions on its optical and chemical properties. In chamber studies NAP 

SOA was formed under high- vs low-NOx conditions, in the absence or presence of ammonia 

(NH3), and in a humid (high relative humidity) or dry (low relative humidity) chamber. In this 

study, offline analysis was done on extracts of NAP SOA collected on filters. Absorptions 

measurements were done using UV-Vis spectroscopy and nanospray desorption electrospray 

ionization high-resolution mass spectrometry (nano-DESI-HRMS) was used to collect mass 
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spectra of the extracts to determine the different environmental conditions on molecular 

composition.        

 Lastly, Chapter 6 focuses on the effect of photolysis on the optical properties on BrC 

formed by the photooxidation of different aromatic precursors. A novel photolysis system was 

used to take semi-continuous fluorescence and absorption measurements of pH controlled SOA 

extracts. The effects of photolysis and pH on the absorption coefficients and kinetics were 

determined. EEMs were created to show the change in fluorescence due to photolysis and to 

compare them to those of chromophoric dissolved organic matter found in water samples. 

Fluorescence data was also used to calculate the apparent quantum yield of each SOA system.    

1.3. General Methods 

1.3.1. Generation and Collection of SOA in the Aerosol Smog Chamber 

Different types of BrC SOA were produced in Chapters 4 through 6 of this dissertation 

using an aerosol smog chamber. This section described the general process of SOA production, 

with specific details pertinent to each study included in the respective chapter. Prior to each 

study, the 5 m3 Teflon chamber was flushed with clean air from a FTIR purge air generator 

(Parker Balston, Model 75-62). Oxidation of VOCs in the chamber can occur through either 

ozonolysis or photooxidation with the hydroxyl radical (OH). For this thesis all SOA were 

formed via photooxidation using hydrogen peroxide (H2O2, Aldrich, 30% by volume in water) as 

the OH precursor. H2O2 was injected into a glass injection port and introduced to the sealed 

chamber through stainless steel tubing via evaporation with dry air. Once the H2O2 was fully 

evaporated, liquid VOC precursors were added to the chamber in the same manner. 

Experiments in Chapters 5 and 6 were performed under both dry (<2% relative humidity 

(RH)) and humid (40 – 90% RH) conditions. The RH and temperature were monitored using a 
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Vaisala HMT330 probe sealing within the bottom of the chamber. For studies done under humid 

conditions, the chamber was humidified prior to the addition of any precursors. Introduction of 

water vapor into the chamber was done by flowing purge air through a Nafion membrane 

humidifier connected to a 35°C water bath circulator. Studies in Chapters 4 and 6, and some 

studies in Chapter 5, were conducted under high-NOx (200 – 400 ppb of NO/NO2 added) 

conditions. For these types of studies a calculated volume of NO primary gas standard (Parxair. 

5000 ppm NO in N2) was added to the sealed chamber after the addition of H2O2, but before 

VOCs. Some of the NO is oxidized into NO2 during the addition. 

All reagents were mixed with a fan sealed within the chamber for several minutes, which 

was then turned off to prevent wall loss. At this point the photooxidation process was initiated by 

turning on the UV-B lamps (FS40T12/UVB, Solarc System Inc.) with emissions centered at 310 

nm that surround the sides of the chamber. After several hours of oxidation, SOA were passed 

through an activated charcoal denuder (Sunset Laboratories Inc.) and collected onto PTFE filters 

(Millipore 0.2 μm pore size). These filters were with directly extracted or vacuumed sealed and 

frozen for offline analyses. Throughout the SOA formation and collection processes the 

concentration of NO/NOy and ozone were respectively tracked using model 42i-Y and 49i 

Thermo Scientific monitors, while the size distribution and particle concentration were measured 

using a scanning mobility particle sizer (SMPS, TSI model 3936).   
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Figure 1.1: Photo and diagram of chamber setup 

 

1.3.2. High-Resolution Mass Spectrometry for Chemical Composition 

The molecular composition of BrC samples was determined using high-resolution mass 

spectrometry performed at the Wiley Environmental Molecular Sciences Laboratory (EMSL) at 

Pacific Northwest Nation Laboratory (PNNL) in collaboration with Drs. Alexander Laskin and 

Julia Laskin. Samples were analyzed using a high-resolution linear ion trap (LTQ) Orbitrap 

(Thermo Corp.) mass spectrometer connected to either an electrospray ionization (ESI) or 

nanospray-desorption electrospray ionization (nano-DESI) source. Each day the instrument was 

calibrated with a mixture of caffeine, MRFA, and Ultramark 1621. All samples were with a mass 

resolving power of 105 (m/Δm) at m/z 400 and in positive ion mode, producing either protonated 

(M-H+) or sodiated (M-Na+) analytes. Subtraction of the mass of a proton or sodium, 

respectively, was done in order to determine the neutral chemical formula of identified 

compounds.  
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 In Chapters 3 and 4 solutions of BrC were photolyzed at PNNL then analyzed using the 

LTQ Orbitrap mass spectrometer equipped with a direct-infusion ESI. This soft ionization 

technique results in minimal fragmentation of ionized species, making it well suited for 

identifying different species in complex samples such as BrC. In both studies sample solutions 

were diluted in a 1:1 ratio with acetonitrile before being injected into the ESI source in order to 

increase the stability of the source. The solution is drawn to a conical tip through a fused-silica 

capillary where a high voltage is applied and a spray of highly charged droplets is formed. In 

Chapter 3 a subset of studies was done with a high-performance liquid chromatography pump 

and photodiode array detector setup prior to the ESI source in order to separate the species in 

each sample and pair absorption events with specific compounds.  

 In Chapter 5 a nano-DESI source was used for soft ionization.134, 135 This technique 

ionizes directly from the surface of the filter instead of a solution, preventing preparation 

discrepancies and possible solvent effects. A primary silica capillary directs a flow of solvent to 

the substrate, which then creates a solvent bridge to a secondary capillary used to transfer the 

analyte into the mass spectrometer. After several minutes of contact with the sample the filter is 

then repositioned in order to collect a background reading from an area that is sample free. Due 

to the reduced amount of solvent used in this ionization technique the limit of detection is very 

low, on the order of nanograms.            

1.3.3. Processing of High-Resolution Mass Spectrometry Data 

Mass spectra for all studies in Chapters 3 through 5 were analyzed based on the following  

procedure. Raw data were collected from the LTQ Orbitrap mass spectrometer and evaluated in 

the Xcalibur program to determine the best data set. ESI data contained both sample and solvent 

files, while nano-DESI data had to be integrated to produce a background file from when the 

file:///F:/DISSERTATION/Chapter%201%20-%20Intro/Introduction%20v.3%20Finalized.docx%23_ENREF_134
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edge of the filter was used and a sample file for the actual analyte. Files were then grouped 

accordingly and a list of peak positions and intensities was extracted using the Decon2SL 

program developed by PNNL. Batches of samples and corresponding background or solvent files 

were then aligned using a custom written program in Labview 7.0. Peaks that appeared in both 

the sample and solvent data sets were removed, as well as peaks that had a significantly high 

ratio of solvent-to-sample. In addition to aligning the peaks of inputted files, Labview also 

flagged peaks containing the 13C isotope, which were also removed.  

 Once sample peaks were isolated, they were ran through another Labview 7.0 program 

for assignment of their protonated (M-H+) or sodiated (M-Na+) molecular formula based on their 

m/z value. Tolerance of m/z was specified and constraints were placed on the number of specific 

atoms (C, H, O, N, and Na) and elemental ratios (H/C and O/C). Details of restrictions are listed 

in subsequent chapters. These assignments were then used to assess the calibration of the m/z 

axis and if noticeable deviations were present the masses were recalibrated based on a best-fit 

line through the data set. Once the masses were adjusted they were reran through the Labview 

7.0 assignment program and reassessed. Once the deviation in m/z was minimal the ionized 

masses were converted to neutral masses, which were then used to calculate elemental ratios, 

double-bond equivalents, and average molecular formulas, as well as to plot the mass spectra 

discussed within this thesis.  
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 Abstract 

Reactions of ammonia or ammonium sulfate (AS) with carbonyls in secondary organic aerosol 

(SOA) produced from limonene are known to form brown carbon (BrC) with a distinctive 

absorption band at 505 nm. This study examined the browning processes in aqueous solutions of 

AS and 4-oxopentanal (4-OPA), which has a 1,4-dicarbonyl structural motif present in many 

limonene SOA compounds. Aqueous reactions of 4-OPA with AS were found to produce 2-

methyl pyrrole (2-MP), which was detected by gas chromatography. While 2-MP does not 

absorb visible radiation, it can further react with 4-OPA eventually forming BrC compounds. 

This was demonstrated by reacting 2-MP with 4-OPA or limonene SOA, both of which produced 

BrC with absorption bands at 475 and 505 nm, respectively. The formation of BrC in the reaction 

of 4-OPA with AS and ammonium nitrate was greatly accelerated by evaporation of the solution 

suggesting an important role of the dehydration processes in BrC formation. 4-OPA was also 

found to produce BrC in aqueous reactions with a broad spectrum of amino acids and amines. 

These results suggest that 4-OPA may be the smallest atmospherically relevant compound 

capable of browning by the same mechanism as limonene SOA. 
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 Introduction 

Atmospheric particles have a significant direct effect on the global radiative budget due 

to scattering and absorption of solar radiation and an indirect effect due to the altering of cloud 

properties.1 Light scattering by particles is the dominant direct effect, resulting in a negative 

forcing on climate (cooling). Light absorption reduces the cooling effect of particles by 

transforming a fraction of the solar energy into trapped heat.2-4 There is an uncertainty in the sign 

and magnitude of the overall radiative forcing by aerosols1, 2 because a majority of atmospheric 

particles scatter radiation, but a highly variable fraction of light-absorbing particles, namely 

mineral dust, black carbon, and brown carbon, have the ability to reduce the cooling effect of 

aerosols.5-11  

Brown carbon (BrC) refers to light-absorbing carbonaceous matter in atmospheric 

particles capable of absorbing visible and near-UV radiation.6, 12 BrC is attributed to primary 

sources, such as emissions from combustion and biomass burning, as well as secondary 

formation through multi-phase chemistry involving particles, cloud micro-droplets, and gases 

during atmospheric aging.5-7, 13 Secondary sources of BrC include: OH oxidation of aromatic 

hydroxyacids and phenols in cloud water,14-16 reactive uptake of gaseous isoprene and its 

derivatives on acidic atmospheric particles,17, 18 aqueous photochemistry of pyruvic acid in the 

presence of common atmospheric electrolytes,19, 20 acid-catalyzed aldol condensation of volatile 

aldehydes,21-28 nitration of polycyclic aromatic hydrocarbons,29-31 and formation of secondary 

organic aerosol (SOA) on highly acidic seed particles.17, 32 Secondary BrC can also be formed by 

the reactions of carbonyls with aqueous NH4
+, amino acids, and gaseous ammonia. For example, 

aqueous and multi-phase reactions of 1,2-dicarbonyls (glyoxal and methylglyoxal) with 

ammonium sulfate (AS) or amino acids have been found to produce BrC.33-44  
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Particular interest has been given to secondary BrC formed by the reaction of SOA with 

ammonia (NH3) or AS, which may occur in geographic areas with large emissions of NH3. SOA 

formed by the ozonolysis of limonene (LSOA) was found to be surprisingly effective in 

producing BrC by this mechanism,45-50 in stark contrast with SOA formed by ozonolysis of -

pinene.51 This aging process results in minor changes in the overall chemical composition of 

SOA, but a dramatic change in optical properties due to chromophores that give BrC its color.45, 

47, 48, 51, 52 Nguyen et al. (2013) investigated possible precursors responsible for the production of 

these chromophores in LSOA, specifically pinonaldehyde, limonoaldehyde, and 

ketolimononaldehyde (KLA). It was found that KLA, a secondary product of limonene 

ozonolysis, was the only precursor to produce brown products upon exposure to reduced nitrogen 

compounds, demonstrating a remarkable sensitivity of this process to the molecular structure of 

the precursor.52 

The mechanism for the production of BrC chromophores via NH3-mediated aging is 

actively being investigated.12 It has been proposed that carbonyls react with NH3 to form primary 

amines, which then undergo further reactions with unreacted carbonyls to form more stable 

secondary amines.51, 52 These reactions are reversible, with the equilibrium shifted towards the 

carbonyl reactants. However, in the presence of multiple carbonyl groups within the same 

molecule, intramolecular cyclization may occur to form a stable N-heterocyclic compound. For 

example, formation of pyrrole-based compounds was recently observed in reaction of 1,4-

dicarbonyl compound 2,5-hexanedione with AS or glycine.53 The N-heterocyclic compounds can 

then undergo intermolecular carbonyl-imine condensation reactions to form the larger, 

conjugated oligomers.51 
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While the general features of the reaction mechanism are established, the molecular 

structures of the actual chromophores have not been determined. Even in the case of a single 

KLA precursor reacting with NH3, a number of products were observed and the structures of the 

chromophores could not be confidently assigned.52 Therefore, it is important to identify simpler 

model systems that lead to browning by closely related mechanisms. This study attempts to 

simplify the search for BrC chromophores by focusing on the 1,4-dicarbonyl substructure of 

KLA, using 4-oxopentanal (4-OPA) as a representative model system.  To highlight the 

importance of the aldehyde group in 4-OPA we also examined a structurally related compound 

6-methyl-hepten-2-one (6-MHO), which differs from 4-OPA by the lack of the reactive aldehyde 

group (Figure 2.1). 6-MHO is often co-produced with 4-OPA in the environment. For example, 

squalene, a compound commonly found in plant and animal lipids, undergoes ozonolysis to form 

6-MHO as a primary product and 4-OPA as a secondary product.54 Both 6-MHO and 4-OPA can 

also be produced via oxidation of common fragrance compounds, such as limonene, -terpineol, 

and geraniol, with ozone or the hydroxyl radical.55 The presence of 6-MHO and 4-OPA in the 

atmosphere has been confirmed in several field studies.56-59 Additionally, the reaction of ozone 

with human skin lipids has been found to produce 6-MHO and 4-OPA in indoor environments at 

concentrations that may be hazardous to human health.60, 61 
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Figure 2.1: Structures of ketolimononaldehyde (KLA), 4-oxopentanal (4-OPA), 6-methyl-5-

hepten-2-one (6-MHO), 2-methyl pyrrole (2-MP), and 1-methyl pyrrole (1-MP). KLA is a 

known BrC precursor. A portion of its structure is shown in gray to emphasize the structural 

similarity between KLA and 4-OPA. The browning potential of 4-OPA and 6-MHO are tested in 

this work, while 2-MP and 1-MP are investigated as possible reaction intermediates. 

 

  In this work, we show that the reaction of 4-OPA with AS results in carbonyl-imine 

conversion of the aldehyde group, followed by intramolecular cyclization to form a 2-methyl 

pyrrole (2-MP) intermediate, as shown in Figure 2.2. The proposed mechanism is consistent with 

the work of Kampf et al. (2016), who observed pyrrole derivative in reactions 2,5-hexanedione 

with AS.53 The resulting 2-MP further reacts with 4-OPA to form oligomerization products, such 

as the dimer shown in Figure 2.2 (the identification of the actual chromophoric products will be 

described in a follow-up paper). 
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Figure 2.2: (Top) 4-OPA reacting with NH3 to form 2-MP, an intermediate to the production of 

BrC chromophores. (Bottom) 2-MP further reacting with 4-OPA to form dimer products. A 

series of such reactions can produce larger, conjugated products potentially capable of absorbing 

visible light. 

To confirm this hypothesis, we carried out bulk aqueous phase studies of 4-OPA mixed 

with AS or with 2-MP. Control experiments were also done using 6-MHO instead of 4-OPA and 

1-methyl pyrrole (1-MP) instead of 2-MP, in order to examine molecular selectivity of this 

browning mechanism.  The browning in 4-OPA + AS mixtures and lack of browning in 6-MHO 

+ AS mixtures confirmed the importance of the presence of both carbonyl groups in 4-OPA. In 

addition, we found that browning in 4-OPA + AS and LSOA + AS aqueous mixtures leads to 

similar types of chromophores with distinctive absorption bands in the visible spectrum. 

Experiments were also done to examine acceleration in browning reactions during the 

evaporation of water in comparison to those undergoing slow aging in solution; a phenomenon 

that has been observed in the LSOA + AS BrC systems.46 Lastly, 4-OPA reacting with a broad 

range of amino acids and amines resulted in the formation of BrC. We conclude that 4-OPA may 

be the smallest atmospherically relevant compound capable of browning by the same mechanism 

as LSOA, and a convenient model system for studying secondary BrC formation. 
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 Experimental Methods 

 Aqueous Phase Reactions of 4-OPA with AS, 2-MP, and 1-MP 

Experiments were performed to examine slow aging of aqueous phase 4-OPA in AS 

solution as a function of time. Liquid 4-OPA (>98% purity) was custom synthesized by 

commercial vendors DevirChim, Inc. (Roissy, France) and Richman Chemical Inc. (Lower 

Gwynedd, PA, USA). Solutions of AS were made by dissolving solid AS (Fisher Scientific, 

≥99%) in deionized water. The reaction was initiated by adding a desired amount of 4-OPA to 

the AS solution and placing the mixture in a 1 cm quartz cuvette with a sealed top at room 

temperature (~23 °C). UV-Vis spectra ranging from 200-700 nm were recorded every 1-2 hours 

to monitor the progress of reaction for 36 to 100 hours, using a Shimadzu 1800 

spectrophotometer with a distilled water reference. The three concentration combinations of 4-

OPA in AS were: 0.2 M 4-OPA in 0.1 M AS, 0.06 M 4-OPA in 0.1 M AS and 0.03 M 4-OPA in 

0.06 M AS. The UV-Vis experiments were repeated with 6-MHO (Sigma-Aldrich, 99%), a 

known precursor of 4-OPA in the atmosphere, to determine whether the aldehyde group of 4-

OPA, which is absent in 6-MHO (Figure 2.1), is required for browning.  

In order to positively confirm the formation of the 2-MP intermediate in the browning 

reaction, the 4-OPA + AS mixture was extracted with dichloromethane, and the brown extract 

was analyzed by gas chromatography electron impact ionization mass spectrometry (GC-EI-

MS). A 2-MP standard in dichloromethane was analyzed as well and compared to samples taken 

from the 4-OPA + AS reaction mixture.  

2-MP (Ark Pharm Inc., >95%) or 1-MP (Sigma-Aldrich, 99%) were used in place of AS 

to determine whether browning can occur through reactions with the 2-MP intermediate, without 

direct involvement of AS, and to determine whether the placement of the methyl group on the 
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pyrrole ring has an influence on browning. Concentrations of 4-OPA and MP were: 0.2 M 4-

OPA in 0.1 M 1-MP or 2-MP and 0.06 M 4-OPA in 0.1 M 2-MP. The initial aqueous mixtures 

were opaque due to the presence of a colloid. To keep the reactants and products dissolved, 1 mL 

of each mixture and 1 mL of acetonitrile were combined, resulting in a transparent solution 

(implying that the reaction products were more soluble in acetonitrile than in water). The 

measurements were done with a Shimadzu 2450 spectrophotometer collecting a spectrum every 

15 to 30 minutes over 5 to 24 hours while stirring and water cooling at 20 °C to minimize 

acetonitrile evaporation.  

In order to compare the results with a previously studied LSOA +AS system,47 LSOA 

was generated in a 14 L flow tube by a gas-phase reaction between limonene and ozone. Liquid 

limonene was injected into 5 SLM (standard liters per minute) air flow via a syringe pump at a 

rate of 25 μL/h. Ozone produced by flowing oxygen (Airgas; 99.994%) through an ozone 

generator at 0.7 SLM was injected downstream of the limonene injection. The initial mixing 

ratios of the limonene and ozone were 11 ppm and 9 ppm respectively, and the flow tube 

residence time was 2.5 min. The aerosol exited the flow tube, passed through a charcoal filter to 

remove excess ozone, and was collected on a foil substrate using a Sioutas Cascade Impactor. 

Several milligrams of LSOA were collected and dissolved in 1:1 acetonitrile in nanopure water 

to achieve a mass concentration comparable to the 0.06 M 4-OPA solution. The resulting 

solution was mixed with 0.1 M 2-MP and allowed to react. The UV-Vis spectra of the LSOA + 

2-MP sample were recorded every 15 minutes for 22 hours.   

 Reactions of 4-OPA in Evaporating Solutions 

The combination of 0.06 M 4-OPA + 0.1 M AS was selected to examine the possible 

acceleration of the browning process by evaporation. Solutions were mixed in a scintillation vial 
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to create a total mixture volume of 2 mL. The vial was connected to a Buchi Rotavapor R-215 at 

30°C and evaporated under rough vacuum (< 10 mbar) for 10 minutes until all of the water was 

removed and a only a brown residue remained. Subsequently, 2 mL of distilled water was added 

to the vial to dissolve the residue and a UV-Vis spectrum of the resulting solution was acquired. 

This evaporation and dissolving process was repeated three times, until the change in the 

measured absorbance was minimal. Similar evaporation experiments were done with ammonium 

nitrate (AN; Fisher Scientific, ≥99%) in place of AS for comparison. A control experiment was 

also done in the absence of ammonium ions, by evaporating the solution of 4-OPA alone. The 

UV-Vis spectra obtained in this set of evaporation experiments were compared to the spectrum 

acquired for the aqueous 0.06 M 4-OPA + 0.1 M AS sample aged for 48 hours at room 

temperature. 

 Reactions of 4-OPA with Amines and Amino Acids 

Additional studies were performed to investigate the reactions of 4-OPA with a variety of 

other reduced-nitrogen species, including amines, amides and the nitroso functional group. The 

following reactions were conducted by undergraduate student Forest Heller at the Pacific 

Northwest National Laboratory in Richland, WA. The reagents were purchased from Sigma-

Aldrich at the highest available purities (typically >98%) and used without further purification. 

Based on qualitative observations, only certain amines formed brown products while the amides 

(acetamide, N,N-dimethylacetamide, N,N-dimethylformamide) and N-Nitrosodiethylamine did 

not. In order to quantitatively test the amines and compare them to reactions with ammonia, 

stock solutions of 0.09 M were prepared using the following reagents: 2-amino-2-methyl-1-

propanol (AMP), AS, diethylamine (DEA), dimethylamine (DMA), ethylenediamine (EDA), 

glycine (GLY), methylamine (MA), methyldiethanolamine (MDEA), ethanolamine (MEA), 
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ammonium hydroxide (NH4OH), AN, propylamine (PA), piperazine (PIP), and trimethylamine 

(TMA). A stock solution of 0.03 M 4-OPA was also prepared. A fixed volume of 4-OPA stock 

solution and varying volume fractions of nitrogen-containing stock solutions were mixed 

together and diluted to a total volume of 1.0 mL, resulting in 0.015 M 4-OPA and 0.0-0.045 M 

nitrogen-containing compound. The UV-Vis spectrum of the initial mixture was recorded with a 

UV-Vis spectrophotometer (USB 2000+, Ocean Optics). Each sample was aged at an elevated 

temperature of 40°C to increase the reaction rate. After a 75 minute interval, the sample was 

removed from the incubator and its UV-Vis spectrum was recorded. The procedure was repeated 

until the observed absorption spectrum stopped changing. 

 Mass Absorption Coefficient (MAC) 

The effective mass absorption coefficient (MAC) was used to quantify the extent of 

browning in all studied mixtures. The MAC was calculated using the base-10 absorbance A10 of 

the sample with the total organic carbon mass concentration of the solution Cmass (g cm-3) and the 

path length of the cuvette b (cm):62  

𝑀𝐴𝐶(λ) =
𝐴10(𝜆)∗ln⁡(10)

𝑏∗𝐶𝑚𝑎𝑠𝑠
    (Equation 2.1) 

Cmass was the mass concentration of the carbonyl reactant (4-OPA, 6-MHO or LSOA). The 

change in the mass of organics resulting from the ammonia reaction is minor based on results of 

previous studies of KLA52 and LSOA.51 GC-EI-MS experiments confirmed that only a small 

fraction of 4-OPA was converted into BrC products.  Therefore, the nitrogen-containing 

reactants (AS, AN, 2-MP, 1-MP, amino acids, amines, etc.) were not included in Cmass to make it 

easier to compare results of different experiments. For aqueous reactants (4-OPA and 6-MHO), 

Cmass was calculated by converting the measured volume of the reactant to mass using its density 
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and dividing it by the total volume of solution. For LSOA, the mass of SOA on the filter was 

divided by the volume of solvent used for extraction.     

 Results and Discussion 

 Role of Pyrrole Compounds in Browning Reactions of 4-OPA and LSOA  

with AS 

Figure 2.3a shows time-dependent MAC spectra for a mixture containing 0.06 M 4-OPA 

and 0.1 M AS. In this mixture, as well as all other 4-OPA in AS mixtures examined in this work, 

a well-defined absorption peak at 475 nm increased in intensity as time progressed, accompanied 

by a visible browning of the solutions. The initial growth rate of the 475 nm peak increased with 

the concentration of 4-OPA and AS in solution (Figure 2.3c). However, the extent of browning at 

longer time scales did not correlate with 4-OPA concentration.   

LSOA was also mixed with AS and aged in a similar way, resulting in browning of the 

solution as observed in previous experiments.45 Figure 2.3b compares the MAC spectra of the 

aged 4-OPA + AS and LSOA + AS solutions after 22 hours. Both systems generated prominent 

absorption peaks at similar wavelengths (475 mm for 4-OPA and 505 nm for LSOA) and with 

comparable MAC values. These results suggest that browning of 4-OPA and LSOA occurs by a 

similar mechanism. In addition, these results support our assumption that the 1,4-dicarbonyl 

motif of KLA contributes to the browning of LSOA.52 The shift of the 505 nm peak in the LSOA 

+ AS system to 475 nm in the 4-OPA + AS system may be due the smaller molecular size of 

chromophores formed in the latter system. LSOA is a rather complex mixture of different 

compounds, which contains molecules with structurally similar motifs to 4-OPA, but also with 

other functional groups that may lead to the observed spectral shift. Mixtures of 6-MHO with AS 

did not produce a significant growth of new bands in the absorption spectra. This confirms that 
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the aldehyde group in 4-OPA, which is absent in 6-MHO, is required for browning to occur, 

further supporting the assumption in Figure 2.2 that both carbonyl groups in 4-OPA are essential 

for its browning chemistry.  

 
 

Figure 2.3: (a) Time-dependent MAC of 0.06 M 4-OPA in 0.1 M AS showing the growth of an 

absorption peak at 475 nm, accompanied by browning of the solution. (b) A comparison of MAC 

spectra for 4-OPA and LSOA after slow aging with AS for 22 hours. (c) Comparison of peak 

growth at 475 nm for each combination of 4-OPA + AS concentrations tested. 
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Our hypothesis is that browning begins by reaction of 4-OPA with dissolved NH3 

resulting in the formation of a 2-MP intermediate after intramolecular cyclization. Formation of 

more complex compounds (Figure 2.2), some of which may be light absorbing, is initiated by 

oligomerization reactions between 2-MP with 4-OPA. To prove that 2-MP is actually produced 

in the 4-OPA + AS aqueous reaction, we compared the GC-MS chromatograms of the reaction 

mixture with that of a 2-MP solution in dichloromethane. The 2-MP standard eluted at 3.8 min 

and had three distinct peaks in the EI mass spectrum, at m/z 53, 80 and 81, in agreement with the 

mass spectrum of 2-MP in the NIST library. 4-OPA eluted at 4.1 min and had strong peaks at m/z 

57, 72, an 85, as well as a number of weaker peaks, including one at m/z 81 (but no peak at m/z 

80). A selected ion chromatogram for the extracted 4-OPA + AS mixture observed at m/z 80 

produced a chromatographic peak at the same retention time (3.8 min) as in the 2-MP standard. 

In addition to the unreacted 4-OPA and 2-MP, the mixture contained a number of other 

compounds eluting between 2-30 min, suggesting complex secondary chemistry leading to BrC 

formation. None of these compounds could be identified using the NIST mass spectral library.  

To further demonstrate the important role of 2-MP in browning of 4-OPA, we acquired 

UV-Vis spectra of 0.2 M 4-OPA and 0.06 M 4-OPA in 0.1 M 2-MP mixtures. Figure 2.4a shows 

results of the 0.2 M 4-OPA + 0.1 M 2-MP experiment, in which a peak growth occurs at 475 nm, 

a wavelength pertinent to the browning of 4-OPA + AS mixtures. Browning was found to occur 

more quickly at 0.2 M in comparison to 0.06 M 4-OPA. To investigate the importance of methyl 

group placement on the pyrrole ring, 0.2 M 4-OPA was reacted with 0.1 M 1-MP in place of 2-

MP. The mixture of 4-OPA and 1-MP did not produce absorption peaks in the visible range 

(Figure 2.4b), indicating that the formation of light-absorbing products is sensitive to the position 

of the methyl group in the pyrrole ring under these reaction conditions. Under other reaction 
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conditions, such as the heating described in the amine and amino acid section below, 1-MP may 

potentially lead to browning by a different chemical mechanism. 

The experiments were also carried out for LSOA with 2-MP, in absence of NH3. 

Similarly to the 4-OPA + 2-MP mixtures, LSOA reaction with 0.1 M 2-MP resulted in efficient 

browning evidenced by the growth of a peak at 482 nm in the UV-Vis spectrum (Figure 2.4c). At 

a similar mass concentration to 4-OPA, LSOA in 0.1 M 2-MP browned more slowly than 4-

OPA. In the LSOA mixture only a fraction of species have the necessary structure for efficient 

browning, so the overall concentration of compounds capable of browning is lower compared to 

solutions containing only 4-OPA. 
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Figure 2.4: (a) MAC of 0.2 M 4-OPA in 0.1 M 2-MP verses time showing the growth of a peak 

at 475 nm. (b) MAC of 0.2 M 4-OPA in 0.1 M 1-MP over time showing no peak growth. (c) 

MAC of LSOA reacted with 0.1 M 2-MP with a peak growing in at 482 nm. MAC was calculated 

using Eq. (1). Y-axis is scaled differently in each panel to show differences between each 

system. 
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Collectively, these experiments confirm that the conversion of 4-OPA into 2-MP may be 

an important initial step in the browning process. They also suggest that similar pyrrole-based 

intermediates may be important in browning chemistry of LSOA. The 2-MP absorbs only in the 

UV range, so it cannot be responsible for the brown color of the solution. However, 

oligomerization reactions involving 2-MP as an intermediate may produce more complex, 

conjugated compounds capable of absorbing visible radiation. A unique feature of the pyrrole 

ring is that nitrogen donates its nonbonding electrons to the ring by resonance. Increased electron 

density at C atoms makes them accessible for electrophilic substitution, such as reactions with 

aldehydes and ketones, with the C5 carbon of the pyrrole ring being the most reactive (Figure 

2.2). The presence of more than one reactive site in the 2-MP ring (C3, C4, C5) and two carbonyl 

groups in 4-OPA provides multiple cross-oligomerization pathways that may lead to the 

formation of larger light-absorbing species. The molecular identity of the chromophores 

responsible for the appearance of the distinctive 475 nm absorption band in the 4-OPA + AS and 

4-OPA + 2-MP is outside of the scope of this study, and will be discussed in detail in a follow-up 

publication.    

 Browning of 4-OPA Accelerated by Evaporation 

The mechanism outlined in Figure 2.2 suggests that the browning process may be 

accelerated by actively removing water from the 4-OPA + AS system. In the evaporation 

experiments, 0.1 M AS or AN was mixed with 0.06 M 4-OPA and the solution was evaporated. 

The reaction products were subsequently re-dissolved in water and the evaporation process was 

repeated until the change in MAC values was minimal between the successive evaporations. 

Figure 2.5 shows that the evaporation of 4-OPA + AS and 4-OPA + AN solutions resulted in 

MAC values comparable to those obtained in the much slower reaction in unevaporated aqueous 
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solutions.  The reaction appears to be very fast and limited by the evaporation rate. For example, 

a comparison of Figure 2.3 (MAC of 100 cm2g-1 achieved after about 24 hours of aqueous 

reaction) and Figure 2.5 (MAC of 100 cm2g-1 achieved after 10 min in the first evaporation) 

suggests that BrC formation reactions occur at least 2-3 orders of magnitude faster during the 

evaporation process. 

Figure 2.5 shows that the evaporation of AS yields a MAC value nearly two times higher 

than AN (180 cm2g-1 for AS and 100 cm2g-1 for AN). The initial solution pH was very similar 

(5.2 in 0.1 M AS and 5.1 in 0.1 M AN based on the E-AIM model II: 

http://www.aim.env.uea.ac.uk/aim/aim.php).63 However, the solution of AS has twice as many 

ammonium ions than AN, and the extent of browning occurring in the reaction with 4-OPA may 

be dependent on the total amount of ammonium ions present in the system. Additionally, AN is 

more likely to volatilize as HNO3 + NH3 during the evaporation process leaving less nitrogen 

available for the reaction. The absorption spectra are slightly different for the 4-OPA + AS and 

4-OPA + AN cases: the 4-OPA + AN spectrum is slightly red shifted and has more pronounced 

additional bands between 550 and 600 nm. This difference suggests that the anion also affects 

the structures of the products, possibly by altering the ionic strength and pH of the evaporating 

solution as well as solubility of 4-OPA. For example, glyoxal hydration equilibrium is known to 

be strongly and selectively affected by the sulfate anions;44, 64 similar effects may occur for the 

hydration of 4-OPA. A control experiment was performed with 4-OPA in deionized water to 

examine the reactivity of 4-OPA undergoing evaporation in the absence of ammonium ions. This 

experiment did not result in the growth of any peaks in the MAC spectrum, confirming that the 

ammonium ions are needed for the browning.  
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The evaporation of 4-OPA + AS and 4-OPA + AN solutions resulted in smaller MAC 

values compared to MAC values after 48 hours of reaction in unevaporated aqueous solution 

(Figure 2.5). In the previous studies of LSOA + AS46 and glyoxal + AS,65 the evaporation was 

found to produce larger MAC values than the slower aqueous reaction. It is possible that some 4-

OPA was lost during the evaporation step because it is a fairly volatile molecule. Although the 

MAC values of the evaporated mixtures were somewhat lower, they may be more 

atmospherically relevant because they produce BrC at a much faster rate and are less likely to 

compete with the photobleaching of BrC by sunlight that has been observed in several studies.36, 

66  

 

 
Figure 2.5: MAC after evaporation and dissolution for 0.1 M AS (a) and AN (b) reacting with 

0.06 M 4-OPA. For the 4-OPA + AS case, the result of slow aging in aqueous unevaporated 

solution is also shown. 
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 Browning Reactions of 4-OPA Reacting with Amines and Amino Acids 

In order to further explore the BrC-forming potential of 4-OPA, additional studies were 

conducted with 4-OPA reacted with a variety of nitrogen-containing organic compounds. The 

amines and amino acids produced visible browning of the solutions, but this was not the case for 

nitroso and amide compounds. The concentration and time dependence of the reaction was then 

further quantified by keeping the 4-OPA concentration constant and varying the concentration of 

the nitrogen-containing species. This generally shows that 4-OPA has the ability to react with 

these nitrogen-containing compounds and over time form products that have the ability to absorb 

in the UV and more importantly the visible region. This is not to say that these amines and amino 

acids proceed by the same mechanism as AS and 2-MP. For example, secondary and tertiary 

amines cannot undergo the intramolecular reaction shown in Figure 2.2 to form pyrrole 

structures. A possible pathway for brown carbon formation with secondary amines and 4-OPA is 

the production of an enamine followed by an intermolecular reaction with a second 4-OPA 

molecule, similar to a Stork enamine alkylation, leading to oligomerization. Tertiary amines and 

4-OPA can undergo aldol condensation reactions promoted by the basicity of the amines.     

 Figure 2.6 compares the MAC values after nine 75-minute heating intervals (675 minutes; 

the concentration of all nitrogen-containing species is 0.035 M).  In all cases, there is an increase 

in MAC values in the UV region with a broad absorption tail extending into the visible region. 

The largest MAC values in the visible range were observed for secondary amines DMA, DEA, 

and PIP. In several cases specific peaks are observed, such as for MA at 325 nm and for PA near 

350 nm. The MAC values in the visible region were considerably larger for amines and amino 

acids compared to NH4OH, AN, and AS, which have the lowest MAC values in Figure 2.6. The 

much larger MAC values resulting from reaction of amines and amino acids with 4-OPA can 
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compensate for the fact that amines and amino acids are less abundant in the atmosphere 

compared to AS. 

 

 
 

Figure 2.6: MAC after 675 minutes of aging at 40°C. The concentration of 4-OPA was 0.015 M 

and the concentration of each nitrogen-containing compound was 0.035 M. Abbreviations of 

nitrogen-containing compounds: 2-amino-2-methyl-1-propanol (AMP), ammonium nitrate (AN), 

ammonium sulfate (AS), diethylamine (DEA), dimethylamine (DMA), ethylenediamine (EDA), 

glycine (GLY), methylamine (MA), methyldiethanolamine (MDEA), ethanolamine (MEA), 

ammonium hydroxide (NH4OH), propylamine (PA), piperazine (PIP), and trimethylamine 

(TMA). 

 Atmospheric Implications 

The experiments described in this paper demonstrate that 4-OPA may be the smallest 

atmospherically relevant molecule that undergoes browning by the same general mechanism as 

previously observed in LSOA. This assertion is based on the fact that browning of 4-OPA in an 

aqueous solution in the presence of AS produces remarkably similar absorption spectra to those 

observed for the LSOA + AS system. Furthermore, similar spectra are observed in reactions of 4-

OPA with 2-MP and of LSOA with 2-MP, supporting the hypothesis that pyrrole-based 

compounds act as probable intermediates in this browning chemistry. Pyrroles are reactive 
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towards carbonyls, and they may continue to react with 4-OPA or structurally related compounds 

in LSOA to produce larger, light-absorbing products. The MAC values from the 4-OPA + AS 

reaction products are modest, and not large enough to compete with primary BrC from biomass 

burning, but reactions of 4-OPA could provide important insights into the chemical mechanisms 

of secondary BrC formation in reactions of SOA. Although the aqueous reaction of 4-OPA with 

either AS or AN is relatively slow, it is greatly accelerated by condensation reactions promoted 

by evaporation. This reinforces the suggestion from previous studies that BrC can be produced 

efficiently in evaporation of cloud and fog droplets. Finally, the browning of 4-OPA is not 

limited to reactions with AN and AS. It can also react with a variety of other nitrogen-containing 

species including amines, amino acids, and compounds containing ammonium ions. Of these, 

secondary amines produce the highest MAC values in the visible region. We conclude that 4-

OPA is a convenient model system for studying secondary BrC formation in reactions of 

carbonyls and reduced nitrogen compounds. 
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 Photochemistry of Products of the Aqueous Reaction of 

Methylglyoxal with Ammonium Sulfate 
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 Abstract 

Aqueous reactions of methyl glyoxal (MG) and glyoxal with ammonium sulfate (AS) produce 

light-absorbing compounds (chromophores) and may serve as a source of atmospheric secondary 

“brown carbon” (BrC). The molecular composition of these chromophores is ambiguous and 

their transformation due to exposure to solar UV radiation is not well understood. We examined 

the molecular composition, mass absorption coefficients, and fluorescence spectra of BrC 

samples produced by the evaporation of aqueous MG/AS solutions. Chromatograms of BrC 

produced by evaporation were different from those of BrC produced by slow MG/AS reaction in 

water, highlighting the substantial sensitivity of BrC to its formation conditions. The BrC 

samples were characterized before and after their exposure to broadband (270-390 nm) UV 

radiation. Irradiation led to rapid photobleaching, a decrease in the characteristic 280 nm 

absorption band, a complete loss of fluorescence, and a dramatic change in molecular 

composition. By comparing the composition before and after the irradiation, we identified 

several structural motifs that may contribute to the light absorbing properties of MG/AS BrC. 

For example, a family of oligomers built from an imidazole carbonyl and repetitive MG units 

was prominent in the initial sample, and decreased in abundance after photolysis. More complex 

oligomers containing both imidazole and pyrrole rings in their structures also appeared to 

contribute to the pool of BrC chromophores. The selective reduction of carbonyl functional 

groups by sodium borohydride diminished the absorption, but had little effect on the 

fluorescence of MG/AS BrC samples, suggesting that absorption in this system is dominated by 

individual chromophores as opposed to supramolecular charge-transfer complexes. Due to the 

efficient photolysis of the BrC chromophores, this MG/AS BrC system has limited impact on the 
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direct radiative forcing of climate, but may have an effect on atmospheric photochemistry in 

aerosol particles. 
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 Introduction 

Methylglyoxal (MG) is produced by gas-phase oxidation of many anthropogenic and 

biogenic volatile organic compounds (VOC) including: benzene, toluene, ethylbenzene, xylenes, 

C3-C5 alkanes, isoprene, acetone, monoterpenes, and methylbutenol (see Fu et al.1 and references 

therein).  Biofuel and biomass burning are also known to directly emit MG into the atmosphere. 

As a result, MG is commonly observed in urban, rural, and remote environments, with an 

estimated global annual production of about 140 Tg/year.1  

Several laboratory and field studies have shown that the uptake of MG (and of the 

structurally related glyoxal, G) by wet aerosols and cloud droplets and its subsequent aging 

proceed through several competing aqueous-phase chemical processes, including: 1) aqueous 

oxidation, which in the case of MG produces water soluble glyoxylic, pyruvic, and oxalic acids; 

2) formation of gem-diols followed by oligomerization into high molecular weight products; and 

3) ammonium-catalyzed condensation and formation of imidazole compounds.1-3 Some of these 

processes result in the formation of light-absorbing compounds that may affect the optical 

properties of secondary organic aerosols (SOA) formed in the aqueous phase.1, 2, 4, 5 Specifically, 

the products of MG reacting with ammonium sulfate (AS) have an absorption band at 280 nm, as 

well as a weak absorption tail that extends into the visible range. The presence of this absorption 

tail makes MG + AS and G + AS reactions a potential source of “brown carbon” (BrC).2   

A number of recent studies have characterized the products formed in aqueous reactions 

of MG and G (see Ref. 2 for a comprehensive review of the recent literature). For example, De 

Hann et al. performed structural analysis of the products of MG reactions with AS, amino acids, 

and methyl amine and observed nitrogen-containing oligomers of imidazole.6, 7  Figure 3.1 

adopted from De Haan et al. (2011) shows some of the processes relevant for this work.7 Sareen 
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et al. (2010) used chemical ionization mass spectrometry to study the reaction of MG with AS 

and observed aldol condensation products, high-molecular-weight oligomers, and sulfur- and 

nitrogen-containing compounds.8 Maxut et al. (2015) measured molar extinction coefficients of 

several expected products of G and AS.9 The imidazole carbonyl (IC) shown in Figure 3.1 likely 

makes the dominant contribution to the 280 nm absorption peak; however, the molecular 

identities of the absorbers in the red tail of the spectrum remain ambiguous.9-11 
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Figure 3.1: MG + AS reactions leading to the formation of the imidazole carbonyl (IC) and its 

oligomers, adopted from De Haan et al. (2011).7 IC is the well-known product of the MG + AS 

reaction; the dashed boxes indicate possible structures of the oligomers observed in this work. 

The bottom part of the scheme shows possible reactions of IC + MG oligomers including pyrrole 

ring formation and oxidation. 

 

Although numerous studies have examined MG/AS reactions under dark conditions,2 

much less is known about the photochemical properties of the resulting BrC products (referred to 

as MG/AS BrC for the rest of the manuscript). Sareen et al. (2013) examined the stability of 
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MG/AS BrC with respect to UV photolysis and oxidative aging by O3 and/or OH radicals and 

concluded that photolysis is the primary daytime sink of this type of BrC in the atmosphere, with 

a characteristic lifetime on the order of minutes.12 This short lifetime suggests that MG/AS BrC 

accumulating in aqueous reactions overnight is quickly removed upon sunrise and is not likely to 

have a strong effect on direct radiative forcing.12-14 Similarly, Zhao et al. (2012) reported that 

MG/AS BrC exhibits rapid photochemical bleaching in the aqueous phase by a combination of 

direct photolysis and OH oxidation. They estimated that the atmospheric lifetime of MG/AS BrC 

ranges from minutes to a few hours.15   

Concentrated aqueous solutions of MG and AS develop brown color on a time scale of 

hours to days,8 but this process can be dramatically accelerated by evaporating the solution. For 

example, Lee et al. demonstrated that evaporation of aerosolized G/AS aqueous solutions 

produces BrC orders of magnitude faster than observed in bulk solutions.16 In our previous work, 

we used high-performance liquid chromatography paired with a photodiode array detector and 

high-resolution mass spectrometry (HPLC-PDA-HRMS) to characterize MG/AS BrC formed via 

slow aqueous reaction.17 In this work, we characterized the molecular composition, absorption 

spectra, and fluorescence spectra of MG/AS BrC accelerated by evaporation of MG solutions 

containing AS. The changes in molecular composition of MG/AS BrC, before and after UV 

photolysis, were analyzed by high-resolution mass spectrometry (HRMS). We found that 

aqueous photolysis of MG/AS BrC not only decreases its absorption and fluorescence intensity 

but also results in a significant change in molecular composition. We explored the response of 

selected BrC species to photolysis using HPLC-PDA-HRMS. We carried out a reduction of 

MG/AS BrC compounds by sodium borohydride (NaBH4), which is commonly used to 

selectively reduce carbonyl groups into alcohols and disrupt charge-transfer (CT) complexes 
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formed by the interaction between donor (-OH) and acceptor (=O) groups.18, 19 The absorption 

peak at 280 nm was eliminated by NaBH4 reduction, but the fluorescence was mostly unaffected, 

implying that CT complexes do not strongly contribute to light-absorption properties in the 

MG/AS system. Additionally, this reduction eliminated all but one chromophore seen in the 

MG/AS BrC chromatogram. Our results support the conclusion that MG/AS BrC is a highly 

dynamic system that is quite unstable under solar irradiation, as previously concluded by Sareen 

et al.(2013)12 and Zhao et al. (2012)15 Although this BrC system will have a marginal impact on 

the direct radiative forcing of climate, it may have a profound effect on atmospheric 

photochemistry occurring in fog droplets and wet aerosols.  

 Experimental Methods 

 Methylglyoxal and Ammonium Sulfate Mixtures 

A 0.1 M stock solution of MG was prepared by diluting a commercial MG solution in 

deionized water (Sigma-Aldrich, 40% in H2O). A 0.1 M stock solution of AS was prepared by 

dissolving 1.32 grams of AS (Fisher Scientific, ≥99%) in 100 mL of deionized water. The two 

stock solutions were mixed in a 1:1 ratio by volume resulting in a 0.05 M concentration of each 

reactant in the initial solution (corresponding to 3.6 g/L MG and 6.6 g/L AS). The browning of 

this mixture occurs fairly slowly at room temperature, over the course of several days. In order to 

speed up the browning process,7, 16, 20 the mixed sample was immediately evaporated in a 

scintillation vial attached to a Buchi Rotavapor® R-215 at 30o C until all solvent was removed. 

While the full evaporation process took  20 min, the residue acquired brown color only at the 

end of the evaporation process, in the las minute, when most of the water was evaporated from 

the sample. Evaporation could have been done faster at a higher evaporation temperature but we 

did not want to deviate too much from typical ambient temperatures. The brown residue formed 
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during the evaporation was then re-dissolved in the same amount of deionized water as the initial 

volume of the mixed MG and AS solutions. This re-dissolution process may lead to a partial 

reversal of the reactions occurring upon evaporation, but the brown color of the final solution 

suggests that at least some of the BrC compounds produced in evaporation are stable with 

respect to hydrolysis. It is also possible that some MG was lost during the evaporation step but 

we had no easy way of quantifying this loss.  The products formed during the evaporation differ 

from those formed in the slower browning process, as implied by the difference in the HPLC-

PDA-HRMS data for samples obtained by these two methods. The evaporation-driven products 

are likely to be more environmentally relevant because they can be produced faster, after a single 

cloud processing cycle.   

 Optical Properties and Photolysis of MG/AS BrC 

Following evaporation and re-dissolution, each MG/AS BrC sample was diluted to 

achieve an absorbance less than one at 280 nm in order to avoid deviations from Beer’s law. The 

resulting concentrations of organics in the diluted solutions (0.5-0.8 g/L) listed in Table 3.1 are 

based on the mass of MG used in the initial reaction mixture and the total volume used to reach 

an absorbance less than one at 280 nm.  
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Table 3.1: Summary of photolysis experiments. a 

Sample # 
Concentration of 

BrC  (g/L) 
Absorbance decay 

rate (s-1) 
QY 

1 0.60 1.5×10-3 0.46 

2 0.60 2.3×10-3 0.59 

3 0.80 2.2×10-3 0.98 

4 0.54 1.2×10-3 0.33 

Average 
  

0.59 

(SD) 
  

0.28 
a For each MG/AS sample, the estimated BrC mass concentration (taken to be equal to the mass 

concentration MG would have had after re-dissolution and dilution if it was not reactive), the 

measured 280 nm absorbance decay rate, and the effective quantum yield (QY) value calculated 

from Eq. 3.1 are listed. The average QY and its standard deviation (SD) are listed as well. 

 

This calculation neglects the possible MG mass loss by evaporation and mass gain due to 

aqueous chemistry. A dual-beam spectrophotometer (Shimadzu UV-2450) was used to record the 

UV/Vis absorption spectra of the diluted samples in the 200-700 nm range. Three-dimensional 

excitation-emission matrix (EEM) spectra were acquired with a Hitachi F-4500 fluorescence 

instrument.16 The excitation wavelength spanned the 200 – 500 nm range in 5 nm steps, and the 

emission was recorded over the 300 – 600 nm range in 2 nm increments. Deionized water served 

as the background for the absorption and EEM measurements. For all samples, back-to-back 

absorption and fluorescence measurements were conducted before and after photolysis.  

The procedure for photolysis of the MG/AS BrC samples was similar to that described by 

Epstein et al.21 Briefly, the sample in a standard 1.0 cm cuvette was placed in a temperature-

controlled cuvette holder. The cuvette was irradiated from the top with broadband UV radiation 

delivered from a xenon arc lamp housing (Newport model 6256) through a 0.95 cm liquid light 

guide. Before entering the light guide, the UV radiation was reflected with a 90-degree dichroic 

mirror and filtered with a U-330 band-pass filter (Edmund optics #46-438). The height of the 

irradiated samples was kept consistent by using a constant volume of 2.5 mL in the cuvette. No 
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change in solution volume was visible throughout the photolysis experiments. A small magnetic 

stir bar mixed the sample during photolysis. For the MG/AS BrC samples, the absorbance at 280 

nm was continuously measured through the side of the cuvette to determine the effective 

photolysis rate, listed in Table 3.1. This experiment was repeated four times with four 

independently prepared samples. In addition, a complete absorption spectrum was periodically 

recorded (the stir bar was stopped during these measurements). 

The spectral flux density of the UV radiation was determined by photolyzing a 0.1 M 

solution of azoxybenzene (Fisher Scientific, 98 %) in ethanol in the presence of 0.1 M potassium 

hydroxide, as described by Lee et al.22 Azoxybenzene is a convenient actinometer because its 

photolysis quantum yield (QYazo 0.020) is not strongly dependent on temperature and 

concentration.23 The actinometer measurements were conducted prior to and after photolysis of 

the MG/AS BrC samples. The radiation flux density was determined from the increase in 

absorption of the azoxybenzene photoisomer (molar absorption coefficient of 7600 L mol-1cm-1 

at 458 nm) as a function of irradiation time.22 Most of the photolyzing radiation fell within the 

270 – 390 nm range with a peak flux of 1.5  1014 photon cm-2 s-1 nm-1 occurring near 320 nm 

(Figure 3.2). Based on the measured flux, the effective quantum yield (QY) of MG/AS BrC 

photolysis was calculated, as described in the next section. For direct comparison, similar 

analysis was done for the photolysis of brown compounds produced by the reaction of limonene 

ozonolysis SOA with ammonia (aged-LIM/O3 SOA). Details of the aged-LIM/O3 SOA 

production and measurements were described in Lee et al.22  
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Figure 3.2: Spectral flux density of radiation, D0(), from the irradiation source compared to 

that from the sun at different solar zenith angles (SZA). 

 

 Calculation of the Effective Quantum Yield of Photolysis 

The effective photolysis quantum yield was calculated as the ratio of the rate of 

photolysis (Ratephotolysis) to the effective rate of photon absorption (Rateabsorption):  

photolysis

absorption

Rate
QY

Rate
     (Equation 3.1) 

Rateabsorption by the solution was calculated from the base-10 wavelength-dependent absorbance 

Avertical() through the solution of height hsolution, and from the spectral flux density of the 

photolyzing radiation, D0(), as described in Lee et al. (2014).22  

Ratephotolysis can be determined from the rate of change of absorbance of the solution at a 

chosen probe wavelength. However, this is complicated by the fact that both the initially present 

BrC compounds and their photolysis products also absorb at the probe wavelength. It is 

instructive to first consider what happens in the case of a single absorbing compound R 

producing a single product P with a photolysis rate constant k.  We assume that both R and P 
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absorb at the probe wavelength with molar extinction coefficients R and P, respectively. In this 

case, the absorbance changes with time as follows: 

 0( ) [ ] kt

P R PA t b R e           (Equation 3.2) 

Fitting the absorbance to function  

1 2( ) ktA t c c e      (Equation 3.3) 

with c1, c2, and k as fitting parameters should give us the effective rate constant, k, and therefore 

the photolysis rate: 

[ ]
1000

A
photolysis

N
Rate k R         (Equation 3.4) 

The Avogadro number and the factor of 1000 appearing in this equation are for converting the 

molar concentrations into molecular units compatible with Eq. 3.1.   

To avoid complications associated with the rate of absorption changing with photolysis 

time, both absorption and photolysis rates were evaluated at t=0 when the initial molar 

concentration of the reactant and the absorbance of the solution are related via: 

0 0[ ]RA b R      (Equation 3.5) 

The BrC extract contains a number of compounds, and there is no reason to expect that 

the absorbance of the solution should follow first-order kinetics expected from equation (Eq. 

3.2).  However, the observed decay in absorbance appeared to fit an exponential decay 

reasonably well, as shown in Figure 3.3. Therefore, in this work, we approximated the BrC 

mixture as a solution of a single organic compound with an average formula and average optical 

properties of BrC. Taking the average molecular weight (MW) for the BrC molecules from the 

HR-MS data we converted the mass concentration (Cmass) of the dissolved BrC into the effective 

molar concentration: 
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0[ ] massC
R

MW
      (Equation 3.6) 

The concentration in the above equations was then used to calculate the effective quantum yield 

of photolysis at t=0. 

 Electrospray Ionization High-Resolution Mass Spectrometry (ESI-HRMS) 

A separate set of aged and photolyzed MG/AS BrC samples was analyzed using a high–

resolution (m/Δm  105 at m/z 450) linear-ion-trap-OrbitrapTM (Thermo Corp.) electrospray 

ionization mass spectrometer (ESI-HRMS) operated in positive ion mode. The dissolved analytes 

were detected as sodiated [M + Na]+ and protonated [M + H]+ species. A calibration mixture of 

caffeine MRFA and Ultramark 1621 (LTQ ESI Positive Ion Calibration Solution, Thermo 

Scientific, Inc.) was used to calibrate the m/z axis at the beginning and end of each day. In each 

set of the experiments, a MG/AS BrC sample was prepared, as described in section 2.1. Half of 

the sample was photolyzed for 40 minutes while the other half was kept in the dark as a control. 

Photolysis led to a complete loss of the brown color of the sample. After the photolysis, both the 

control and photolyzed samples were diluted with acetonitrile (Aldrich, HPLC grade) in a 1:1 

ratio to improve the ESI source stability. A blank sample, corresponding to a 1:1 mixture of 

acetonitrile and water, was also prepared. The control, photolyzed, and blank samples were then 

analyzed using ESI-HRMS. This type of photolysis experiment was repeated twice for 

reproducibility.  

The data analysis protocol was similar to that used by Lee et al.22 Briefly, internal 

calibration of the m/z axis, with respect to the expected MG/AS BrC products, resulted in a mass 

accuracy of better than  0.0005 Da in the m/z range of 100 – 800. Peaks that appeared in the 

blank sample and peaks corresponding to 13C isotopes were filtered out. Only peaks that 

reproducibly appeared in both sets of independent measurements were retained. The peaks were 
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assigned molecular formulas with the atomic restrictions of C2-42H2-80O0-35N0-4Na0-1
+ and a 

tolerance of 0.00075 m/z while constraining the H/C and O/C ratios to 0 – 1.0 and 0.3 – 2.0, 

respectively, and only permitting closed-shell ions (no ion-radicals). For ambiguous assignments, 

the preference was to assign peaks to a formula with fewer N-atoms. This preference is based on 

the prevalence of compounds containing low N-atom numbers for the unambiguously assigned 

peaks. For clarity, all of the formulas discussed in this paper correspond to neutral analytes (with 

H+ or Na+ removed from the ion formula).   

 Selective Reduction of Carbonyls by NaBH4 

Sharpless and Blough reported that NaBH4 selectively reduces carbonyl groups that act as 

acceptors in the charge-transfer (CT) process.19 To test for the potential contribution of the CT 

complexes to the measured absorption and fluorescence, a new set of MG/AS BrC samples was 

prepared as described in section 2.1, diluted to achieve a 280 nm absorbance of less than one, 

and reacted with solid NaBH4.
18 Prior to the NaBH4 addition, absorbance, fluorescence, and pH 

of the diluted MG/AS BrC solutions were measured. At this point the pH of the MG/AS solution 

was around 4. After the addition of 0.6 mg of NaBH4 to 3.5 mL of the diluted sample, the 

absorption spectrum was continuously measured every 5 minutes for about 20 hours. We 

observed an increase, as opposed to the anticipated decrease, in the absorbance. Once the 

increase in the absorbance slowed down, about 4.7 mg of additional NaBH4 was added and the 

absorption spectrum was continuously measured again for 2 – 4 hours. This second addition of 

NaBH4 led to the anticipated decrease in absorbance. After taking the last absorption spectrum, 

the pH of the samples was around 9. In order to match the starting pH of the MG/AS BrC 

solution before the NaBH4 addition, the pH was adjusted from 9 back to 4 using dropwise 

addition of 1 M HCl. Once corrected, the absorbance and fluorescence were measured. The study 
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was repeated twice, both under O2 and N2 purging conditions. While the reduction was taking 

place, an identical control sample without NaBH4 was left in the dark for comparison. 

Absorbance and fluorescence spectra of this sample were taken at the beginning and end of the 

study.  

 HPLC-PDA-HRMS 

Both the photolysis and NaBH4 reduction samples were analyzed using a HPLC-PDA-

HRMS platform, along with a dark control sample. Analysis was done using procedures identical 

to those used by Lin et al.17 The HPLC pump and PDA detector were part of the Surveyor Plus 

system and the high-resolution mass spectrometer was a LTQ-Orbitrap with a standard IonMAX 

electrospray ionization (ESI) source (all modules are from Thermo Electron, Inc.). The 

separation was done with a SM-C18 column (Imtakt Scherzo SM-C18, SM035, 130 Å pore size, 

3 μm particles, 150 x 3.0 mm). The column was operated at a CH3CN/H2O binary mobile phase 

with a 200 μL min-1 flow rate using the following elution protocol: a 3 min hold at 10% of 

CH3CN, a 43 min linear gradient to 90% CH3CN, a 7 min hold at this level, a 1 min return to 

10% CH3CN, and another hold until the total scan time of 80 min. No desalting processing was 

done before the separation. The PDA detector was used to take UV-Vis spectra from 250 to 700 

nm, while the ESI settings were: positive ionization mode, + 4 kV spray potential, 35 units of 

sheath gas flow, 10 units of auxiliary gas flow, and 8 units of sweep gas flow. Data were 

analyzed using Xcalibur software (Thermo Scientific) and formulas were assigned with a 

Molecular Formula Calculator (http://magnet.fsu.edu/~midas/).  
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 Results and Discussion 

 Mass Absorption Coefficients of MG/AS BrC 

The initial solution before evaporation contained 3.6 g/L MG and 6.6 g/L AS. These 

values are considerably higher than concentrations of organics and ammonium sulfate in 

cloud/fog water but lower than to the concentrations expected for aerosol liquid water.24 Table 

3.1 summarizes the effective BrC concentrations (0.5-0.8 g/L) of the solutions obtained after the 

evaporation, re-dissolution and dilution, and subsequently used for the photolysis experiments. 

The effective BrC mass concentration in these solutions was assumed to be equal to what the 

mass concentration of MG would have been if it was unreactive towards AS. This is an 

approximation because we do not know how much MG was lost during the evaporation of the 

MG/AS samples and how much MG reacted in the browning process. Furthermore, we do not 

account for NH3 and water that may have been incorporated into the organic products during the 

evaporative aging.  
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Figure 3.3: Wavelength-dependent mass absorption coefficients (MAC, calculated from Eq. 3.7) 

of (a) MG/AS BrC and (b) aged-LIM/O3 SOA taken at different photolysis times. The right 

corner of each panel shows the time dependence of MAC for MG/AS BrC at 280 nm and for 

aged-LIM/O3 SOA at 500 nm. The photo illustrates the change in the MG/AS BrC sample color 

from brown to colorless during photolysis. 
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Figure 3.3(a) shows the bulk mass absorption coefficient (MAC) of MG/AS BrC as a 

function of wavelength calculated using Eq. 3.7 from the measured base-10 absorbance, A10, 

mass concentration, Cmass, and path length, b = 1 cm.25  

10 ( ) ln(10)
( )

solution

mass

A
MAC

b C








   (Equation 3.7) 

The MAC values shown in Figure 3.3(a) represent an average of the data for the four samples 

listed in Table 3.1, using the MG concentration as Cmass in Eq. 3.7. Because of the uncertainty in 

the mass concentrations of BrC, the MAC values should be regarded as order-of-magnitude 

estimates. Nevertheless, the maximum MAC value of 0.4 m2 g-1 at 280 nm is quite high and 

comparable to MAC for biomass burning organic aerosols (0.2 – 3 m2 g-1).2 The MAC values for 

the aged LIM/O3 SOA shown in Figure 3.3(b) for comparison are an order of magnitude lower. 

However, unlike the MG/AS reaction products, which only absorbs in the near-UV range, the 

aged-LIM/O3 SOA absorbs throughout the visible range where it can have a much stronger effect 

on direct radiative forcing.  

 Effective Quantum Yield of Photolysis 

The inset of Figure 3.3(a) shows the effect of photolysis on MAC at 280 nm, i.e., at the 

peak of the BrC absorption spectrum. MAC was efficiently decreased by photolysis, and the 

decay rate in MAC was approximately exponential with a first order rate constant of 0.11 min-1. 

After 30 min of photolysis, the solution became colorless, as shown in the inset of Figure 

3.3(a), and the MAC at visible wavelengths ( = 400-700 nm) dropped below the limit of 

detection. The corresponding MAC values of aged-LIM/O3 SOA, and the effect of photolysis on 

that system, are shown in Figure 3.3(b) for comparison.  The loss of the characteristic absorption 

band at 500 nm occurred at a slower rate of 0.038 min-1 under comparable experimental 

conditions. 
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Quantitative interpretation of these measurements is complicated because of the large 

number of individual absorbers in the BrC solution. One possible approach is to expand the usual 

definition of photolysis quantum yield for a single absorber to a complex mixture of absorbing 

compounds (Eq. 3.1). In this case, multiple compounds absorb radiation, with some of them 

breaking or isomerizing and others disposing of the excitation energy without undergoing a 

reaction. The rate of absorption by the mixture can be calculated without making any 

approximations by measuring the known spectral flux density and wavelength dependent 

absorbance, as described in Lee et al.22 The rate of photolysis can be obtained from the measured 

absorbance decay rates (e.g., Figure 3.3(a)) using an assumption that all molecules in the mixture 

have the same average formula and identical photophysical properties. In this approach, the 

application of Eq. 3.1 to our data generates an effective photolysis quantum yield. This QY shows 

what fraction of the absorbed photons would result in photolysis if all the BrC molecules were 

the same.  

Table 3.1 lists all of the calculated absorbance decay rates used in the QY calculation for 

MG/AS BrC samples using Eq. 3.1. The inferred QY values ranged from 0.33 to 0.98 suggesting 

that the result may be sensitive to the distribution of BrC chromophores. The average QY for the 

four measurements was 0.59 ± 0.28, which means that a large fraction of photons that are 

absorbed lead to the loss of the MG/AS BrC chromophores. The high QY value implies a very 

short lifetime of the electronically excited state, suggesting a direct photolysis process occurring 

in a singlet excited state.  We carried out similar analysis for the photobleaching of the aged-

LIM/O3 SOA solution shown in Figure 3.3(b). The effective QY for the aged-LIM/O3 SOA was 

~0.26, which is also quite high. Therefore, we expect that both types of BrC will be 

photobleached promptly by sunlight lowering their potential impact on climate. 
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 Photolysis Effect on Fluorescence of Aged MG/AS 

In order to determine the effect of photolysis on fluorescence and the fluorescence 

quantum yield for the MG/AS BrC samples, EEM spectra were generated. The EEM in Figure 

3.4(a) shows that MG/AS BrC is weakly fluorescent. The EEM observed in this work is 

qualitatively similar to the EEM reported in Refs.26, 27, with the peak occurring at ex330 nm 

and ex400 nm.  The fluorescence quantum yield (QYF) was analyzed as described in Lee et 

al.16 Compared to previously studied BrC model systems, such as aged-LIM/O3 SOA with QYF 

of 0.002 and naphthalene/OH SOA with QYF of 0.003, the QYF for MG/AS BrC was an order of 

magnitude higher, at 0.02.22 This value is comparable to the QYF of ~0.02 in ambient samples 

reported by Phillips et al.18 The fluorescence disappeared almost completely after 40 minutes of 

photolysis. This behavior is similar to that in aged-LIM/O3 SOA, but opposite to SOA produced 

by photooxidation of naphthalene, for which the fluorescence intensity increased with 

photolysis.22 Our results confirm that fluorescence of secondary BrC is highly dependent on the 

structures of BrC chromophores.8, 15, 18, 22 
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Figure 3.4: EEMs recorded (a) before and (b) after 40 minutes of photolysis of a MG/AS BrC 

sample. The relative fluorescence intensity is indicated with the color bar. 

 

 Molecular Composition of MG/AS BrC 

Figure 3.5 compares direct infusion ESI mass spectra acquired before and after photolysis 

of aqueous MG/AS BrC samples and Table 3.2 provides a list of all the reproducibly observed 

formulas. The mass spectrum of the unphotolyzed sample is qualitatively consistent with the ESI 

mass spectrum of products of reactions of MG and AS in evaporating droplets reported by De 

Haan et al. (2011).7 The most abundant peak in Figure 3.5 corresponds to the imidazole carbonyl 

(IC, C6H8N2O), observed as a protonated ion at m/z 125.0709, which is also one of the major 

peaks in the mass spectrum in Figure 1 of De Haan et al. (2011). The second most abundant peak 
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in the unphotolyzed sample is C9H15NO6, appearing as a protonated ion at m/z 234.0972, which 

is the largest peak in the De Haan et al. (2011) mass spectrum.  Other prominent peaks of 

protonated ions in Figure 3.5 include C8H14N4O7 at m/z 279.0935, C12H19NO8 at m/z 306.183, 

and C12H21NO9 at m/z 324.1289. A series of IC + MG oligomers, formed by the reaction of enol 

forms of IC with n MG molecules, were also observed. Figure 3.1, adopted from De Haan et al. 

(2011),7 presents a possible mechanism for the formation of these IC + MG oligomers. Scheme 

S1 shows possible structures for larger oligomers not included in Figure 3.1. 



Figure 3.5: Reconstructed mass spectra of assigned peaks in the MG/AS BrC samples before 

(positive signal) and after (negative signal) photolysis. The peak abundances are normalized with 

respect to the total ion current, with the normalized abundances of all the peaks adding up to 1.  

Abundant peaks are labelled with the corresponding neutral formulas. The removal of higher 

molecular weight compounds during photolysis is clearly evident from the spectra. The IC + MG 

oligomers (Scheme 1) are highlighted in bold and shown with an arrow on the ‘before 

photolysis’ side. 
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Table 3.2: List of assigned HR-ESI-MS peaks with significant abundance. Molecular weights, 

MW, in Dalton (Da) and the formulas are listed for all assigned peaks. In the “Trend” column, 

decrease in intensity (), increase in intensity (), and no change () in response to photolysis 

are listed. Also, peaks found only before or after photolysis are listed as B or A, respectively. 

The IC + MG oligomers highlighted are bolded and labelled with letter “O” in the last column. 



MW (Da) C 

 

H 

 

N 

 

O 

 

Trend Olig 

124.0637 C 6 H 8 N 2 O 1  O 

126.0317 C 6 H 6   O 3 
 

127.0633 C 6 H 9 N 1 O 2 
 

128.0473 C 6 H 8   O 3 
 

130.0630 C 6 H 10   O 3 
 

140.0586 C 6 H 8 N 2 O 2 
 

143.0582 C 6 H 9 N 1 O 3 
 

150.0793 C 8 H 10 N 2 O 1 
 

151.0633 C 8 H 9 N 1 O 2 
 

152.0950 C 8 H 12 N 2 O 1 
 

168.0899 C 8 H 12 N 2 O 2 
 

170.0579 C 8 H 10   O 4 
 

177.0902 C 9 H 11 N 3 O 1  O 

178.0742 C 9 H 10 N 2 O 2  O 

186.0528 C 8 H 10   O 5 
 

194.0691 C 9 H 10 N 2 O 3  O 

196.0848 C 9 H 12 N 2 O 3  O 

197.0688 C 9 H 11 N 1 O 4 
 

198.0528 C 9 H 10   O 5 
 

198.1004 C 9 H 14 N 2 O 3 
 

200.0685 C 9 H 12   O 5 
 

202.0954 C 8 H 14 N 2 O 4 
 

212.1161 C 10 H 16 N 2 O 3 
 

214.0954 C 9 H 14 N 2 O 4 
 

215.0794 C 9 H 13 N 1 O 5 
 

222.1004 C 11 H 14 N 2 O 3 
 

231.1008 C 12 H 13 N 3 O 2  O 

232.0848 C 12 H 12 N 2 O 3  O 

233.0899 C 9 H 15 N 1 O 6 
 

240.1110 C 11 H 16 N 2 O 4 
 

248.1273 C 12 H 16 N 4 O 2 
 

249.1113 C 12 H 15 N 3 O 3  O 

250.0954 C 12 H 14 N 2 O 4  O 

250.1430 C 12 H 18 N 4 O 2 
 

252.1110 C 12 H 16 N 2 O 4 
 

266.0903 C 12 H 14 N 2 O 5  O 
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268.1059 C 12 H 16 N 2 O 5  O 

269.0899 C 12 H 15 N 1 O 6 
 

271.1056 C 12 H 17 N 1 O 6 
 

278.0862 C 8 H 14 N 4 O 7 
 

286.1165 C 12 H 18 N 2 O 6 
 

287.1005 C 12 H 17 N 1 O 7 
 

288.0845 C 12 H 16   O 8 
 

289.1162 C 12 H 19 N 1 O 7 
 

304.1271 C 12 H 20 N 2 O 7  O 

305.1111 C 12 H 19 N 1 O 8 
 

305.1376 C 15 H 19 N 3 O 4  O 

307.1267 C 12 H 21 N 1 O 8 
 

313.1162 C 14 H 19 N 1 O 7 
 

322.1165 C 15 H 18 N 2 O 6  O 

323.1216 C 12 H 21 N 1 O 9 
 

340.1271 C 15 H 20 N 2 O 7 
 

341.1111 C 15 H 19 N 1 O 8  O 

358.1376 C 15 H 22 N 2 O 8 
 

359.1216 C 15 H 21 N 1 O 9 
 

361.1373 C 15 H 23 N 1 O 9 
 

376.1271 C 18 H 20 N 2 O 7  O 

377.1322 C 15 H 23 N 1 O 10 
 

393.1536 C 18 H 23 N 3 O 7  O 

394.1376 C 18 H 22 N 2 O 8  O 

395.1428 C 15 H 25 N 1 O 11 
 

412.1482 C 18 H 24 N 2 O 9  O 

466.1587 C 21 H 26 N 2 O 10  O 

484.1693 C 21 H 28 N 2 O 11  O 

 

In addition to the imidazole-based compounds containing two nitrogen atoms, and 

imidazole-based dimers containing four nitrogen atoms, compounds containing three nitrogen 

atoms were also observed. Such compounds can be readily produced by replacing any of the 

carbonyl groups in the primary products by an imine group. The imine-carbonyl equilibrium 

usually strongly favors the carbonyl, but the imines may be stabilized by intramolecular reactions 

leading to stable aromatic rings.  For example, the IC + MG oligomers have multiple carbonyl 

groups in 1,4 arrangement, which can form stable pyrrole-based ring structures in NH3-mediated 
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reactions.10 Figure 3.1 shows a plausible pathway for IC + MG dimer (C9H12N2O3) to undergo 

such a reaction. A formula corresponding to the expected C9H11N3O product was found in the 

ESI-HRMS spectrum and is listed in Table 3.2. Finally, the distribution of observed formulas 

implies that oxidation of the hydroxyl groups to carbonyl groups was occurring in solution. For 

example, the IC + MG dimer (C9H12N2O3) can be oxidized to (C9H10N2O3) as shown in Figure 

3.1. 

The 40 minutes of photolysis, during which MG/AS BrC lost its brown color, resulted in 

a substantial change in the mass spectrum. Table 3.2 provides a list of the observed formulas, 

and indicates whether peaks decreased or increased in relative abundance after photolysis. Some 

peaks were completely removed during photolysis and several new peaks appeared in the 

photolyzed sample. The peak intensities of the IC + MG oligomers decreased greatly with 

photolysis, as shown in Figure 3.6. Nitrogen-containing heterocyclic oligomers have been 

identified as the plausible light-absorbing compounds in the MG/AS mixture;17 the loss of the IC 

+ MG oligomers occurring in parallel with photobleaching suggests that they may contribute to 

the visible light absorption of the mixture. All of the imidazole-pyrrole complex oligomers 

(compounds with 3 nitrogen atoms) also decreased in peak abundance with photolysis, 

suggesting that they may contribute to the light-absorbing properties of MG/AS BrC.  
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Figure 3.6: Effect of photolysis on the relative intensity of the IC + MG oligomers that are 

shown in Scheme 1, for n = 0-5. 

 

For compounds, CcHhOoNn, containing c carbon, h hydrogen, o oxygen, and n nitrogen 

atoms, the double bond equivalent (DBE), which is equal to the total number of double bonds 

and rings, can be calculated as follows:  

                                                  1
2

n h
DBE c


       (Equation 3.8) 

Nitrogen is assumed to have a valence of 3 in this formula, which is consistent with its 

anticipated chemistry. The distribution of DBE values in the MG/AS BrC is shown in Figure 3.7. 

Average elemental ratios are commonly used to express bulk composition for comparing the 

complexity of the SOA. Using the assigned molecular formulas, the average elemental 

composition (C, H, N, and O), ratios (H/C, O/C, N/C, and N/O), and DBE are estimated based on 

the following equations:  

i i
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x Y

Y
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



   where Y= c, h, o, n, DBE    (Equation 3.9) 
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i i

i
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i

x Y
Y

Z x Z

 


 




   where Y/Z = H/C, O/C, N/C, and N/O  (Equation 3.10) 

Peak abundance, xi, is used as the weighing factor. Table 3.3 lists all the calculated average 

elemental ratios and DBE for MG/AS BrC samples before and after photolysis. Table 3.4 focuses 

on the fraction of N-containing compounds and the N/C ratios for the subgroups of the 

compounds containing n = 0, 1, 2, 3, and 4 N-atoms. 

 
 

Figure 3.7: DBE of MG/AS BrC products. DBE is plotted as a function of the carbon number 

before and after photolysis. The size of the points represents relative intensity. The dashed line 

corresponds to the expected DBE for linear polyenes (CxHx+2). 

 

Table 3.3: Average elemental ratios and double-bond equivalents (DBE) before and after 

photolysis. 

 
<H/C> <O/C> <N/C> <N/O> <DBE> 

Before 1.47 0.51 0.14 0.28 3.9 

(SD) (0.03) (0.03) (0.03) (0.07) (0.5) 

After 1.53 0.50 0.15 0.32 3.7 

(SD) (0.04) (0.10) (0.04) (0.1) (0.7) 

After - Before 0.06 -0.01 0.003 0.04 -0.2 
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Table 3.4: Percent of N-containing compounds and the average N/C ratio for each subset of N-

containing compounds (with n=0, 1, 2, 3, and 4) before and after photolysis. 

# N 
% <N/C> 

Before After Before After 

0 22.6 20.7 
  

1 43.5 42.9 0.08 0.08 

2 25.5 30.7 0.21 0.21 

3 5.6 3.7 0.20 0.21 

4 2.7 2.0 0.49 0.35 

sum 100.0 100.0 
  

 

Despite the large effect of the photolysis on the molecular composition, the average 

properties of MG/AS BrC did not change significantly. For example, there was a very small net 

decrease in the average DBE (double bound equivalent, Figure 3.7), almost no change in the 

average atomic ratios (Table 3.3), and almost no change in the N-atom distribution between the 

BrC compounds (Table 3.4). The average molecular formula of MG/AS BrC remained 

essentially the same after photolysis: 

                               C10.0H14.6O5.1N1.4   +  hv     C10.1H15.4O5.0N1.6                             

The formulas for the peaks that appeared during photolysis were not qualitatively 

different (in terms of the average size and average atomic ratios) from the formulas of 

compounds that disappeared during photolysis. These observations suggest that the average 

properties, such as the <O/C> and <N/C> ratios, are not good indicators of the extent of 

photolysis-driven molecular changes in the MG/AS BrC system. This conclusion is similar to 

that reached in our recent study of aqueous photolysis of SOA generated from different 

precursors28 and in the photolysis of alpha-pinene SOA particles.29 
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 NaBH4 Reduction of Carbonyls 

Adding a small amount of NaBH4 (0.6 mg) to MG/AS BrC resulted in a slight red shift 

in the absorption peak, as shown in Figure 3.8(a); then, over about 20 hours, the absorbance 

continuously increased. This was not expected because the selective reduction of carbonyl 

groups to alcohols by NaBH4 is supposed to eliminate CT complexes, decreasing the absorbance 

at longer wavelengths.18 Once this increase in the absorbance slowed down, an excess amount of 

NaBH4 (4.7 mg) was added; this led to the anticipated decrease in absorbance after about 3 hours 

(Figure 3.8(a)). These observations suggest that the effect of NaBH4 on the MG/AS BrC is not 

limited to selective reduction of carbonyl groups; more complex chemistry must be occurring. 

Although the exact mechanism is unclear, the eventual decrease in the absorbance suggests that 

the carbonyl groups in MG/AS BrC are essential parts of the chromophores (e.g., IC shown in 

Figure 3.1 is known to have a high extinction coefficient). The results of these experiments were 

the same under both O2 and N2 purging conditions, suggesting that oxygen does not play a 

significant role in the borohydride reduction chemistry.   
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Figure 3.8: The effect of the MG/AS BrC + NaBH4 reduction in an O2-containing solution on 

the: (a) absorption spectrum and (b) fluorescence spectrum excited at 325 nm. Similar results 

were obtained in a duplicate study under conditions of N2 bubbling through the solution. 

 

We note that the increase in the pH of the MG/AS solution upon addition of NaBH4 may 

have side effects on the reaction mechanism, complicating the interpretation of the results. The 

pH of the solution increased from 4 to about 9 as a result of adding the excess amount of NaBH4. 

Re-adjusting the pH to match the pH of the initial MG/AS BrC solution after evaporation and 

dilution, further decreased the absorbance (Figure 3.8(a)). The change in pH from the addition of 
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NaBH4 may shut down the acid-catalyzed and/or enable base-catalyzed aldol condensation 

reactions. The aldol condensation mechanism is known to be important for the formation of 

light-absorbing products in the MG/AS system, as demonstrated by Sareen et al. (2010).8 

Therefore, the reduction of the carbonyls by NaBH4 may have to compete with pH-induced 

changes in the aldol formation equilibria. 

While the absorption at 280 nm decreased with the addition of the excess NaBH4, the 

fluorescence intensity increased slightly (Figure 3.8(b)). In contrast, both the absorption and 

fluorescence decreased during photolysis (Figure 3.3 and Figure 3.4). This difference in behavior 

suggests that the primary chromophores responsible for the 280 nm absorption, which are 

removed by both methods, are different from the fluorophores, which decrease with photolysis 

and increase with NaBH4 reduction. In other words, the molecular subsets of the chromophores 

and fluorophores in MG/AS BrC do not fully overlap.  

 HPLC-PDA-HRMS 

 

Figure 3.9 shows PDA chromatograms for the dark control (a), photolysis (b), and 

NaBH4 reduction (c) MG/AS BrC samples. The wavelength range is limited to 250-400 nm in  

Figure 3.9 in order to emphasize the chromophores contributing to the near-UV range. 

For each peak in the PDA chromatograms, we used the approach of Lin et al.17 to find molecular 

formulas that give well-defined peaks in the selected ion chromatogram (SIC) at the same time 

that the absorbing species are eluting in the PDA chromatogram (after accounting for a known 

time delay between the PDA and ESI-MS detectors). While this approach worked for a few of 

the PDA peaks, we could not unambiguously assign formulas to all of them because of the 

dominating abundance of ions that did not correspond to any of the chromophores and eluted 
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over a broad range of elution times. For example, the mass spectra for retention times below 6 

minutes were very complex, and included peaks from various ionic complexes built from 

ammonium, sulfate, bisulfate, and organic ions. Furthermore, most of the PDA peaks correlated 

to more than one candidate ion, and conversely SICs for many candidate ions had peaks at more 

than one retention time.  
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Figure 3.9: HPLC-PDA chromatograms for the MG/AS (a) dark control, (b) photolyzed sample, 

and (c) NaBH4 reduction sample after excess NaBH4 was added. The PDA absorbance is 

indicted by the color (darker color = higher absorbance). 



90 
 

The largest PDA peak occurred at 12 minutes in the chromatogram for the dark control 

sample in  

Figure 3.9(a). It correlated well with the m/z 125.0709 SIC, and was assigned to the 

protonated IC. This m/z was also the largest peak in the direct infusion ESI mass spectrum of the 

unphotolyzed MG/AS BrC sample shown in Figure 3.5. The 12 minute UV/Vis absorption 

spectrum acquired by the PDA had a broad peak near 290 nm, in qualitative agreement with the 

absorption spectra reported previously 9-11 for the related IC formed from glyoxal. The PDA 

chromatogram had additional peaks at shorter retention times in the m/z 125.0709 SIC (Figure 

3.10) suggesting possible structural isomers of IC or in-source fragmentation. Figure 3.11 shows 

that the MG + AS reaction may potentially produce two structural isomers of IC. The isomer IC2 

should have its carbonyl group converted into a gem-diol in an aqueous solution, and it is 

expected to be more polar and elute at earlier times. The isomer IC1 should be more stable than 

IC2 because of the aromatic stabilization of IC1, and more stable with respect to hydration. 

Therefore, IC1 must be the chromophoric species eluting at 12 min. Larger compounds, such as 

the IC + MG oligomers shown in Figure 3.1, could potentially undergo fragmentation in the ion 

source to produce the protonated IC giving rise to additional smaller peaks in the m/z 125.0709 

SIC at longer retention times shown in Figure 3.10. 
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Figure 3.10: The selected Ion Chromatogram (SIC) for the m/z 125.0709 ion (mass range 

125.00-125.10) corresponding to protonated IC is shown in the bottom of the first panel. The 

12.2 min peak in SIC (bottom) correlates with the 11.8 min peak of the major chromophore in 

the PDA chromatogram (top). Other peaks in SIC may be due to less stable isomers of IC (see 

Scheme 2 in the text) or fragmentation of larger compounds into protonated IC. The second 

panel shows the full absorption spectrum of the peak at 11.8 minutes in the PDA with a broad 

peak centered around 290 nm. 
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Figure 3.11: Two possible structural isomers of the imidazole carbonyl (IC) and processes 

involved in their reaction with NaBH4. 

 

Lin et al. (2015) carried out analyses of a similar MG/AS BrC system in which bulk 

aqueous solutions containing MG and AS were aged over several days.17 Figure 3.12 compares 

the PDA chromatogram from that work with the one recorded in this study. The slow aging 

method used by Lin et al. (2015) produced 30 chromophores with assignable formulas,17 as 

opposed to the evaporation method in this study that produced BrC within minutes but only 

resulted in a dominant major absorbing species (IC). Another difference is that Lin et al. (2015) 

had higher concentrations of MG and AS, and desalted the sample before the analysis.17 In our 

work here, the concentrations were lower and no desalting was done. The dramatic difference in 

the resulting chromatograms of these two MG/AS systems indicates that various pathways of 

atmospheric aging may have significant effects on the molecular structures of BrC 

chromophores.  
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Figure 3.12: The top PDA chromatogram corresponds to a BrC sample obtained by Lin et al.17 

by a reaction of MG with AS in water for four days followed by desalting to remove excess AS. 

The bottom chromatogram was obtained for an evaporation MG/AS BrC sample, with no 

desalting used. While the major peak of IC is the same in both cases, there are very significant 

differences between the distributions of eluting BrC chromophores in the two samples. 

 

The IC peak at 12 min greatly decreased in intensity upon exposure to UV irradiation, as 

shown in  

Figure 3.9(b). Exposure to radiation can cause the IC to undergo different photochemical 

reactions. One example is a Norrish Type I reaction causing cleavage at the carbonyl carbon and 

leading to two free radical fragments that can then undergo secondary processes to form a variety 

of products.30 Norrish Type I photolysis processes generally have high photolysis quantum 

yields, in agreement with the large observed effective QY values reported in Table 3.1. The 

irradiation can also generate an electronically excited IC, which can react with a hydrogen donor 

(such as another IC, alcohols, or aldehydes) to form an aromatic alkoxy radical, also leading to a 

different set of products.30  
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NaBH4 is expected to reduce IC to the corresponding alcohol (neutral formula C6H10ON2, 

protonated ion m/z 127.0866) as shown in Figure 3.11. An abundant ion with this m/z generated 

two peaks around 8 min in the NaBH4 reduction sample.  

Figure 3.9(c) also shows a co-eluting chromophoric species at 8 minutes with an 

absorption peak at 320 nm. Based on the structure of the reduced IC, we do not expect it to have 

any absorption bands at 320 nm. Thus, the 8 minute peak in the PDA chromatogram must be 

from another co-eluting compound (which we could not identify). We also found that methyl 

imidazole (C4H6N2) was a major new species in the NaBH4 reduction sample.  Methyl imidazole 

does not absorb in the near-UV and therefore does not show up in the PDA chromatogram in  

Figure 3.9, but it does absorb strongly at 220 nm and results in a large peak eluting near 

this wavelength at 7.5 minutes.  Dimethyl imidazole was also detected in the NaBH4 reduction 

sample, presumably resulting from the IC2 isomer (Figure 3.11). These results indicate that the 

action of NaBH4 is not simply a reduction of the carbonyl groups and that the addition of NaBH4 

to the MG/AS BrC solution initiates more complex processes that cleave C-C bonds.  

A few other major ions were detected in the initial MG/AS BrC sample that did not 

correlate to any of the PDA peaks of the BrC chromophores. For example, there was a prominent 

group of peaks that eluted at a variety of retention times in both the dark control and photolysis 

samples. The m/z values of these species and corresponding neutral formulas were 306.1183 

(C12H19NO8), 324.1289 (C12H21NO9), and 342.1395 (C12H23NO10). Each of these species is 

produced by combining four MG units and one NH3, with added hydration and dehydration 

steps. Other observed species that follow a similar formation pattern occurred at m/z 252.1078 

(C9H17NO7) and 234.0972 (C9H15NO6), both comprised of three MG units. Figure 3.13 illustrates 

plausible formation mechanisms of these compounds. However, while these open-chain 
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compounds are prominent in the mixture, they are not sufficiently conjugated to absorb in the 

near-UV and visible range. 
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Figure 3.13: Possible mechanism for the formation of the observed products that are not derived 

from imidazole. MG and hMG stand for methylglyoxal and hydrated methylglyoxal, 

respectively. 

 

 Summary 

The products of the G + AS and MG + AS reactions, and aged LIM/O3 SOA, attracted 

much attention as model BrC systems.2 Our results, as well as previous experiments on the 

photochemistry of MG/AS system12, 15 suggest that MG/AS BrC has a low photochemical 

stability. For example, with the QY from Table 3.1 and the measured MAC from Figure 3.3, we 

estimate a photolysis lifetime for MG/AS BrC of about 13 minutes at zero-solar zenith angle at 

sea level. This estimated lifetime is comparable to that determined by Sareen et al. (2013)12 and 

Zhao et al. (2012).15 The lifetime for the photobleaching of the aged-LIM/O3 SOA is also 
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relatively short, of the order of 1 hour.22 While the lifetimes will increase somewhat under 

cloudy conditions and at lower solar zenith angles, the potential impact of these photolabile BrC 

species on climate may be limited. Even if a sufficient amount of BrC were produced during the 

night it would be readily photobleached upon sunrise and make minor contribution to the 

absorption of solar radiation for the rest of the day.  

Another implication of this work is that the results of NaBH4 addition to BrC or any other 

environmental mixture for the purpose of selective reduction of carbonyl groups to hydroxyl 

groups should be interpreted with care. This reaction is routinely used as a test for the presence 

of CT complexes in atmospheric BrC.18, 31 However, in the MG/AS BrC system, the addition of 

small amount of NaBH4 had complex effects on the absorption and fluorescence spectra. The 

excess amount of NaBH4 did remove the major UV absorber, the imidazole carbonyl, as 

expected. However, the imidazole carbonyl is a small molecule that does not require 

intermolecular CT to absorb radiation. Furthermore, NaBH4 appeared to lead to additional 

reactions other than simple reduction of carbonyls groups, which broke C-C bonds in the 

compounds. We can conclude that the reduction by NaBH4 can lead to a decrease in the 

absorption of the mixture, but it has little to do with the removal of CT complexes. Recent results 

relying on HPLC-PDA-HRMS data show that, at least in some BrC systems, including  MG/AS 

BrC, the overall absorption of the mixture is dominated by spectra of isolated chromophores and 

not CT complexes.17, 32 

The last conclusion of this work is that processes accelerated by evaporation of water can 

produce very different results compared to slow reactions in aqueous solution. We previously 

showed that evaporation of water from a solution of limonene ozonolysis SOA and ammonium 

sulfate accelerated BrC formation by a large factor.20 This work, as well as work by Zhao et al. 
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(2012),15 showed that evaporation not only accelerated BrC formation in the MG/AS system but 

also resulted in a completely different distribution of the chromophores. The evaporation 

conditions used in this work (bulk solution evaporated for  20 min at 30 C) may not fully 

replicate the much faster evaporation of water from cloud and fog droplets or from aerosol 

particles containing liquid water. However, the available data strongly suggest that the 

evaporative pathway for producing BrC should be relevant to the atmospheric environment 

because of the frequent changes in relative humidity and high frequency of fog and cloud droplet 

formation followed by evaporation. We recommend that future studies of secondary BrC 

formation in water should always include an evaporation test to check if BrC formation is 

enhanced (with the experiments ideally carried out with aerosolized droplets instead of a bulk 

solution). 

 

 

 

 

 

 

 

 

 

 

 

 



98 
 

 References 

1. Fu, T. M.; Jacob, D. J.; Wittrock, F.; Burrows, J. P.; Vrekoussis, M.; Henze, D. K., Global 

budgets of atmospheric glyoxal and methylglyoxal, and implications for formation of secondary 

organic aerosols. J. Geophys. Res. 2008, 113, D15303, doi:10.1029/2007jd009505. 

 

2. Laskin, A.; Laskin, J.; Nizkorodov, S. A., Chemistry of atmospheric brown carbon. Chem. 

Rev. 2015, 115, (10), 4335-4382. 

 

3. Grimmett, M. R.; Richards, E. L., 686. Imidazolic compounds from the reaction of 

pyruvaldehyde with ammonia. J. Chem. Soc. (Resumed) 1965, 3751-3754. 

 

4. Freedman, M. A.; Hasenkopf, C. A.; Beaver, M. R.; Tolbert, M. A., Optical properties of 

internally mixed aerosol particles composed of dicarboxylic acids and ammonium sulfate. J. Phys. 

Chem. A 2009, 113, (48), 13584-13592. 

 

5. Hawkins, L. N.; Baril, M. J.; Sedehi, N.; Galloway, M. M.; De Haan, D. O.; Schill, G. P.; 

Tolbert, M. A., Formation of semisolid, oligomerized aqueous SOA: lab simulations of cloud 

processing. Environ. Sci. Technol. 2014, 48, (4), 2273-2280. 

 

6. De Haan, D. O.; Corrigan, A. L.; Tolbert, M. A.; Jimenez, J. L.; Wood, S. E.; Turley, J. J., 

Secondary organic aerosol formation by self-reactions of methylglyoxal and glyoxal in evaporating 

droplets. Environ. Sci. Technol. 2009, 43, (21), 8184-8190. 

 

7. De Haan, D. O.; Hawkins, L. N.; Kononenko, J. A.; Turley, J. J.; Corrigan, A. L.; Tolbert, M. 

A.; Jimenez, J. L., Formation of nitrogen-containing oligomers by methylglyoxal and amines in 

simulated evaporating cloud droplets. Environ. Sci. Technol. 2011, 45, (3), 984-991. 

 

8. Sareen, N.; Schwier, A. N.; Shapiro, E. L.; Mitroo, D.; McNeill, V. F., Secondary organic 

material formed by methylglyoxal in aqueous aerosol mimics. Atmos. Chem. Phys. 2010, 10, (3), 

997-1016. 

 

9. Maxut, A.; Noziere, B.; Fenet, B.; Machakra, H., Formation mechanisms and yields of small 

imidazoles from reactions of glyoxal with NH4
+ in water at neutral pH. Phys. Chem. Chem. Phys. 

2015, 17, (31), 20416-20424. 

 

10. Kampf, C. J.; Filippi, A.; Zuth, C.; Hoffmann, T.; Opatz, T., Secondary brown carbon 

formation via the dicarbonyl imine pathway: nitrogen heterocycle formation and synergistic effects. 

Phys. Chem. Chem. Phys. 2016, 18, (27), 18353-18364. 

 

11. Kampf, C. J.; Jakob, R.; Hoffmann, T., Identification and characterization of aging products 

in the glyoxal/ammonium sulfate system-implications for light-absorbing material in atmospheric 

aerosols. Atmos. Chem. Phys. 2012, 12, (14), 6323-6333. 

 

12. Sareen, N.; Moussa, S. G.; McNeill, V. F., Photochemical aging of light-absorbing secondary 

organic aerosol material. J. Phys. Chem. A 2013, 117, (14), 2987-2996. 

 



99 
 

13. Woo, J. L.; Kim, D. D.; Schwier, A. N.; Li, R.; McNeill, V. F., Aqueous aerosol SOA 

formation: impact on aerosol physical properties. Faraday Discuss. 2013, 165, 357-367. 

 

14. McNeill, V. F.; Woo, J. L.; Kim, D. D.; Schwier, A. N.; Wannell, N. J.; Sumner, A. J.; 

Barakat, J. M., Aqueous-phase secondary organic aerosol and organosulfate formation in 

atmospheric aerosols: a modeling study. Environ. Sci. Technol. 2012, 46, (15), 8075-8081. 

 

15. Zhao, R.; Lee, A. K.; Abbatt, J. P. D., Investigation of aqueous-phase photooxidation of 

glyoxal and methylglyoxal by aerosol chemical ionization mass spectrometry: observation of 

hydroxyhydroperoxide formation. J. Phys. Chem. A 2012, 116, (24), 6253-6263. 

 

16. Lee, A. K.; Zhao, R.; Li, R.; Liggio, J.; Li, S. M.; Abbatt, J. P., Formation of light absorbing 

organo-nitrogen species from evaporation of droplets containing glyoxal and ammonium sulfate. 

Environ. Sci. Technol. 2013, 47, (22), 12819-12826. 

 

17. Lin, P.; Laskin, J.; Nizkorodov, S. A.; Laskin, A., Revealing brown carbon chromophores 

produced in reactions of methylglyoxal with ammonium sulfate. Environ. Sci. Technol. 2015, 49, 

(24), 14257-14266. 

 

18. Phillips, S. M.; Smith, G. D., Light absorption by charge transfer complexes in brown carbon 

aerosols. Environ. Sci. Technol. Lett. 2014, 1, (10), 382-386. 

 

19. Sharpless, C. M.; Blough, N. V., The importance of charge-transfer interactions in 

determining chromophoric dissolved organic matter (CDOM) optical and photochemical properties. 

Environ. Sci.: Processes Impacts 2014, 16, (4), 654-671. 

 

20. Nguyen, T. B.; Lee, P. B.; Updyke, K. M.; Bones, D. L.; Laskin, J.; Laskin, A.; Nizkorodov, 

S. A., Formation of nitrogen- and sulfur-containing light-absorbing compounds accelerated by 

evaporation of water from secondary organic aerosols. J. Geophys. Res. 2012, 117, D01207, 

doi:10.1029/2011JD016944. 

21. Epstein, S. A.; Shemesh, D.; Tran, V. T.; Nizkorodov, S. A.; Gerber, R. B., Absorption 

spectra and photolysis of methyl peroxide in liquid and frozen water. J. Phys. Chem. A 2012, 116, 

(24), 6068-6077. 

 

22. Lee, H. J.; Aiona, P. K.; Laskin, A.; Laskin, J.; Nizkorodov, S. A., Effect of solar radiation 

on the optical properties and molecular composition of laboratory proxies of atmospheric brown 

carbon. Environ. Sci. Technol. 2014, 48, (17), 10217-10226. 

 

23. Bunce, N. J.; LaMarre, J.; Vaish, A. P., Photorearrangement of azoxybenzene to 2-

hydroxyazobenzene: a convenient chemical actinometer. Photochem. Photobiol. 1984, 39, (4), 531-

533. 

 

24. Nguyen, T. K. V.; Zhang, Q.; Jimenez, J. L.; Pike, M.; Carlton, A. G., Liquid water: 

ubiquitous contributor to aerosol mass. Environ. Sci. Technol. Lett. 2016, 3, (7), 257-263. 

 

25. Chen, Y.; Bond, T. C., Light absorption by organic carbon from wood combustion. Atmos. 

Chem. Phys. 2010, 10, (4), 1773-1787. 

 



100 
 

26. Powelson, M. H.; Espelien, B. M.; Hawkins, L. N.; Galloway, M. M.; De Haan, D. O., 

Brown carbon formation by aqueous-phase carbonyl compound reactions with amines and 

ammonium sulfate. Environ. Sci. Technol. 2013, 48, (2), 985-993. 

 

27. Hawkins, L. N.; Lemire, A. N.; Galloway, M. M.; Corrigan, A. L.; Turley, J. J.; Espelien, B. 

M.; De Haan, D. O., Maillard chemistry in clouds and aqueous aerosol as a source of atmospheric 

humic-like substances. Environ. Sci. Technol. 2016, 50, (14), 7443-7452. 

 

28. Romonosky, D. E.; Laskin, A.; Laskin, J.; Nizkorodov, S. A., High-resolution mass 

spectrometry and molecular characterization of aqueous photochemistry products of common types 

of secondary organic aerosols. J. Phys. Chem. A 2015, 119, (11), 2594-2606. 

 

29. Epstein, S. A.; Blair, S. L.; Nizkorodov, S. A., Direct photolysis of alpha-pinene ozonolysis 

secondary organic aerosol: effect on particle mass and peroxide content. Environ. Sci. Technol. 2014, 

48, (19), 11251-11258. 

 

30. George, C.; Ammann, M.; D'Anna, B.; Donaldson, D. J.; Nizkorodov, S. A., Heterogeneous 

photochemistry in the atmosphere. Chem. Rev. 2015, 115, (10), 4218-4258. 

 

31. Phillips, S. M.; Smith, G. D., Further evidence for charge transfer complexes in brown 

carbon aerosols from excitation-emission matrix fluorescence spectroscopy. J. Phys. Chem. A 2015, 

119, (19), 4545-4551. 

 

32. Lin, P.; Aiona, P. K.; Li, Y.; Shiraiwa, M.; Laskin, J.; Nizkorodov, S. A.; Laskin, A., 

Molecular characterization of brown carbon in biomass burning aerosol particles. Environ. Sci. 
Technol. 2016, 50, (21), 11815-11824. 

 

 

  

 

 

 

 
 

 

 

 

 



101 
 

 Effect of Solar Radiation on the Optical Properties and Molecular 

Composition of Laboratory Proxies of Atmospheric Brown Carbon  
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 Abstract 

Sources, optical properties, and chemical composition of atmospheric brown carbon (BrC) 

aerosol are uncertain, making it challenging to estimate its contribution to radiative forcing.  

Furthermore, optical properties of BrC may change significantly during its atmospheric aging.  

We examined the effect of photolysis on the molecular composition, mass absorption coefficient, 

and fluorescence of secondary organic aerosol (SOA) prepared by high-NOx photooxidation of 

naphthalene (NAP SOA). Our experiments were designed to model photolysis processes of NAP 

SOA compounds dissolved in cloud or fog droplets.  Aqueous solutions of NAP SOA were 

observed to photobleach (i.e., lose their ability to absorb visible radiation) with an effective half-

life of 15 h (with sun in its zenith) for the loss of near-UV (300-400 nm) absorbance. The 

molecular composition of NAP SOA was significantly modified by photolysis, with the average 

SOA formula changing from C14.1H14.5O5.1N0.085 to C11.8H14.9O4.5N0.023 after 4 h of irradiation. 

However, the average O/C ratio did not change significantly, suggesting that it is not a good 

metric for assessing the extent of photolysis-driven aging in NAP SOA (and in BrC in general). 

In contrast to NAP SOA, the photobleaching of BrC material produced by the reaction of 

limonene + ozone SOA with ammonia vapor (aged LIM/O3 SOA) was much faster, but it did not 

result in a significant change in molecular composition. The characteristic absorbance of the 

aged LIM/O3 SOA in the 450-600 nm range decayed with an effective half-life of < 0.5 h.  This 

result emphasizes the highly variable and dynamic nature of different types of atmospheric BrC.  
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 Introduction 

Atmospheric aerosols affect the Earth’s radiative balance by direct and indirect 

mechanisms.1 The direct radiative forcing is typically negative (cooling) because light scattering 

dominates over absorption for most types of aerosols. However, aerosols that strongly absorb 

visible radiation, such as black carbon (BC), mineral dust, and brown carbon (BrC),2 may either 

reduce the cooling effect or result in positive radiative forcing (warming).3 In contrast to well 

characterized BC, the sources, optical properties, and chemical composition of BrC are not well 

understood, making it challenging to estimate the contribution of BrC to global forcing.2, 4, 5  

Biomass burning and fossil-fuel combustion serve as important primary sources of BrC 

and BC. In addition, BrC may also have secondary sources related to gas-phase and aqueous 

processes involved in the formation and aging of secondary organic aerosols (SOA). For 

example, ammonium sulfate has been shown to react with glyoxal and methyl glyoxal in aqueous 

solutions producing imidazole-based light-absorbing compounds.6-12 SOA produced from certain 

biogenic precursors, such as limonene (LIM), have been found to produce BrC in the presence of 

ammonia.13-17 Aqueous oxidation of phenols and gas-phase oxidation of certain aromatic 

compounds also produce BrC material.18-20 The multitude of poorly-characterized secondary 

sources contributes to the challenge of constraining the properties of BrC aerosols in climate 

modeling.  

Several studies demonstrated that optical properties of BrC may evolve significantly as a 

result of atmospheric aging. For example, Rincon et al. analyzed the absorption spectra of 

irradiated solutions of pyruvic acid and showed that  the spectra change significantly depending 

on temperature, irradiation history, and other conditions.21  Sareen et al. examined the properties 

of methyl glyoxal + ammonium sulfate reaction products, and found that the near-UV 
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absorbance of these products drops on a time scale of minutes in reactions with ozone and during 

photolysis.11 Lambe et al. demonstrated that optical properties of SOA are strongly affected by 

extensive OH oxidation.22 Zhong and Yang demonstrated that biomass burning BrC undergoes 

reactions that both produce light-absorbing compounds and remove them on time scales of 

hours.23 Therefore, it is not sufficient to know the initial absorption properties of BrC; it is also 

important to predict how they may evolve during various aging scenarios.  

The goal of this study is to explore the effect of photolysis on the optical properties of 

laboratory generated proxies of BrC in aqueous solutions, as a model for cloud/fog processing of 

BrC. The model BrC used in this study is SOA produced by high-NOx photooxidation of 

naphthalene (NAP). NAP is the most abundant and simplest polycyclic aromatic hydrocarbon 

found in highly-populated urban areas,23, 24 with fossil-fuel combustion serving as its major 

source.25-29 Gas-phase reaction with OH (k = 210 -11 cm3 molecules-1 s-1)25 is the primary sink 

for NAP resulting in a lifetime of about 6 h at [OH] = 2106 molecules cm-3. This reaction forms 

a multitude of secondary pollutants in both the particle and gas phase. Figure 4.1 shows the 

initial processes involved in NAP photooxidation and Table 4.1 lists some of the products 

previously reported in literature.27-31 Some of the products shown in Figure 4.1, such as aromatic 

aldehydes, nitroaromatic compounds, and quinones are expected to absorb light in the near-UV 

range and be photochemically active. Therefore, photolysis is expected to have a strong effect on 

NAP SOA composition.   
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Figure 4.1: Initial processes involved in atmospheric oxidation of NAP adapted and modified 

from Nishino et al.29 In addition to the products retaining the NAP skeleton (naphthols and nitro 

compounds), a number of ring-opening benzene derivatives can also be produced. A partial list 

of possible products is provided in Table 4.1. Formulas corresponding to the boxed compounds 

have been observed in the HR-MS spectra reported in this work. 
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Table 4.1: A partial list of known products of NAP photooxidation. 

Name* Formula Peak abundance (%) Effect of 

photolysis [M+H]+ [M+Na]+ 

benzoic acid C7H6O2 - - - 

Phthaldialdehyde C8H6O2 - 37 ↑ 

2-hydroxy benzoic acid C7H6O3 - - - 

phthalic anhydride C8H4O3 - - - 

2-formylbenzoic acid C8H6O3 - 13 ↑ 

2-formyl-cinnamaldehyde C10H8O2 1.9 20 ↓ 

formyl cinnamic acid C10H8O3 3.1 23 ↑ 

Naphthol C10H8O - - - 

1,4-naphthoquinone C10H6O2 - 2.4 ↓ 

2,3-epoxy-1,4-quinone C10H6O3 - 6.4 ↓ 

4-hydroxy-2,3-epoxy-carbonyl C10H7O3 - - - 

1-nitronaphthalene C10H7NO2 - 12 ↓ 

 

*This table lists common names and chemical formulas of the products reported in Refs. 27-31. If 

the formula is detected in the unphotolyzed NAP SOA sample by ESI/HR-MS, the relative 

abundances (in % relative to the largest peak in the mass spectrum) of the corresponding 

protonated [M+H]+ and sodiated [M+Na]+ species are also included. The last column indicates 

whether the peaks corresponding to these compounds increase (↑) or are removed (↓) upon 

photolysis. 

 

NAP SOA can be considered a prototype of BrC material because of its relatively large 

absorption coefficient17, 22 and because its absorption spectrum is similar in shape to the 

absorption spectra of ambient organic and biomass burning aerosols.23, 32, 33 In this work, we 

attempted to correlate the photolysis-driven changes in the optical properties of NAP SOA to 

changes in its molecular composition probed by high-resolution mass spectrometry (HR-MS). 

Photolysis produced significant changes in the molecular composition of NAP SOA, but only 

had a modest effect on its wavelength-dependent mass absorption coefficient (MAC). To 

demonstrate that this is not universally applicable to all types of BrC, we also examined 

photolysis of BrC material produced by chemical aging of LIM/O3 SOA with ammonia vapor 

(NH3).
13, 15-17  The aged LIM/O3 SOA displayed the completely opposite behavior, with 
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relatively small changes in the composition, but dramatic changes in the absorption spectrum. 

The contrast between NAP SOA and aged LIM/O3 SOA emphasizes the highly variable and 

dynamic nature of different types of BrC materials. 

 Experimental Method 

 SOA Preparation 

Photooxidation of NAP was carried out in a 5 m3 Teflon chamber under dry, high-NOx 

conditions.  The chamber was purged overnight with 60 L min-1 of dry clean air resulting in 

residual levels of particulate matter, O3 and NOy that were below the detection limits of the 

corresponding analyzers. Approximately 2–4 ppm (10-6 by volume) of H2O2 was introduced to 

the chamber by evaporating 40–80 µL of H2O2 (Sigma-Aldrich, 30% by volume in water). This 

was followed by adding 450–900 ppb (10-9 by volume) of NAP by evaporating 25–50 µL of 0.5 

g mL-1 NAP (Fisher, 99% purity) dissolved in dichloromethane (Fisher, 99.9% purity) and 500–

800 ppb of NO from a premixed gas-bottle (Praxair, 5000 ppm NO in N2).  The precursors were 

thoroughly mixed in the chamber using a fan, which was later turned off once photolysis began 

to minimize particle wall losses. Photooxidation was driven by 35 UV-B lamps (FS40T12/UVB, 

Solarc Systems, Inc.) with emission centered at 310 nm. The real-time concentrations of 

NO/NOy and O3 were monitored by Thermo Scientific 42i-Y and 49i analyzers, respectively. 

Relative humidity and temperature of the chamber were monitored by a Vaisala HMP233 probe; 

the temperature typically increased by 3-5 C during photooxidation. The particle size 

distribution was monitored with a TSI model 3936 scanning mobility particle sizer (SMPS).  

Volatile compounds were monitored with a proton-transfer-reaction time-of-flight mass 

spectrometer, PTR-ToF-MS (IONICON Analytik GmbH, Innsbruck, Austria). The steady-state 

OH concentration in the chamber was estimated from the rate of decay of NAP, observed by 
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PTR-ToF-MS as its protonated 13C–isotope at m/z 130.16, and the known bimolecular rate 

constant (210-11 cm3 molecules-1 s-1) for the NAP + OH reaction.25 The estimated steady-state 

concentration of OH was 5106 molecules cm-3.  

After 3 h of photooxidation, the resulting SOA was collected on two PTFE filters 

(Millipore 0.2 µm pore size) in parallel at a constant flow rate of about 16 L min-1 per filter. An 

activated carbon denuder (Sunset Laboratory) was installed between the chamber and the filters 

to help remove excess volatiles and O3. The amount of SOA collected on each filter was 

estimated from the SMPS data assuming 100% collection efficiency by the filters and known 

NAP SOA density of 1.55 g cm-3.30  Typically, 800–1300 g of SOA material was collected on 

each filter. The filter samples were either used immediately or were stored in a freezer at -20 °C 

before photolysis experiments and/or HR-MS analysis.   

In addition to the NAP SOA samples, SOA from ozonolysis of LIM (LIM/O3 SOA) was 

generated and aged with NH3to produce BrC as described in Lee et al.16  This type of aged SOA 

has a distinctive, well-characterized absorption spectrum in the visible range,13, 16, 17, 34 making it 

a convenient model system for studying photochemistry of BrC. We will refer to this material as 

“aged LIM/O3 SOA.”  

 Optical Properties and Photolysis of Aqueous SOA 

SOA was extracted from filters by sonication in 1.8-2 mL of deionized water for 10-15 

minutes to achieve a concentration of 0.58  0.07 mg mL-1 of dissolved SOA material. The 

completeness of the extraction was verified by first extracting the filter with water and then 

extracting the residual material on the filter with acetonitrile. By comparing the UV absorbance 

of the primary water extract and secondary acetonitrile extract we estimate that water extracted 

more than 80% of the organic material for both NAP and aged LIM/O3 SOA. A dual-beam 
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spectrometer (Shimadzu UV-2450) was used to record UV/Vis absorption spectra of the SOA 

extracts in the 200-700 nm range. Three-dimensional excitation-emission matrix (EEM) spectra 

of SOA extracts were acquired with a Hitachi F-4500 fluorescence spectrometer as described in 

Lee et al.16 The excitation wavelength spanned the 200–500 nm range in 5 nm steps, and the 

emission was recorded over the 300–600 nm range in 2 nm increments. Deionized water served 

as the background for the absorption and EEM measurements. 

 
Figure 4.2: Absorption spectra of a NAP SOA sample measured at different pH levels. 

 

We investigated the effect of the solution pH on the absorption spectrum by adding few 

drops of 0.1 M KOH or HCl to the solution to make it more basic or acidic. We observed that the 

absorption spectra of the NAP SOA extracts were pH dependent; Figure 4.2 shows that the 

absorbance increased significantly between 400-500 nm with the increase of pH. We attribute the 

pH dependence to acid-base equilibria of nitrophenols, which are important products of high-

NOx photooxidation of aromatics (see Vione et al.35 and references therein). In addition, 

ionization of SOA compounds, such as carboxylic acids, may also contribute to the red-shift, as 
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shown by other authors.36-40 Spectra of nitrophenols are known to experience a significant red-

shift upon ionization in solution.37, 40 For example, 2,4-dinitrophenol does not strongly absorb 

radiation above 300 nm, while its anion has distinctive absorption bands between 300 and 450 

nm. As shown in Figure 4.2, an increase in pH above pH = 6 resulted in the appearance of 

absorption bands between 400-500 nm suggesting that nitrophenols contributed significantly to  

absorbance by NAP SOA.  The measured pH values of the NAP SOA extracts were around 5-6, 

similar to the pH of cloud droplets.41, 42 Under these conditions, the degree of ionization of 

nitrophenols should be relatively small. All the photolysis experiments described in this work 

have been carried out at pH = 5-6 (obtained when an SOA sample was extracted in water). 

The procedure for the photolysis of aqueous SOA extracts was similar to that described 

by Epstein et al.43 for photolysis of aqueous methyl hydroperoxide (CH3OOH). A standard 1.0 

cm quartz cuvette containing the extract was placed in a temperature controlled cuvette holder. A 

small magnetic stir bar mixed the sample during photolysis.  The absorbance at a selected 

wavelength (300 nm for NAP SOA and 500 nm for the aged LIM/O3 SOA) was continuously 

recorded to determine the photolysis rate. In addition, a complete absorption spectrum was 

periodically taken (the stir bar was stopped during these measurements to avoid noise from 

solution turbulence). Radiation from a xenon arc lamp in a Newport Optics Photomax housing 

was reflected with a 90-degree dichroic mirror, filtered with a U-330 band-pass filter (Edmund 

optics 46-438), and coupled into a 1 m long, 0.95 cm diameter light-guide.  The light guide 

delivered the radiation into the UV/Vis spectrometer and irradiated the cuvette from above.  The 

radiant flux density was determined by photolyzing a 0.1 M solution of azoxybenzene (Fisher 

Scientific, 98 %) in ethanol in the presence of 0.1 M potassium hydroxide.43, 44 Azoxybenzene is 

a convenient actinometer for relatively slow photolysis processes in SOA because its quantum 
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yield is relatively low (QYazo  0.020) and does not strongly depend on temperature and 

concentration.44 The actinometer measurements were carried out both before and after SOA 

photolysis. The photolysis rate was determined from the rate of increase in  absorbance due to 

the azoxybenzene’s photoisomer, using its known molar extinction coefficient of 7600 L mol-1 

cm-1 at 458 nm (Figure 4.3).44  

 Calculation of Radiant Flux Density from the Actinometry Measurements 

In the experiments described in this paper, the SOA or actinometer solution of volume 

Vsolution is irradiated from the top in a standard b = 1.0 cm cuvette with a collimated beam of 

radiation with cross-section Area. The effective, solution-volume-normalized rate with which 

photons are absorbed by the sample can be described with the following equation, 

 ( )

03
( ) 1 10 verticalA

absorption

solution

photons Area
Rate D d

cm s V





  
  

 
   (Equation 4.1) 

where D0() is the spectral flux density of the photolyzing radiation (in photons cm-2 s-1), and 

Avertical is the base-10 absorbance of the solution over the vertical path length of the photolyzing 

radiation, hsolution. We measure the absorption spectrum of the solution in a normal way, i.e., 

perpendicular to the cuvette over path length b. This gives absorbance A(), which is directly 

proportional to Avertical() under conditions when the Beer-Lambert law holds. 

( )
( ) solution

vertical

h A
A

b


     (Equation 4.2) 

However, for the purposes of actinometry, it is more convenient to make the absorbance of the 

actinometer reasonably high so that all of the incoming radiation is absorbed by the solution (it is 

important in this case to mix the solution during photolysis). In this case, Eq. 4.1 simplifies to: 

0 ( )absorption

solution

Area
Rate D d

V


      (Equation 4.3) 
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We assume that D0() is directly proportional to the intensity of the radiation measured with a 

USB4000 Ocean Optics spectrometer: 

0 ( ) ( )D OO   
    (Equation 4.4) 

In this formula, OO() is a baseline-corrected dimensionless function of wavelength returned by 

the USB4000 spectrometer. The constant , which has the same units as D0, has to be 

determined for each specific set of experimental conditions. In order to do so, we measure the 

rate of photolysis of the actinometer from the time-dependent rise in absorbance of the photolysis 

product of azoxybenzene.  

azoxybenzene + h  azoxybenzene photoisomerization product 

In the strong actinometer absorbance limit, the absorbance by the product, Aproduct, grows linearly 

as shown in Figure 4.3a. This can be converted into the actual photolysis rate using the known 

molar extinction coefficient of the product, product = 7600 L mol-1cm-1 at 458 nm. 
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Figure 4.3: (a) Absorbance of the product at 458 nm versus time. (b) Absorption spectrum of the 

actinometer before and after photolysis. 
 

Expressed in molecular units, the photolysis rate is directly proportional to the initial slope in 

Figure 4.3a. 

3

[product]

1000 1000

productA A
photolysis

product

dAN Nmolec d
Rate

cm s dt b dt

 
  

 
  (Equation 4.5) 

The ratio of the rate of photolysis from Eq. 4.5 and the rate of absorption from Eq. 4.3 are equal 

to the quantum yield of azoxybenzene (azo  0.020).44  Combining all the equations together, we 

obtain Eq. 4.6 to determine constant : 
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   (Equation 4.6) 

Finally, in a case where the entire cross-section of the cuvette is illuminated (which 

approximately applies to our measurements), all dimension-related terms cancel out, leading to:  

1000

( )

productA

product
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dAN

dt
a

OO d




  



     (Equation 4.7) 

This is the equation we used in calibrating the spectral flux density. A typical result for D0() is 

shown in Figure 4.4.  

 

 
Figure 4.4: A typical solar and spectral flux density of radiation, D0(), from the irradiation 

source compared to that from a sun in zenith. 
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 Procedure for Calculating the Effective Photolysis Rate 

We calculate the effective rate of NAP SOA photolysis under realistic atmospheric 

conditions from the experimentally determined rate.  Since the wavelength-dependent photolysis 

quantum yield information is not available from our experiments, we make the following 

approximations: 

1. Photolysis is limited to wavelengths below 400 nm (visible photons are not expected to 

be energetic enough to result in photolysis). This assumption prevents the overestimation 

of the atmospheric photolysis rate when convoluting the absorption spectrum of SOA and 

solar flux.  

2. Photolysis quantum yields for the absorbing NAP SOA compounds do not strongly 

depend on wavelength over the range of the photolysis source (shown in Figure 4.4).    

These assumptions make it possible to re-scale the experimental photolysis time scale into an 

effective photolysis time relevant to the atmospheric environment as follows: 

     
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

 



 

 

 (Equation 4.8) 

In this equation, F represents the actinic flux from the lamp or from the sun, and  represents the 

effective absorption cross section of NAP SOA, which is proportional to the measured 

absorbance of the NAP SOA solution. The photolysis quantum yields cancel out from this 

equation because of the second assumption.  The spectral flux density of the photolyzing 

radiation, Dlamp(), is obtained using the methods described above (a typical result is shown in 

Figure 4.4).  The solar actinic flux, Dsolar(), was obtained from a TUV calculator provided by 
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NCAR,45 at one kilometer ground elevation and surface albedo of 0.10 (the result is also shown 

in Figure 4.4).   

The effective photolysis time at zero solar zenith angle, t(effective), can now be 

calculated from the experimental photolysis time in the lab, t(laboratory), using Eq. 4.9.   

( )
( ) ( )

( )

J EXP
t effective t laboratory

J ATM
    (Equation 4.9) 

For the LIM/O3 SOA + NH3 data, the integration range for Eq. 4.8 was from 250–400, due to the 

optically active region shown in Figure 4.7.  The J(ratio), ~ 0.56, was slightly higher than NAP 

SOA. 

 Electrospray Ionization High-Resolution Mass Spectrometry (ESI/HR-MS) 

Three separate sets of SOA samples were analyzed with a high–resolution (m/m  105 

at m/z 450) linear-ion-trap (LTQ) OrbitrapTM mass spectrometer (Thermo Corp.) equipped with 

an electrospray ionization (ESI) source operating in the positive ion mode. In each set of 

experiments, two identical SOA filter samples were separately extracted to obtain 0.34 + 0.07 

mg mL-1 SOA solutions in water. One of the solutions was photolyzed while the other was kept 

in the dark as a control. The exposure was equivalent to about 3-4 h under a solar zenith angle 

(SZA) of 0. 

After photolysis and immediately prior to analysis, the aqueous solutions were mixed 

with acetonitrile (Aldrich, HPLC grade) in a 1:1 ratio to improve the ESI source stability. Mass 

spectra of a blank sample corresponding to a 1:1 mixture of acetonitrile and water, and of a 

calibration mixture of caffeine MRFA and Ultramark 1621 (LTQ ESI Positive Ion Calibration 

Solution, Thermo Scientific, Inc.) were also recorded. The combination of the external 

calibration and an internal re-calibration of each spectrum with respect to the expected products 

of NAP oxidation resulted in an estimated peak position accuracy of better than  0.0005 Da 
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over the m/z 100-500 range of interest where more than 95% of the detected peaks were found. 

The compounds were detected as sodiated [M + Na]+ and/or protonated [M + H]+ species. For 

clarity, the formulas discussed in this paper will correspond to the neutral analytes. The data 

analysis was carried out as discussed in Nizkorodov et al.46, 47 Briefly, peaks that appeared in the 

blank sample and peaks corresponding to 13C isotopes were discarded. The peaks were assigned 

to formulas C1-40H2-80O0-35N0-2Na0-1
+ with 0.00075 m/z tolerance while constraining the H/C and 

O/C ratios to 0.4–2.5 and 0–1.0 and only permitting closed-shell ions (no ion-radicals).  Most of 

the peaks could be assigned unambiguously with these constraints. However, for a subset of 

peaks, either N0 or N2 assignments were possible for a single m/z. In these cases, preference was 

given to the N0 assignment based on analysis of the N-atom distribution for the unambiguously 

assigned peaks.  

 Results and Discussion 

 Mass Absorption Coefficients of NAP SOA 

The measured absorption spectra presented in this work are in the form of wavelength-

dependent MAC, which is calculated from the base-10 absorbance, A10, of the SOA solution with 

known mass concentration, Cmass (g cm-3), and path length, b (cm).48  

 
 10 ln(10)

solution

mass

A
MAC

b C








   (Equation 4.10) 

Examples of the MAC spectra taken at different photolysis times are shown in Figure 4.5. The 

shape of the spectra are characteristic of a typical atmospheric BrC material33 and consistent with 

previous measurements for NAP SOA.17, 22 The absorption coefficient is highest in the UV 

range, but there is a broad tail in the visible range.  The absolute MAC values (0 – 6000 cm2 g-1 

between 300–700 nm) are qualitatively consistent with previous measurements by Updyke et al. 

(0–5000 cm2 g-1 in the same wavelength range).17 The differences are likely due to uncertainties 
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in estimating the mass of collected SOA from the SMPS data. A power law is customarily used 

to describe the wavelength dependence of the mass absorption coefficient of BrC, MAC() = 

MACo × –AAE, where AAE stands for the absorption Angstrom exponent. Values of AAE in 

excess of 1, which are typical for BC-dominated aerosol, indicate strong contribution of BrC to 

aerosol absorption. The AAE for NAP SOA studied here is  6.2 for the visible wavelength range 

of 400– 630 nm. It is slightly smaller than the value of 6.5 reported by Updyke et al. but closer to 

the range of reported AAE values for BrC, ranging from 2 to 7, measured in the field studies.22, 49-

52 In summary, NAP SOA can be regarded as an example of a moderately–absorbing type of 

BrC.  
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Figure 4.5: UV-Vis absorption spectra recorded during photolysis of: (a) an aqueous solution of 

NAP SOA and (b) an aqueous solution of LIM/O3 SOA aged through reaction with ammonia 

vapor. The vertical axis corresponds to the mass absorption coefficient (MAC) calculated from 

Eq. 4.10. The inset in panel (a) zooms in on the 300-400 nm range. 

 

 Effective Rate of NAP SOA Photolysis 

As Figure 4.5a demonstrates, the exposure of aqueous NAP SOA to actinic radiation 

slightly reduces its MAC, presumably as a result of photodegradation of BrC chromophores. 



120 
 

Although omitted from Figure 4.5a, the MAC continues to decline at approximately the same rate 

upon further photolysis.  Quantitative interpretation of these measurements is rather complicated 

because of the unknown and likely very large number of individual chromophores in the SOA 

solution.  We approximate the MAC decay as a first-order kinetic process with an effective rate 

constant k.  

 0 exptMAC MAC kt      (Equation 4.11) 

To facilitate the discussion of the atmospheric relevance of these results, we converted the 

laboratory photolysis time into an equivalent time in the atmosphere at SZA = 0. This procedure 

converts the photolysis rate resulting from irradiation by the UV source (shown in Figure 4.4) to 

that resulting from solar irradiation (also shown in Figure 4.4). We stress that this approach is 

approximate as it neglects wavelength dependence of the photolysis quantum yields for NAP 

SOA compounds.  

Figure 4.6a shows the dependence of the average MAC in the near-UV (300-400 nm) and 

visible (450-600 nm) regions on the effective atmospheric photolysis time. The effective rate 

constant, k, appears to be larger in the near-UV range (k = 0.052 h-1) than in the visible range (k 

= 0.011 h-1). These rates can be converted into empirical half-lives, ln(2)/k, which are listed 

in  
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Table 4.2.  The half-life suggests that NAP SOA loses its ability to absorb near-UV and 

visible radiation on a time scale of days, with the fastest changes on the blue end of the spectrum. 

We verified in a separate set of experiments that NAP SOA can be completely photobleached 

(i.e., lose its yellow color) upon prolonged irradiation (after many effective days of photolysis).   

 
Figure 4.6: Decay of absorbance during irradiation of SOA aqueous solutions. (a) For NAP 

SOA, the average ln(MAC) is plotted against the effective photolysis time at 300 nm (blue x), in 

the near-UV region (300-400 nm, black points), and in the visible region (450-600 nm, green 

triangle). (b) For LIM/O3 SOA + ammonia vapor reaction products, the data are plotted for the 

near-UV region, visible region, and at 500 nm (red +).  The solid lines correspond to linear fits to 

the data. Numbers next to the lines correspond to the slopes 1, SD. The 300 nm measurement 

for NAP SOA and the 500 nm measurement for LIM/O3 SOA were continuous single 

wavelength observation, while the rest were extracted from the individual absorption spectrum. 
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Table 4.2: Effective half-life (in h) for the disappearance of absorbance at different wavelengths. 

Wavelength (nm)* NAP SOA Aged LIM/O3 SOA 

300 13 3.0 

near-UV 14 1.3 

Visible 64 0.35 

500 43 0.24 

 

*The half-lives, ln(2)/k, are calculated for NAP SOA and aged LIM/O3 SOA at different 

regions: at 300 nm, in the near-UV region (300-400 nm), in the visible region (450-600 nm), and 

at 500 nm where the aged LIM/O3 SOA has its characteristic absorption peak. 

 

To demonstrate that not all BrC is as resilient to photolysis as NAP SOA, we also include 

data on photodegradation of BrC produced by the reaction of LIM/O3 SOA with NH3.
5, 16, 17, 47 

Figure 4.5b shows the initial absorption spectrum of the aged LIM/O3 SOA and its evolution 

during irradiation. The distinctive 500 nm peak is almost completely removed after 2 h of 

photolysis and the brown color of the solution almost disappears in the process. The decay of 

MAC approximated by the first-order kinetics (Figure 4.6b) indicates an effective atmospheric 

photolysis time on the order of 1 h ( 

 

 

 

 

 

 

 

 

Table 4.2).  In contrast to NAP SOA, MAC changes faster in the visible range (k = 2.0 h-

1) than in the near-UV range (k = 0.52 h-1). 
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 Effect of Photolysis on Molecular Composition of Photolyzed NAP SOA 

Table 4.1 lists known products of NAP photooxidation observed by gas chromatography-

mass spectrometry,27-29, 31 proton-transfer-reaction mass spectrometry,30 and aerosol mass 

spectrometry,30, 53, 54 while Figure 4.1 shows an abridged mechanism of their formation. Seven 

out of the twelve compounds listed in Table 4.1 appeared in the ESI/HR-MS spectra of NAP 

SOA, detected mostly as sodiated species. The expected major products27-31, 53, 54 

(phthaldialdehyde, formyl cinnamic acid, 2-formyl-cinnamaldehyde, 2-formylbenzoic acid, and 

1-nitronaphthalene) were abundant in the mass spectra (10-40% of the largest observed peak). 

Other expected products were not detected, presumably because of relatively high volatility and 

low abundance in SOA (e.g., benzoic acid), lower ionization efficiencies, or possible hydrolysis 

in water extracts.  For example, phthalic anhydride, a secondary oxidation product of 

phthaldialdehyde,29, 55 may have hydrolyzed in the aqueous solution.    

Figure 4.7 compares the ESI high-resolution mass spectra acquired before and after 

photolysis of aqueous NAP SOA. For ease of comparison, the peak abundances are normalized 

to that of the largest peak in the corresponding mass spectrum. The initial mass spectrum had a 

bimodal peak distribution featuring the monomeric and dimeric groups of SOA constituents. 

Photolysis resulted in a significant change in the spectrum with the marked decline of the relative 

abundance of the dimeric compounds and parallel formation of new compounds at lower m/z 

values.   Overall, before photolysis, 244 peaks were reproduced in all three NAP SOA samples 

(we only include peaks in our analysis that appeared in all three of the mass spectra of 

independently prepared samples). Of those, 150 peaks were removed by photolysis. In 

photolyzed samples, 108 peaks reproducibly appeared in all of the mass spectra. Of those, 14 

peaks correspond to newly formed compounds, and 94 peaks correspond to compounds present 
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in the initial sample. Clearly, photolysis affects the molecular composition of SOA in a profound 

way.   

For an individual compound, CcHhOoNn, that contains c carbon, h hydrogen, o oxygen, 

and n nitrogen atoms, the double bond equivalent (DBE, the total number of double bonds and 

rings) can be calculated as follows:  

1
2

n h
DBE c


       (Equation 4.12) 

This formula assumes a valence of 3 for nitrogen, and therefore it underestimates the DBE for 

nitrocompounds (-NO2) and organonitrates (-ONO2) by 1. Figure 4a shows the distribution of 

DBE values, which indicates a substantial decline in the DBE values upon photolysis presumably 

driven by the preferential destruction of larger, oligomeric compounds.   

 

 
Figure 4.7: High-resolution positive ion mode mass spectra of NAP SOA before and after 

photolysis plotted as positive and negative signals, respectively. The spectra are normalized with 

respect to the largest detected peak. The preferential removal of larger compounds in photolysis 

is clearly evident from the spectra. 
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Figure 4.8: Comparison of molecular characteristics of the NAP SOA constituents before and 

after photolysis plotted as: (a) DBE versus molecular weight (Da) and (b) Van Krevelen plot of 

H/C versus O/C. 
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There is no clear effect of photolysis on the O/C or H/C ratios as evident from the lack of 

obvious patterns in the van Krevelen (VK) diagram (H/C vs O/C for individual compounds) in 

Figure 4.8b. In view of the molecular complexity of SOA, it is common to express its bulk 

composition as averaged elemental ratios. The average elemental composition and ratios (C, N, 

O, H/C, O/C, C/N and O/N), and the average DBE can be estimated from the assigned molecular 

formulas:56 
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Y
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
   where Y = c, h, o, n, or DBE   (Equation 4.13) 
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   where Y/Z = H/C, O/C, N/C, and N/O  (Equation 4.14) 

These formulas use peak abundances, xi, as weighing factors. Strictly speaking, Eq. 4.14 

calculates <Y>/<Z>, but we designate it as <Y/Z> to simplify the notation. Table 4.3 lists the 

elemental composition of NAP SOA before and after photolysis calculated using Eq. 4.13 and 

4.14. Based on these results, the 3-4 h of atmospheric photolysis of NAP SOA can be 

represented by an effective chemical equation: 

C14.1H14.5O5.1N0.085   +  hv     C11.8H14.9O4.5N0.023  (Equation 4.15) 

The average carbon number, <C>, as well as the overall molecular size, are reduced by 

photolysis. There is also a significant decrease in <DBE> implying a preferential breakdown of 

more unsaturated compounds. The average atomic ratios <N/C> and <O/N> drop in magnitude, 

while <H/C> increases. The small increase in <H/C> suggests a decrease in the level of 

unsaturation upon photolysis. It is noteworthy that the change in <O/C> is small (from 0.36 to 

0.38). The <O/C> ratio, a measure of the degree of oxidation, is frequently used in the literature 

as an indicator of photochemical aging of SOA. Our results indicate that <O/C> may not be an 
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informative parameter for tracking the age of SOA in cases when photolysis is the primary 

mechanism of aging. 

Table 4.3: Average elemental composition, elemental ratios, and double bond equivalents (DBE) 

before and after photolysis of NAP SOA solution. 

 <C>* <H> <O> <N> <H/C> <O/C> <N/C> <N/O> <DBE> 

Before 

(SD) 

14.1 14.5 5.1 0.085 1.02 0.36 0.0060 0.017 7.9 

(0.7) (0.4) (0.1) (0.017) (0.06) (0.02) 
(0.0012

) 
(0.003) (0.9) 

After 

(SD) 

11.8 14.9 4.5 0.023 1.27 0.38 0.0020 0.0053 5.3 

(0.4) (0.6) (0.3) (0.003) (0.07) (0.03) 
(0.0002

) 
(0.0007) (0.2) 

After - Before -2.4 0.4 -0.7 -0.06 0.3 0.02 -0.0041 -0.012 -2.6 

 

*Data collected from three independent measurements were averaged.  Errors in are reported as 

1 standard deviation (SD) between the measurements. 

 

Table 4.4 lists fractions of compounds containing 0 and 1 nitrogen atoms (0N and 1N 

compounds). The decrease in <N> and in the <N/C> ratio indicates a significant reduction in the 

fraction of 1N compounds during photolysis. Photolysis is known to be the dominant loss 

process for gas-phase nitronaphthalenes.57 Our observations suggest that photolysis remains an 

important loss mechanism for these compounds in the aqueous phase. Indeed, the peak 

corresponding to nitronaphthalene (Table 4.1) disappears from the mass spectrum upon 

photolysis. Although nitroaromatic compounds have been shown to photodegrade very slowly in 

water,58 55 they can be efficiently photoreduced in the presence of suitable hydrogen atom 

donors, such as alcohols and aldehydes,59, 60  which are abundant in SOA. Photoreduction of 

nitroaromatics is consistent with the observed decline in the O/N ratio of the products. 
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Table 4.4: Distribution of N-atoms in the products before and after photolysis. Breakdown of the 

observed ions by nitrogen content. 0N and 1N refer to compounds containing 0 and 1 nitrogen 

atoms, respectively. As shown in this table, 13% of the 1N compounds are removed, and 13%, 

of the 0N compounds are formed by photolysis, suggesting that one of the mechanism of 

photolysis involves removal of –NO2 groups from the nitroaromatic compounds or –ONO2 

groups from nitric acid esters. 

N-compound 
Before Photolysis After Photolysis In Both 

# % # % # % 

0N 193 79.1 99 91.7 86 91.5 

1N 51 20.9 9 8.3 8 8.5 

       

Total 244 100 108 100 94 100 

 

Another contribution to the loss of nitrogen-containing organics may come from 

photolysis of organonitrates, RONO2, which are known to photolyze by breaking the weak O-N 

bond. Nguyen et al.61 observed a significant reduction of organonitrates in the photolysis of 

aqueous solutions of high-NOx isoprene SOA, as well as formation of 2N species. In contrast to 

the isoprene SOA, we do not observe a buildup of 2N compounds after photolysis of NAP SOA. 

In fact, the fraction of 2N species both before and after photolysis was very small. This suggests 

that production of 2N compounds may be unique to the photolysis of high-NOx isoprene SOA.  

The known products of NAP photooxidation that do not contain nitrogen atoms (e.g., the 

ones shown in Table 4.1 and Figure 4.1) were also strongly affected by photolysis. 2-formyl-

cinnamaldehyde was removed by photolysis in agreement with the expected reactivity of ,-

unsaturated aldehydes. Formyl cinnamic acid increased, presumably as a result of photooxidation 

of 2-formyl-cinnamaldehyde and similar compounds. Aromatic aldehydes, phthaldialdehyde and 

2-formylbenzoic acid, both increased with photolysis. In summary, photolysis of NAP SOA 

introduces rather significant changes in its molecular composition.    

To study the extent of compositional changes in aged LIM/O3 SOA induced by 

photolysis, we carried out LC-ESI/HR-MS (reverse phase separation by liquid chromatography 
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on a C18 column with the ESI/HR-MS detector) analysis before and after photolysis. After 2 h 

photolysis of aged LIM/O3 SOA, which was sufficient to completely change its absorption 

spectrum as shown in Figure 4.5b, the effective average chemical composition of SOA changed 

as follows:  

C13.4H19.1O3.5N0.62  +  hv     C14.2H20.4O4.3N0.72  (Equation 4.16) 

Since a different technique was used to analyze the aged LIM/O3 SOA and NAP SOA mixtures, 

a direct comparison to Eq. 4.15 cannot be made.  However, this result shows that the extent of 

photolysis-driven changes in the mass spectra were smaller in the aged LIM/O3 SOA than in 

NAP SOA. This result can be explained by the low relative abundance of the chromophores in 

aged LIM/O3 SOA, which makes it difficult to detect them within a complex matrix of the much 

more abundant non-absorbing compounds.34  

 Fluorescence of NAP SOA 

The EEM plots in Figure 4.9 show that NAP SOA was moderately fluorescent both 

before and after photolysis.  The fluorescence quantum yield (QY), measured as described in Lee 

et al. 16, increased from 0.2% to 0.3%.  Although photolysis reduced the overall absorption 

coefficient of NAP SOA compounds (Figure 4.6), there was a slight increase in their 

fluorescence intensity as shown in Figure 4.9b.  This is an unexpected result, considering that the 

photolysis of NAP SOA also reduced the average number of double bonds (inferred from DBE 

values) in the NAP SOA sample (Figure 4.8 and Table 4.3), thus preferentially removing highly 

unsaturated molecules that are more likely to fluoresce.  One possible contribution to the 

increased fluorescence intensity is the loss of nitroaromatic compounds during photolysis. Such 

compounds undergo highly efficient intersystem  crossing (ISC) into the triplet manifold, 

followed by thermal relaxation.62 Shutting down the ISC pathway could make the effective QY 
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higher. Another possibility is that the photolysis may create carboxylic acids and reduce the 

solution pH.   This was observed as the typical starting NAP SOA pH of about 5–6 decreased by 

0-1 units during photolysis.  When we carried out fluorescence measurements on unphotolyzed 

samples at intentionally lowered pH values, we also observed higher emissions intensities. 

Therefore, some of the observed increase in the fluorescence intensity may be attributed to the 

pH effects. We note that the observed increase in the intensity of fluorescence in the photolyzed 

NAP SOA is in stark contrast with the aged LIM/O3 SOA system, which loses its ability to 

fluoresce upon photolysis. Figure 4.10 the shows a typical EEM plot for the aged LIM/O3 SOA 

solution before and after photolysis. 

 

 
Figure 4.9: EEM plot recorded (a) before and (b) after photolysis. After 120 minutes of 

photolysis the fluorescence intensity (FI, color coded as shown on the right) increased somewhat 

(while the solution absorbance decreased, as shown in Figure 4.5). 
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Figure 4.10: Aged LIM/O3 SOA EEM plot recorded (a) before and (b) after photolysis of 

solution of aged LIM/O3 SOA. After 110 minutes of photolysis the fluorescence intensity (FI, 

color coded as shown on the right) increased somewhat (while the solution absorbance 

decreased, as shown in Figure 4.5). 

 

 Atmospheric Implications 

We examined the photolysis of aqueous solutions of NAP SOA, a prototypical BrC 

aerosol, as a model of photochemical processing of BrC compounds in cloud and fog droplets. 

Photolysis had a modest effect on the wavelength-dependent MAC of NAP SOA, but produced 

significant changes in the molecular composition as determined by ESI/HR-MS methods. To 

demonstrate that this is not universally applicable to all types of BrC, we also presented results 

on the photolysis of BrC produced by reaction of LIM/O3 SOA aged with NH3. This system 

displayed an opposite behavior to NAP SOA, with relatively little change in the overall 

composition, but more dramatic and faster changes in the absorption spectrum. These results 

highlight the great diversity of properties of different types of BrC, and imply that the chemical 

nature of the light-absorbing compounds in different types of BrC can be quite different.   

An important conclusion of this work is that chemical composition and optical properties 

of BrC cannot be viewed as static. Light-absorbing compounds responsible for the color of BrC 

can potentially photobleach in sunlight (i.e., lose their ability to absorb visible radiation). This 
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photobleaching can be quite fast, as in the case of light-absorbing products of reactions of 

LIM/O3 SOA + NH3 (a couple of hours of irradiation, Figure 4.6) and methyl glyoxal + 

ammonium sulfate(a few minutes of irradiation according to the estimation in Sareen et al.10). It 

can also be considerably slower, as in the case of NAP SOA examined in this work. Our 

conclusions corroborate the results of Zhong and Jang, who found that the absorption spectrum 

of biomass-burning aerosol changed significantly over the course of a day due to a competition 

between formation and photobleaching of light-absorbing organics.23   

Even in the case of the relatively resilient NAP SOA, the MAC decays with an estimated 

effective half-life of  15 h. Therefore, in addition to the wavelength-dependent MAC values of 

various BrC samples, the effective rate with which MAC evolves under typical atmospheric 

conditions should also be quantified and reported. A strongly absorbing BrC sample will not 

produce much direct radiative forcing if it photolyzes in minutes, as reported, for example, for 

the chromophores in methyl glyoxal + ammonium sulfate solutions.10  

The average O/C ratio, is a parameter that can be derived from aerosol mass spectrometry 

measurements.63, 64 In many reports, O/C is used as a convenient indicator of the degree of 

oxidation in SOA and a number of studies have attempted to correlate O/C with the aerosol type, 

chemical age, and even its properties, such as viscosity, optical properties,22 hygroscopicity,65, 66 

etc. Our results suggest that the O/C ratio is not a fundamental characteristic that can uniquely 

describe these SOA properties. The chemical composition and MAC of NAP SOA undergoes 

significant changes during photolysis. However, these changes cannot be adequately captured by 

bulk measurements of the O/C ratio. Therefore, this type of photolysis-driven aging would likely 

be missed by measurements of integrated O/C values.  
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Although this work focused on aqueous solutions of NAP SOA, we also briefly examined 

photolysis of NAP SOA material directly on the filter. The photolysis also resulted in efficient 

photobleaching (photographs of NAP SOA filters before and after photolysis are shown on the 

Table of Contents image in the abstract). Moreover, the molecular composition of NAP SOA 

photolyzed on the filter changed in a qualitatively similar manner to that in an aqueous NAP 

SOA solution. Therefore, the scope of our results is not limited to aqueous photolysis of SOA; 

photolysis is likely to be just as important in organic particles (although the mechanism of 

photolysis in the aerosol may be very different from that in the aqueous solution of SOA). This is 

consistent with our previous observations of efficient photochemistry of biogenic SOA 

material.67-69 

Finally, a significant fluorescence level of NAP SOA, with QY of 0.2-0.3% is worth 

noting. Many studies have reported strong fluorescence emission produced by primary biological 

aerosol particles (PBAP).70-72 Lee et al. suggested that SOA may interfere with detection of 

PBAP with fluorescence–based techniques. The wide excitation (250–425 nm) and emission 

(350–550 nm) range for NAP SOA further supports this concern.  In fact, the emission of NAP 

SOA overlaps even better with the EEM peak for PBAP than that of the biogenic SOA reported 

previously in Lee et al.16  
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Chapter 5 Effects of Humidity, NOx, and Ammonia on the Optical 

Properties and Molecular Composition of Photo-oxidized Naphthalene 

Secondary Organic Aerosols 
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5.1. Abstract 

Light-absorbing aerosols, referred to as “brown carbon” (BrC), have a significant effect on 

climate. Primary sources of BrC are reasonably well-known, but BrC can also be formed by less 

constrained secondary atmospheric reactions, such as photooxidation of aromatic volatile organic 

compounds (VOCs) and reactions of carbonyl compounds in secondary organic aerosols (SOA) 

with ammonia (NH3). As NH3 and VOC emissions increase globally, it is critical to examine 

these poorly understood BrC production pathways. This study investigates how the optical and 

molecular characteristics of photooxidized naphthalene (NAP) SOA are affected by the presence 

of NH3, NOx, and relative humidity (RH). NAP was oxidized with hydroxyl radicals in a smog 

chamber at high and low levels of NOx and humidity, and in the absence and presence of NH3. 

The reaction was monitored using a scanning mobility particle sizer (SMPS) and SOA were 

collected on filters for offline analysis. UV-Vis spectroscopy and high-resolution mass 

spectrometry were used to determine mass absorption coefficients and molecular composition, 

respectively. The results show that RH, NOx, and NH3 each have some effect on the molecular 

composition and optical properties of NAP SOA.  
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5.2. Introduction 

There is much uncertainty in the radiative forcing produced by atmospheric aerosols. The 

majority of aerosols produce negative forcing, resulting in net cooling, by scattering incoming 

solar radiation and modifying cloud properties. However, certain aerosols, including black 

carbon (BC), brown carbon (BrC), and mineral dust, absorb visible radiation and convert it into 

trapped heat thus reducing this cooling effect.1-3 Of these light-absorbing aerosols, BrC have the 

highest chemical complexity and mechanisms of chemical aging. BrC is composed of organic 

molecules that are capable of absorbing both visible and near-ultraviolet radiation, such as 

nitrophenols, which give BrC a characteristic yellow-brown color.4-7 BrC comes from primary 

sources such as fossil fuel combustion and biomass-burning,4, 5, 8-10 but BrC can also be produced 

by secondary processes.1, 11 Examples of secondary BrC formation processes include high-NOx 

(=NO+NO2) photooxidation of aromatic volatile organic compounds (VOCs) resulting in 

secondary organic aerosols (SOA),12-19 reactive uptake of oxygenated VOCs on highly-acidic 

particles,20-25 aqueous-phase OH oxidation of aromatic compounds,26-29 and the reaction of 

ammonia (NH3) and other nitrogen-containing species with carbonyl compounds.30-43 

The interest in BrC has resulted in multiple measurements of their optical properties, 

including extinction and absorption coefficients, single scattering albedo, absorption spectra and 

fluorescence spectra. Different mass spectrometry methods have also been used to investigate the 

chemical composition of BrC in order to identify the primary chromophores responsible for its 

the brown color.11 From these measurements, nitroaromatics, or more specifically nitrophenols, 

have been identified as primary contributors to light absorption by BrC.44 These compounds are 

readily produced during photooxidation of aromatics. For example, Updyke et al. (2012) 

produced NAP and trimethylbenzene SOA under high- and low-NOx conditions and found that 
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for both SOA high-NOx conditions resulted in higher overall mass absorption coefficient (MAC) 

across the 300-700 nm wavelength range.31 Nakayama et al. (2013) found that increasing NOx 

concentration during toluene photooxidation increases its imaginary and real refractive indices at 

405 and 532 nm, using photoacoustic and cavity ring-down spectroscopy.15 Liu et al. (2015) also 

measured the real and imaginary refractive indices of toluene, as well as m-xylene, secondary 

organic material, using spectroscopic ellipsometry and UV-Vis spectroscopy. Both indices 

increased as a function of increasing NOx concentration, while decreasing with increasing 

wavelength. Using infrared spectroscopy they also showed that the presence of NOx resulted in 

the production of organonitrogen species.45 Lin et al. (2015) also found that elevated NOx 

conditions drastically increase MAC of toluene photooxidation SOA, while simultaneously 

altering the chemical composition by producing more nitrogen-containing compounds.12 Liu et 

al. (2016) worked with SOA formed by photooxidation of toluene and trimethylbenzene in order 

to determine how light absorption of SOA is affected by precursor type, NOx levels, photolysis 

time, and RH. The presence of NOx increased SOA absorptions, with moderate humidity and 

short photolysis times resulting in the highest MAC.13 Lastly, Aiona et al. (2018) determined 

absorption coefficients of BrC produced by high-NOx photooxidation of naphthalene (NAP), 

toluene, p-xylene, and benzene and found a pH-dependent decrease in absorption coefficients 

across visible wavelengths.18  

Reduced nitrogen compounds, most prominently NH3 and amines, have been found to 

alter the optical properties of BrC by converting carbonyl compounds into more strongly 

absorbing imines and nitrogen-containing heterocyclic compounds. Updyke et al. (2012) 

observed an increase in MAC during exposure of various types of absorbing and non-absorbing 

SOA to gaseous NH3. For example white low-NOx trimethylbenzene SOA gained a beige color 
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upon exposure, while NAP SOA characteristic yellow color became more saturated.31 Liu et al. 

(2018) observed formation of nitrogen-containing organics and increase in the absorption 

coefficient during exposure of low-NOx toluene SOA to ammonia.46 Extensive studies have been 

done exploring the mechanism of the NH3-driven browning reactions. The general mechanism 

appears to involve reactions of dicarbonyls with NH3 resulting in nitrogen-containing 

heterocyclic compounds, but the exact details depend on the specific system. For example, 1,2 

dicarbonyls, such as glyoxal and methylglyoxal form oligomeric compounds derived from 

imidazole,36, 37, 47, 48 whereas 1,4 dicarbonyls, such as ketolimonoaldehyde (a secondary limonene 

ozonolysis product) and 4-oxopentanal, produce light-absorbers based on pyrroles.49, 50        

Relative humidity has been found to affect the chemical composition of some SOA 

systems, and therefore is expected to also have an effect on optical properties. Song et al. (2013) 

found that high RH caused a decrease in light-absorption in high-NOx α-pinene ozonolysis SOA 

formed on seed particles.24 In contrast, Liu et al. (2016) found that toluene and trimethylbenzene 

photooxidation SOA formed under dry conditions had a significantly lower MAC than those 

formed in under humid conditions. In humid conditions the percent humidity did not cause a 

dramatic difference, with 30, 50, and 80% RH all resulting in similar absorption.13 Moderately 

humid conditions (30%) resulted in more CHON species than dry conditions, implicating the 

nitrogen-containing species contribute to increased MAC, as seen with toluene in Lin et al. 

(2015).12, 13 Finally, in the recent study by Liu et al. (2018), the extent of browning of low-NOx 

toluene SOA was reduced under dry conditions, when high viscosity of SOA particles placed a 

diffusion limitation on the rate of reaction between SOA carbonyls and ammonia.46    

 In this study, we are investigating the effect of RH, and the presence of NH3 and nitrogen 

oxides (NOx) on the production, optical properties, and molecular composition of BrC formed by 
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the photooxidation of NAP. High-NOx NAP SOA can be regarded as prototypical secondary BrC 

with a high MAC,19 approaching that for primary BrC produced by burning of biomass. SOA are 

formed under either wet or dry and high- or low-NOx conditions, in the presence and absence of 

NH3. UV-Vis spectroscopy is used to investigate differences in optical properties based on 

reaction conditions. Nanospray desorption ionization mass spectrometry (nano-DESI MS) is 

used to find how these conditions affect the SOA chemical composition. We find that RH, NOx, 

and NH3 all affect the characteristics of NAP SOA that were investigated. NOx levels were found 

to have the most influence on both molecular and optical properties. RH has some effect on both, 

while NH3 affects composition more than absorption. 

5.3. Experimental 

5.3.1. NAP SOA Formation 

SOA were produced by the photooxidation of NAP in a 5 m3 Teflon aerosol smog 

chamber. The environmental variables included high- and low-NOx levels, high and low RH, and 

absence and presence of ammonia (NH3). Prior to each study the chamber was flushed with 

purge air overnight for cleaning purposes. The RH for all dry studies was <2%. For elevated RH 

studies, humidification to >80% was accomplished by flowing air through a Nafion multichannel 

humidifier. Approximately 40 µL of H2O2 (Aldrich; 30% by volume in water), which serves as 

the OH precursor, was evaporated into the chamber to achieve mixing ratios of 2 ppm. For high-

NOx studies, 200-400 ppb of NO was added to the chamber from a premised gas cylinder 

(Praxair, 5000 ppm NO in N2). About 11-23 µL of a solution of 0.5 g/mL of NAP in 

dichloromethane was the evaporated into the chamber to reach a mixing ratio of 200-400 ppb.  

No seed aerosol was used. All precursors were mixed by a fan inside the chamber, which was 

turned off before the start of photooxidation. Photooxidation was initiated by UV-B lamps (Solar 
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Tec Systems model FS40T12/UVB) with emissions centered at 310 nm and ranged from 1.5-2.5 

hours. As SOA was forming in the chamber, a variety of instruments were sampling it 

simultaneously. Real time temperature and RH were measured with a Vaisala HMT330 probe 

and concentrations of ozone (model 49i) and NO/NOy (model 42i-Y) were measured with 

ThermoScientific monitors. Particle size distribution was monitored using a scanning mobility 

particle sizer (SMPS, TSI Model 3936), which was then used to estimate the mass of NAP SOA 

collected on the filters used for offline analysis.   

Table 5.1 summarizes the conditions in different experiments done in this work. For 

chamber runs 1 – 4 in Table 5.1, after photooxidation, NH3 was incrementally added to the 

chamber by evaporation of NH4OH solution aiming for a mixing ratio of 1000 ppb. It was later 

determined using an ammonia monitor installed at a later time that most of the injected ammonia 

may have been quickly removed by the chamber walls, so the actual mixing ratio ammonia could 

be up to an order of magnitude lower. Runs 5 – 16 aimed to determining the effects of ammonia 

on the composition or optical properties. The mixing ratios of NAP and NO doubled for these 

runes in order to obtain more material for mass spectrometric analysis, but the ratio of NAP to 

NOx remained consistent (1:1). In runs 10-13, NH4OH was evaporated into the chamber to reach 

1000 ppb NH3 in a single injection, prior to photooxidation. Runs 5 – 9 and 14 – 16 in Table 5.1 

were done without the addition of ammonia. In all cases, SOA was collected after the experiment 

by passing particles through an activated charcoal denuder and onto a PTFE filter at 15-20 

standard liters per minute for 3-4.5 hours. 
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Table 5.1: Summary of conditions for chamber experiments. 

Run 

# 

NAP 

(ppm) 

H2O2 

(ppm) 

NOx 

(ppm) 

RH 

(%) 

NH3 

(ppm)a 

Photo-

oxidation 

(h) 

Instrumentation 

Used b 

1 0.2 2.0 0.2 2 1.0 1.5 SMPS, nano-DESI 

2 0.2 2.0 0.0 85 1.0 2.5 SMPS, nano-DESI 

3 0.2 2.0 0.2 84 1.0 2.0 SMPS, nano-DESI 

4 0.2 2.0 0.0 1 1.0 2.0 SMPS, nano-DESI 

5 0.4 2.0 0.0 0 - 2.0 SMPS, nano-DESI 

6 0.4 2.0 0.4 0 - 2.0 SMPS, nano-DESI 

7 0.4 2.0 0.0 99 - 2.0 SMPS, nano-DESI 

8 0.4 2.0 0.4 86 - 2.0 SMPS, nano-DESI 

9 0.4 2.0 0.0 0 - 2.0 SMPS, UV-Vis 

10 0.4 2.0 0.0 87 1.0 2.0 SMPS, UV-Vis 

11 0.4 2.0 0.0 0 1.0 2.0 SMPS, UV-Vis 

12 0.4 2.0 0.4 0 1.0 2.0 SMPS, UV-Vis 

13 0.4 2.0 0.4 87 1.0 2.5 SMPS, UV-Vis 

14 0.4 2.0 0.0 89 - 2.0 SMPS, UV-Vis 

15 0.4 2.0 0.4 0 - 2.0 SMPS, UV-Vis 

16 0.4 2.0 0.4 94 - 2.0 SMPS, UV-Vis 
a The actual concentration of NH3 in the chamber was lower because of the rapid loss of 

ammonia to the chamber walls. 
b Runs 1-4 involved both on-line (not discussed in this thesis) and offline characterization of 

SOA. Runs 6-17 were only done with offline methods. 

 

5.3.2. Nano-DESI HRMS Experiments 

Filters were analyzed at the Environmental Molecular Science Laboratory at PNNL using 

nanospray desorption electrospray ionization high-resolution mass spectrometry (nano-DESI-

HRMS) in the positive ion mode. Mass spectra for each sample were obtained using a LTQ-

Orbitrap masa spectrometer (Thermo Electron, Bremen, Germany) with a nano-DESI source in 

both positive and negative ion mode. Before analysis filters were taken out of the freezer and 

brought to room temperature and cut in half. One half was taped to a microscope slide for 

analysis. A mixture of 70 % acetonitrile and 30% DI water was dropped onto the surface of the 

filter through a primary silica capillary to dissolve the NAP SOA, which was then transferred 

into the mass spectrometer via a nanospray capillary. The spray voltage for these runs was 3-5 

kV, the heated capillary temperature was 250°C, and the mass resolving power was 105 m/Δm at 
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m/z 400.  In order to obtain background spectra the probe was placed over the area of the filter 

that did not contain any sample for 2-3 minutes, and then was moved to the center of the filter for 

3 to 6 minutes to collect sample data. The sample was moved underneath the capillary bridge to 

expose fresh spots on the filter to the droplet, with about 10 mm distance travelled by the droplet 

by the end of the scan. The flow rate in positive mode ranged from 600 to 800 nL/min and 800 to 

1200 nL/min in negative mode. 

Peaks in the sample and background mass spectra with a peak to background ratio greater 

than 5 were extracted using Decon2LS software developed at PNNL. Peaks were then aligned 

and assigned using LabView with a tolerance of ±0.001 m/z units, with constraints applied on the 

number of specified elements (C: 1-40, H: 2-80, O: 0-35; N: 0-3, and Na: 0-1), and elemental 

ratios (H/C: 0.3 to 2.50 and O/C: 0.0 to 2.30). All solvent peaks were removed, as well as any 

peaks containing 13C atoms. Using the remaining peaks an internal calibration was done to 

achieve better mass precision and refine the assignments. Observed peaks were either protonated 

(H+) or sodiated (Na+) species, but neutral formulas will be used throughout the discussion 

portion of the paper.      

5.3.3. Spectrophotometry Experiments 

Runs 9 – 16 in Table 5.1 are for chamber studies that were done to produce NAP SOA 

for offline UV-Vis absorption spectroscopy studies. NAP SOA collected on filters was extracted 

three times in succession, using 4 mL of DI water for each extraction. Filters were shaken for 10 

minutes during each extraction. Three milliliters of the dissolved NAP SOA was then transferred 

to a 1.0 cm quartz cuvette and analyzed using a dual-beam spectrometer (Shimadzu UV-2450) 

with a DI water blank. Absorption spectra were taken for each of the extracts for all 8 samples.  

Mass absorption coefficients (MAC) are used to quantify the browning of BrC samples and used 
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as a comparison of different sources. The MAC of each sample was calculated using equation 

(5.1) 

 𝑀𝐴𝐶(λ) =
𝐴10(𝜆)∗ln⁡(10)

𝑏∗𝐶𝑚𝑎𝑠𝑠
  (Equation 5.1)  

We used the following procedure to estimate the completeness of the extraction at each 

step using absorbance data from each of the three extractions.  This procedure made it possible to 

correct for the incomplete dissolution of the SOA material during the first extraction. We know 

the total mass of SOA, m, sitting on the filter from a separate measurement, specifically from the 

SMPS measurements. When we extract the SOA material from the filter we dissolve a certain 

portion of it (m1) in a volume of solvent (V1) in the first extraction, and a certain portion (m2) in a 

volume of solvent (V2) in the 2nd extraction. We do not know the SOA masses that went into 

extracts 1 and 2 but we are going to assume that the two extractions fully extract all soluble SOA 

material (this treatment can easily be extended to 3 or more extractions): 

1 2m m m 
     (Equation 5.2) 

The corresponding (unknown) mass concentrations in the extracts are: 

1
1

1

m
C

V
      (Equation 5.3) 

2
2

2

m
C

V
      (Equation 5.4) 

If extract # 2 has no measurable absorbance (A1 >> A2  0), the calculations are simple. It means 

that everything extracted on the first trial, so we can assume 1m m  and (b is the cell path 

length): 

 
   1 1 1

1 1

ln(10) ln(10)A A V
MAC

b C b m

 


  
 

 
  (Equation 5.5) 
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However, we find the absorbance of extract #2, while small, is not negligible. Assuming that 

absorbance has a linear dependence on concentration (verified below), we can relate the 

absorbance in extracts 1 and 2 to MAC as follows. 

 

 

 

 
1 1 2 2

1 2

ln(10) ln(10)A V A V
m m m

b MAC b MAC

 

 

   
   

 
  (Equation 5.6) 

Or equivalently: 

      1 1 2 2

ln(10)
MAC A V A V

b m
     


  (Equation 5.7) 

If the volumes used at each step are the same (V = V1 = V2), this simplifies to: 

      1 2

ln(10) V
MAC A A

b m
  


 


  (Equation 5.8) 

Equivalently, we can calculate MAC from the results of the first measurement only  

   1

1

ln(10) V
MAC A

b m
 





   (Equation 5.9) 

Where the unknown mass of m1 is estimated from  

 

   

1

1

1 2

A
m m

A A



 
 


   (Equation 5.10) 

Equations (5.9) and (5.10) are the ones we used in this chapter, wherein the absorbances were 

averaged over the wavelength range 285 to 585 nm. The MAC reported below represent values 

that have been corrected by this method.  
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Figure 5.1: A typical result for our experiment plotting absorbances A1, A2, A3 for three 

successive extractions of the NAP SOA sample, using absorbance data from the high NOx dry 

(top) and high NOx wet (bottom) studies, both with NH3 present. In the 2nd panel of this figure, 

we scaled all of them to the same maximum value to show that the absorption spectra of the 1st 

and 2nd extract have the same wavelength dependence making it possible for us to assume the 

same MAC values in the denominators of equation (5.6). 

 

5.4. Results and Discussion 

5.4.1. Molecular Composition 

 Mass spectra were generated for the 8 samples that underwent nano-DESI analysis (runs 

1 – 8 in Table 5.1), and average molecular formulas (CcHhOoNn), and elemental ratios (<H/C>, 

<O/C>, and <N/C>) were calculated for each compared subset. The mass spectra collected in 

positive ion mode can be found in Figure 5.2 to Figure 5.5, and average formulas and atomic 

ratios can be found in Table 5.2. In all cases, the mass spectra featured well-defined monomeric 

and dimeric regions, with molecular weights ranging from 100-270 Da and 270-500 Da, 
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respectively. This is consistent with the mass spectrum of NAP SOA reported in our previous 

work.19 While the overall shape of the mass spectra was similar, the distribution of peak 

intensities changed from one mass spectrum to another depending on the conditions. SOA 

composition and the corresponding mass spectra were found to depend on all three variables 

(presence of NOx, presence of NH3, and RH) varied in this work, making the task of isolating 

specific influences somewhat challenging. 

Table 5.2: Summary of average molecular data. 

Study Subset Average Formula <H/C> <O/C> <N/C> 

High RH C16.4H14.9O5.4N0.30 0.92 0.33 0.019 

Low RH C14.6H13.2O5.3N0.32 0.90 0.36 0.022 

High NOx C15.3H13.7O5.3N0.40 0.90 0.35 0.027 

Low NOx C15.7H14.4O5.4N0.20 0.92 0.34 0.014 

With NH3 C15.0H13.9O5.2N0.40 0.93 0.35 0.026 

Without NH3 C16.0H14.2O5.4N0.20 0.89 0.34 0.015 

 

Figure 5.2 to Figure 5.5 compare the effect of changing RH on the mass spectra of NAP 

SOA. When all the wet and dry samples were averaged, the presence of water increased both 

<C>, <H>, and <H/C>, while decreasing <O/C>. The average molecular formula of all samples 

collected under high RH was C16.4H14.9O5.4N0.30, and for all dry samples was C14.6H13.2O5.3N0.32. 

In a recent study of the effect of RH on the low-NOx SOA from toluene, Hinks et al. (2018) 

observed suppression of oligomeric compounds under humid conditions. For NAP SOA, the 

situation is reversed with the relative intensity of the dimer peaks increasing under humid 

conditions. Figure 5 specifically shows this trend under low-NOx conditions with no nitrogen 

influence from NH3. Perhaps this is due to the difference in structure between toluene, which has 

a single aromatic ring, and naphthalene with two aromatic rings. The additional conjugation may 

lead to more oligomerization. Additionally, wet samples tend to have more N=0 peaks and dry 
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samples have more N=1 and N=2 peaks, but the difference is minimal, especially in studies with 

no nitrogen species.  

 
Figure 5.2: Mass spectra comparing wet and dry conditions of high-NOx studies done in the 

presence of NH3. 

 

 
Figure 5.3: Mass spectra comparing wet and dry conditions of low-NOx studies done in the 

presence of NH3. 
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Figure 5.4: Mass spectra comparing wet and dry conditions of high-NOx studies done in the 

without NH3. 

 

 
Figure 5.5: Mass spectra comparing wet and dry conditions of low-NOx studies done in the 

without NH3. 

Comparisons were also done for high- vs low-NOx and with and without NH3. Upon 

comparing NOx and NH3 conditions, it was found that both high-NOx and the presence of NH3 

resulted in a decrease in <H> and in increased in <N> (Figure 5.6a) and <N/C>. The average 
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formula of all high-NOx studies is C15.3H13.7O5.3N0.40 and C15.7H14.4O5.4N0.20 for all low-NOx 

studies. The value of <C> was found to decrease when NH3 was present, with the average 

formula of C15.0H13.9O5.2N0.40 for samples with NH3 and C16.0H14.2O5.4N0.20 without it. Figure 5.6b 

shows that the presence of NOx and NH3 increases the number of times the difference of mass of 

NH3 (17.0256 Da) occurs between peaks in the mass spectra. Under high-NOx conditions the 

reaction of peroxy radicals (RO2) with NO produces more carbonyl compounds than the 

RO2/HO2 chemistry occurring in low-NOx samples.51 These carbonyls likely react with the NH3, 

resulting in the increased occurrence seen for its mass difference. There was also a decrease in 

assignments where N=0, while N=1 and N=2 assignments increased under both conditions, as 

seen in Figure 5.7. This is consistent with previous nano-DESI studies of toluene photooxidation 

SOA produced under high-and low-NOx conditions. High-NOx studies resulted in 68% CHON 

species in comparison to low-NOx studies that produced mostly CHO products with some low 

intensity CHON species thought to be due to NH3 present in room air. The O/N ratio of high-

NOx samples was greater than two, indicating the presence of nitro groups such as nitrophenols, 

nitrates, and nitro acids.12 Liu et al. (2015) also observed organonitrogen compounds ( –ONO2 

and –NO2) in the IR spectra for high-NOx toluene and m-xylene SOM.45 These types of nitrogen-

containing species are likely those seen in the high-NOx/NH3 studies and are may be responsible 

for high MAC values discussed in the next section.    
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Figure 5.6: Comparison of studies with and without NH3; (a) is a comparison of <N> all for 

studies of done under the same NOx and RH conditions and (b) compares the occurrences of the 

difference of 17.0265 Da (mass of NH3). 

 

 
Figure 5.7: Percentage of assigned peaks that contain N = 0, 1, or 2 nitrogen atoms for each 

study. 

 

5.4.2. Optical Properties  

Figure 5.8a and 8b compare the effect of the NH3 and RH on the MAC of NAP SOA 

under high- and low-NOx conditions, respectively. The observed MAC values have comparable 

magnitudes and wavelength dependence under all conditions but there are several noteworthy 
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differences. First, each high-NOx sample on average has a higher MAC than its corresponding 

low-NOx sample. This is consistent with the previous observations of increased absorption from 

high-NOx aromatic SOA. However, the contrast between high-NOx and low-NOx samples is not 

as large as for toluene SOA (in which the low-NOx sample was essentially non-absorbing).12 

Secondly, high-NOx and high-RH conditions results in a distinct peak in MAC near 400 nm. In 

the sample with NH3 this peak results in the wet conditions having a higher MAC than dry 

samples after 350 nm, while the MAC of the sample with no NH3 remains similar in both 

samples after 400 nm. This peak can be assigned to compounds in which aromatic ring(s) are 

substituted with both phenol and nitro groups.45 HPLC-PDA-MS data has shown that high-NOx 

toluene SOA produces spectra with distinct light-absorbing fractions between 300-500 nm, 

compared to low-NOx samples that only contained a few absorbing features above the 

background level. The corresponding mass spectra showed that the light-absorbing species were 

likely aromatic rings or nitro groups.12 Under low-NOx conditions RH results in an increase in 

MAC across all wavelengths and the peak seen at 400 nm in the high-NOx conditions is not 

present. This is likely due to the lack of production of organonitrogen compounds in the absence 

of NOx chemistry.  

 
Figure 5.8: Comparison of relative humidity and the presence of NH3 of the MAC of NAP SOA 

in (a) high- and (b) low-NOx conditions. 

(a) (b) 
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Figure 5.8 shows a clear and consistent increase in MAC under humid conditions at both 

NOx levels. Liu et al. (2016) observed the RH above 30% caused MAC to increase by a factor of 

1.33 at 365 nm for toluene and trimethylbenzene SOA.13 Previous studies show that dry 

conditions can prevent nitrogen-containing compounds from forming.12, 15, 52, 53 A reduction in 

these light-absorbing compounds may be responsible for the difference in MAC seen between 

dry and humid conditions. The effect of NH3 appears to be minimal; however, the MAC values 

increase on average in the presence of ammonia. 

5.5. Conclusions 

 All of the environmental influences tested in this study had some sort of influence on the 

overall composition of NAP SOA and/or its optical properties. Elevated RH resulted in the 

production of more dimer products upon comparison of mass spectra from wet and dry studies 

(Figure 5.2 to Figure 5.5). The humid samples were also found to have increased MAC 

compared to their dry counterparts. The level of NOx seemed to have the most influence on both 

molecular characteristics and optical properties. High-NOx levels resulted in an increase in <N>, 

<O/C>, and <N/C>, as well as in the number of peaks with assigned formulas containing one or 

two nitrogen atoms. The also resulted in more peaks occurring with a mass difference equivalent 

to NH3 between them, likely do to carbonyls produced by RO2 + NO chemistry reacting with 

NH3. Optically, there was an overall increase in MAC under high-NOx conditions, along with the 

growth of a distinct peak at 400 nm. This peak is likely due to the production of organonitrogen 

species. Lastly, NH3 was found to have some effect on the resulting mass spectra. Like NOx, NH3 

increased <N>, <N/C>, <O/C>, nitrogen-containing formulas, and NH3 peak differenced. There 

was also a decrease in <C> and <H>, but an increased <H/C>. The optical influence was 

minimal, with only a slight MAC elevation. Since all of these parameters were tested 
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simultaneously, the exact cause and effect of each is difficult to determine. Overall this study 

shows that atmospheric conditions can alter the characteristics of NAP SOA.            
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 Abstract 

Excitation-emission matrices (EEMs) constructed from fluorescence measurements are 

increasingly used for the characterization of chromophoric dissolved organic matter (CDOM) 

and light-absorbing atmospheric organic aerosol known as brown carbon (BrC). There is a high 

uncertainty in the effect of BrC aerosols on climate because their optical properties depend on 

the amount of time they spent in the atmosphere. In order to aid in the quantification of BrC 

aerosols’ contribution to radiative forcing, we investigated the effect of solar radiation on the 

fluorescence, expressed as EEMs, and absorption spectra of the water-soluble fraction of BrC 

species formed by the high-NOx photooxidation of benzene, toluene, p-xylene, and naphthalene. 

The BrC samples were prepared in a smog chamber, extracted in water, and irradiated in a solar 

simulator at a fixed pH of 3, representative of aerosol liquid water, or at a fixed pH of 6, 

representative of cloud water. Semi-continuous fluorescence and absorbance measurements were 

carried out during the irradiation at 20 minute intervals for 48 hours. The absorption coefficients 

depended on the solution pH, with the solutions at pH 6 absorbing stronger than solutions at pH 

3. All samples underwent a decrease in absorption coefficient at all visible wavelengths, while 

fluorescence intensities showed both increases and decreases in different regions of the EEMs. 

Upon comparison with CDOM samples, the fluorescence intensity of all secondary organic 

aerosol (SOA) samples decreased in the region of the EEMs where the characteristic terrestrial 

humic-like C peak occurs. These experimental observations suggest that: (i) this type of BrC will 

have different effects on climate depending on whether it ends up in an acidic or neutral 

environment; (ii) exposure to UV radiation will diminish the ability of this type of BrC to affect 

climate on a time scale of about a day; (iii) fluorescence by BrC compounds has a minimal effect 
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on aerosol radiative forcing; (iv) photooxidized aromatics may be closely related, in terms of 

optical properties, to CDOM found in fresh waters. 
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 Introduction 

Fluorescence spectroscopy is commonly used to characterize different types of 

chromophoric dissolved organic matter (CDOM) in water samples from different systems.1-3 

Low levels of CDOM and small variation in its composition can be measured using fluorescence 

spectroscopy and excitation-emission matrices (EEMs) because these methods are much more 

sensitive than absorption spectroscopy.4, 5 Specific peaks in EEM spectra correspond to different 

chemical compositions of CDOM. Table 6.1 adapted from Coble (1996 and 2007) lists the 

location of particular humic-, protein-, and pigment-like peaks due to fluorophores that are 

commonly found in natural water samples.4, 5 However, it should be noted here that other 

fluorophores have been suggested to give similar fluorescence than those described in Table 6.1.6 

Table 6.1: List of commonly observed peaks in EEMs spectra of CDOM found in natural water 

systems as described in Coble (1996 and 2007). 

Component Peak Name Exmax (nm) Emmax (nm) 

Tyrosine-like, protein-like B 275 305-310 

Tryptophan-like, protein-like T 275 340 

UVC terrestrial humic-like A 260 380-460 

UVA terrestrial humic-like C 320-360 420-480 

UVA terrestrial humic-like - 250 (385) 504 

UVA marine humic-like M 290-312 370-420 

Pigment-like P 398 660 

 

These peaks are subject to change due to environmental stress from mixing, biological 

degradation and production, and photochemical processes.5 CDOM exposed to solar radiation is 

known to undergo photobleaching, which is accompanied by changes in its fluorescent 

properties.1, 2, 7 Irradiation leads to a decrease in the fluorescence of the photolabile species in 
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CDOM, but some materials such as tyrosine, tryptophan, and low molecular weight aromatic 

compounds may actually produce CDOM when exposed to irradiation.2 

In contrast to the large number of fluorescence measurements for CDOM found in a 

variety of water systems, applications of fluorescence-based methods to describe organic 

compounds found in atmospheric aerosols remain limited.8-14 Hawkins et al. (2016) compared 

fluorescence maps of aldehydes reacted with ammonium sulfate and glycine to those of water-

soluble organic carbon extracts.10 Matos et al. (2015) performed parallel factor analysis 

(PARAFAC) of EEMs collected for water-soluble and alkaline-soluble organic matter in extracts 

of urban aerosols.9 Phillips and Smith (2014 and 2015) used fluorescence measurements to 

explore the role of charge transfer complexes in absorption by organic compounds in particulate 

matter.11, 12 These fluorescence studies help distinguish different components of brown carbon 

(BrC) and allow for a more in depth understanding of its chemical and optical properties.    

BrC is a subset of atmospheric particles containing molecules that strongly absorb visible 

and near ultraviolet (UV) radiation. Upon deposition, BrC finds its way into ground waters and 

becomes part of CDOM. BrC can be produced by both primary sources, such as biomass burning 

and by secondary reactions in the atmosphere.15 Secondary organic aerosol (SOA) is formed by 

photooxidation of volatile organic compounds (VOCs), and for certain VOCs, the oxidation 

products have a characteristic brown color. Examples include SOA produced by gas-phase 

photooxidation of naphthalene,16 toluene,17 xylene,18 indole,19 as well as by aqueous phase 

photooxidation of phenolic compounds20, 21 and other aromatic compounds.22 In addition, 

reactive uptake of carbonyls and other organic compounds can also lead to BrC.23-26 Some of 

these types of BrC are fluorescent and have been previously examined using EEMs.9, 15, 27, 28  
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BrC SOA is a highly oxidized and complex system that may contain components that are 

similar to CDOM. These BrC species contain both water-soluble and insoluble components, with 

the water-soluble portion accounting for up to 70%.15  Between 20-50% of water-soluble organic 

components in aerosols can be categorized as “humic-like substances” (HULIS).29-32 The 

compositions of HULIS and CDOM found in natural water systems are similar, with both 

containing heterogeneous mixtures of water-soluble, light-absorbing components.29, 33 Duarte et 

al. (2004) found the EEMs of water-soluble organic compounds in atmospheric aerosols 

produced fluorescence peaks similar to those of aquatic humic substances, with a shift to shorter 

wavelengths.27  

Applications of fluorescence-based methods to BrC have provided valuable information 

about the effect of irradiation on its optical properties and composition. Lee et al. (2014) 

observed loss of absorption coefficient but gain in fluorescence from BrC produced from 

photooxidation of naphthalene.16 Aiona et al. (2017) observed rapid removal of both 

chromophores and fluorophores from BrC produced by reaction between methyl glyoxal and 

ammonium sulfate.34 Zhong and Jang (2013) reported a decrease in the fluorescence emission of 

extracts of wood smoke upon exposure to natural sunlight.35 Within these studies the effect of 

photolysis on fluorescent characteristics of different types of BrC SOA has not been 

systematically investigated. None of the previous studies controlled the pH of the solution during 

irradiation, making it difficult to attribute changes solely to photolysis due to the high pH 

dependency of optical properties.7 

In this study, EEM spectra, absorption spectra, and fluorescence quantum yields of BrC 

SOA are measured using a novel system that photolyzes aqueous extracts of BrC and 

simultaneously measures absorption and fluorescence spectra, while actively controlling the 
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solution pH.2, 7 Benzene, toluene, p-xylene, and naphthalene are selected as representative 

secondary BrC precursors. We find that absorption coefficients for all BrC SOA decrease upon 

exposure to irradiation. In comparison, fluorescence decreases in certain regions of the EEMs, 

specifically in the area of the humic-like C peak, and increases in others. These changes in the 

humic region of the EEMs are characteristic of CDOM found in fresh water systems with 

terrestrial plant matter as the ultimate source.    

 Experimental Methods 

 Formation of Secondary Organic Aerosols 

SOA samples were generated in a ~5 m3 aerosol smog chamber via photooxidation under 

high-NOx (NOx refers to the sum of NO and NO2) conditions for four different precursors: 

benzene, toluene, p-xylene, and naphthalene (abbreviated as BEN, TOL, XYL, and NAP, 

respectively). The chamber was flushed with clean air overnight and humidified to the desired 

level by filling it with air through a Nafion multichannel humidifier. Samples were prepared at 

40% relative humidity (RH) in the chamber, except for a preliminary NAP SOA sample prepared 

under dry conditions (RH<2%). The photochemical reactor (described below) required several 

milligrams of SOA material, so elevated concentrations of H2O2, NOx, and each organic 

precursor had to be used in order to obtain 1.5-2 mg of SOA sample (Table 6.2). H2O2 (Aldrich; 

30% by volume in water) was evaporated into the chamber with zero air in mixing ratios ranging 

from 2-15 ppm to serve as a photochemical precursor to hydroxyl radicals. NO was added from a 

premixed cylinder to achieve initial NOx concentrations ranging from 0.4-1.5 ppm. For NAP 

SOA samples, ~23 μL of a 0.5 g/mL solution of naphthalene in dichloromethane was evaporated 

into the chamber to produce 0.4 ppm. Microliter volumes of pure toluene, benzene, or p-xylene 

were evaporated directly into the chamber to achieve initial mixing ratios of 7.5, 15.0, and 0.8 
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ppm, respectively. These concentrations are quite high by smog chamber standards, but they 

were necessary to produce sufficient amounts of material needed for the optical measurements 

described below. Chamber contents were mixed with a fan after addition before photooxidation, 

which was then initiated using UV-B lamps (Solar Tec Systems model FS40T12/UVB) with an 

emission centered at 310 nm. Photooxidation time ranged from 2-3.5 hours. ThermoScientific 

monitors were used to monitor real time concentrations of NO/NOy (model 42i-Y, NOy refers to 

the sum of NO, NO2, and other nitrogen containing compounds that can be catalytically reduced 

to NO) and ozone (model 49i), while temperature and RH were monitored with a Vaisala 

HMT330 probe enclosed in the chamber. Particle size distribution was monitored using a 

scanning mobility particle sizer (SMPS) (TSI Model 3936). The particle chemical composition 

was not tracked during the preparation. However, for NAP SOA prepared by Lee et al. (2014)16 

using a similar method, the average formula determined by high-resolution mass spectrometry 

was C14.1H14.5O5.1N0.085, corresponding to an average O/C of 0.36.  

Photooxidation lasted for 2-4 hours (Table 6.2) and was stopped when the particle mass 

concentration in the chamber stopped growing. Particles were then collected for 4 hours onto a 

PTFE filter at 15-20 standard liters per minute (SLM) after passing through an activated carbon 

denuder. Collected SOA mass ranged from 1.5-2 mg, estimated from SMPS data assuming 100% 

collection efficiency by the filter (the actual mass was probably smaller since filters do not 

capture all the particles). Filters were then vacuum sealed and stored, before being sent to the 

University of Maryland for analysis.  Due to the time consuming nature of the measurements and 

data analysis, only one sample was prepared and examined for each of the SOA types. 
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Table 6.2: Summary of SOA preparation conditions.a 

Precursor 

mixing ratio 

(ppm) 

H
2
O

2
 

(ppm) 

NO
x
 

(ppm) 

RH 

(%) 

Photo-

oxidation 

(h) 

Collection 

Time 

(h) 

Mass 

Collected 

(mg) 

pH 

Control 

Irradiation 

Time 

(h) 

Cmass
b 

(mg/L) 

NAP [0.4]c 2.0 0.4 0 2 4 2 None 46 40 

NAP [0.4] 2.0 0.4 40 2.3 4 1.8 3 and 6 44 36 

TOL [1.5] 7.5 1.5 40 3.3 4 1.7 3 and 6 44 34 

BEN [5.0] 15.0 0.5 40 3.7 4 1.7 3 and 6 44 34 

p-XYL [2.0] 8.0 0.6 40 3.5 4 1.5 3 and 6 44 30 

a) Precursor abbreviations: “NAP” – naphthalene, “TOL” – toluene, “BEN” – benzene, and 

“p-XYL” – p-xylene; H2O2 and NOx concentrations and relative humidity (RH) are listed 

before photooxidation. 

b) Mass concentration of the SOA material in the solution assuming the SOA material could 

be fully extracted in 50 mL of water. 

c) This sample was prepared under dry conditions to test the photolysis system without pH 

control. 

 

 Photolysis Experiments 

All photolysis experiments, calculations, and plots were done by Jenna Luek, Stephen 

Timko, Leanne Powers, and Michael Gonsior at the University of Maryland Center for 

Environmental Science, Chesapeake Biological Laboratory in Solomons, MD. A custom-built 

photolysis system was used to irradiate the SOA samples while simultaneously collecting 

absorbance and fluorescence data. SOA samples were extracted from filters using 50 mL of 

water and sonicated for two minutes, resulting in solution mass concentrations of the SOA 

compounds ranging from 30 to 40 mg/L (Table 6.2). We need to emphasize that this procedure 

only extracts water-soluble BrC components. However, the fraction of the water-insoluble 

compounds that remained on the filter is likely to be small because the brown-colored filter 

became white after the extraction. Indeed, NAP SOA prepared by a similar method by Lee et al. 

(2014) remained soluble to at least 0.6 g/L,16 which is more than an order of magnitude higher 

than the concentrations used in this study. Samples were pumped through a spiral flow cell 
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located underneath a solar simulator using an inert micro gear pump. An Oriel Sol2A Class ABA 

solar simulator (Newport Corporation, Irvine, CA) with a 1000 W Xe arc lamp equipped with an 

AM 1.5 filter was used for irradiations. The solar spectrum of the lamp was set up to simulate the 

sun at a 48.2° solar zenith angle and an intensity of one sun (1 “sun” = 1000 W/m2). Lamp power 

was controlled with a Newport 68951 Digital Exposure controller and its power was measured 

before each experiment with a Newport 91150 V Reference Cell. The spiral flow cell was 

custom built using SCHOTT Borofloat borosilicate glass (Hellma Analytics, 70 to 85% 

transmission between 300 and 350 nm, and 85% transmission at wavelengths >350), with a 2 

mm wide by 1 mm deep flow path (total surface area of 101 cm2).7 The irradiation cell was 

temperature controlled to 25 °C using Peltier units and a recirculating water bath. Upon 

irradiating the photo reactor flow cell, the solution was injected into a 10 mL round bottom flask 

with three necks, where the pH of the solution was monitored with a Thermo Orion 8220BNWP 

microelectrode. The pH was automatically adjusted as needed with a J-Kem Infinity II reaction 

controller coupled with a dual syringe pump using 0.1 M HCl or NaOH solutions. After passing 

through the air equilibrator, the sample was then drawn into the 4x10 mm flow cell of a Horiba 

Aqualog spectrofluorometer before being recirculated through the irradiation cell.   

The NAP SOA sample prepared under dry conditions was used in the initial tests of the 

system. It was irradiated for 46 hours with no pH control, and a small change in pH (0.25 SU 

increase) was observed over the course of irradiation. Therefore, the rest of the experiments were 

done with active pH control of the irradiated solution. The SOA samples prepared at 40% RH 

were all irradiated for 44 hours at two different controlled pH values. The irradiation time of 44 

hours under one sun (equivalent to a dose of 6.9 Einstein/m2 in the 330-380 nm window) is 

comparable to the typical lifetime of aerosol particles in the atmosphere (a few days). 
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Furthermore, the rate of change in the absorption coefficients became small after 44 h, and 

further irradiation was deemed unnecessary. A pH of 6 was tested to represent SOA compounds 

dissolved in cloud water, while a pH of 3 was tested to simulate the more acidic environment of 

aerosol liquid water or polluted cloud.36 Even lower pH values have been reported in aerosol 

particles,36 but achieving pH below 3 would be problematic with this photolysis system.  

Excitation-emission matrices (EEMs) and absorption spectra were collected for each sample in 

20 minute intervals using a 0.4 second integration time. Excitation scans and absorption spectra 

were collected from 230 to 600 nm in 3 nm intervals. Emission spectra were collected from 210 

to 618 nm in 3.27 nm intervals. Fluorescence intensities were converted into Quinine Sulfate 

Units (QSU), after correcting for the Rayleigh and Raman scattering and inner filter effects using 

previously described methods.2, 37 The absorption data were used to create kinetics plots at 260, 

365, 405, and 532 nm. The change in fluorescence apparent quantum yield (AQY) over the 

course of irradiation was calculated using fluorescence intensities and values given by Brouwer 

(2011) for quinine sulfate in 0.1 M HClO4.
38, 39 

 Results and Discussion 

 Effect of Photolysis on the Absorption Spectra 

 

Figure 6.1 shows the initial values of solution for all samples before the irradiation. Figure 

6.2 and Figure 6.3 compare absorption coefficients (solution in m-1) for the solutions of BEN, 

TOL, XYL and NAP SOA when irradiated for 44 hours at pH 3 and pH 6, respectively. To 

produce these figures, the measured base-10 absorbance values (A10) were converted into base-e 

solution absorption coefficients by normalizing to the cell pathlength (l).  

 
   10 ln 10

solution

A

l


 


     (Equation 6.1) 
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Because of the low mass concentration of SOA in the solution (Cmass, given in the last column of 

Table 6.1) we can safely assume complete extraction of the SOA material into solution. 

Therefore, we can get the bulk mass absorption coefficient (MACbulk in m2/kg) of the SOA 

material by normalizing solution to Cmass: 

 
 solution

bulk

mass

MAC
C

 
      (Equation 6.2) 

The observed MACbulk values are comparable to values reported in previous studies. For 

example, Lee et al. (2014) reported MACbulk = 0.6 m2/g for NAP SOA at 300 nm,16 and the 

corresponding value estimated from the data in  

Figure 6.1 is MACbulk  1 m2/g. 
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Figure 6.1: Comparison of solution absorption coefficients at t=0. Plots shown for all four SOA 

types and two different pH values (pH 3 is a solid line and pH 6 is a dotted line). If desired, these 

solution absorption coefficients can be converted into bulk mass absorption coefficients (MAC) 

of the SOA material using equation 6.2. 
 

The solution absorption coefficients generally decreased during photolysis. To see the 

changes more clearly, panels B, D, F, H of Figure 6.2 and Figure 6.3 show differences in the 

absorption coefficient relative to the value before photolysis. Both the initial absorption 

coefficient and the difference in absorption coefficient depend on pH.  

Figure 6.1 provides a comparison of the absorption spectra of each SOA at pH 3 and pH 

6 at t=0 to show that the solution are absorbing stronger at pH 6 across the entire absorption 
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spectrum. Photooxidation of aromatic compounds under high-NOx conditions is known to 

produce nitrophenols, which make the dominant contribution to the absorption coefficient.17 The 

acid-base equilibria of nitrophenols are well-known to cause a strong pH dependence in 

absorption spectra.16, 40 With a typical pKa of 7, the fraction of nitrophenols ionized at pH 3 is 

very small. However, at pH 6, nitrophenols will be partially ionized and the absorption spectrum 

will have a contribution from the anions, which have red-shifted absorption spectra compared to 

the non-ionized nitrophenols.41-45 As a result, the absorption coefficient is enhanced at pH 6 ( 

Figure 6.1). These are important characteristics because depending on the atmospheric 

environment where these compounds end up they can have different effects on the absorption of 

solar radiation. In an acidic environment, which is representative of aerosol liquid water,36 BrC 

would absorb less visible sunlight than it would under more neutral conditions in cloud and fog 

droplets.46, 47        

In all the SOA samples, there was a decrease in the measured absorption coefficients over 

the irradiation time at all visible wavelengths (Figure 6.2 and Figure 6.3). For BEN and TOL 

SOA, the decrease was the largest at 350 nm, where nitrophenols are known to absorb. In 

addition to nitrophenols, quinones in NAP SOA can also absorb at visible wavelengths (for 

example, 1,4-naphthoquinone is yellow). The absorption coefficient around 260 nm was less 

affected by radiation, and in fact, a distinct absorption band grew at this wavelength in some of 

the samples. This effect was the strongest in BEN SOA at pH 6, which showed an initial increase 

in absorption coefficient at 260 nm, while XYL SOA at pH 3 showed a weaker increase after 20 

h of irradiation. Other experiments, such as TOL SOA at pH 3 and pH 6, did not show an 

increase in absorption coefficient, but rather a decreased rate of absorption loss at 260 nm, 

resulting in the same distinct band. This suggests the presence of photo-stable compounds in the 
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SOA, which are produced during irradiation in some samples and absorb at 260 nm. These 

observations are consistent with results of aqueous photooxidation of 4-nitrocatechol  and related 

compounds in experiments by Zhao et al. (2015).48 Direct photolysis and aqueous reaction by the 

hydroxyl radical led to rapid photobleaching of the nitrophenols, as well as a decrease in 

absorption coefficient at 350 nm and increase at 260 nm.48 

 

Figure 6.2: Comparison of solution absorption coefficients (m-1, panels: A – BEN SOA, C – 

TOL SOA, E – XYL SOA, and G – NAP SOA) and the change in absorption coefficient (panels: 

B – BEN SOA, D – TOL SOA, F – XYL SOA, and H – NAP SOA) for each SOA over 44 h of 

irradiation at pH 3. If desired, these solution absorption coefficients can be converted into bulk 

mass absorption coefficients (MAC) of the SOA material using equation 6.2. 
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Figure 6.3: Comparison of solution absorption coefficients (m-1, panels: A – BEN SOA, C – 

TOL SOA, E – XYL SOA, and G – NAP SOA) and the change in absorption coefficient (panels: 

B – BEN SOA, D – TOL SOA, F – XYL SOA, and H – NAP SOA) for each SOA over 44 h of 

irradiation at pH 6. 

 

The rate at which absorption coefficients of BrC change is an important parameter for 

predicting radiative forcing by BrC. If BrC photobleaches rapidly, it will have less of an overall 

effect on climate. Figure 6.4 and Figure 6.5 show the kinetics plots for each SOA at pH 3 and pH 

6, respectively. The chosen wavelengths include 260 nm (where an absorption band appears 

during irradiation), 365 nm, 405 nm, and 532 nm (wavelengths at which optical properties of 

aerosols are commonly measured). The 365 nm and 405 nm wavelengths represent shorter 

wavelengths in the solar spectrum, where BrC has been found to contribute 10-30% of total 
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absorption by fine particles, while 532 nm falls in the visible region where BrC contributes about 

10% of the total absorption.49 The peak of the solar spectrum also occurs close to 532 nm. The 

kinetics at 365 and 405 nm follow similar trends in all samples, with the absorption coefficients 

of SOA decreasing by more than a factor of 2 over 44 h (Figure 6.4 and Figure 6.5) in a majority 

of samples. In the TOL and BEN SOA at pH 3 and 6 and XYL at pH 3, the trace at 532 nm also 

decreases significantly. These observations indicate that as these SOA in the atmosphere are 

exposed to sunlight, their radiative forcing will diminish.  

 
Figure 6.4: Kinetics plots for samples photolyzed at pH 3 (panels: A – BEN SOA, B – TOL 

SOA, C – XYL SOA, D – NAP SOA) showing the effect of UV radiation on relative absorption 

coefficients (normalized to zero time) at 260, 365, 405, and 532 nm. The 532 nm trace is noisier 

than the rest of the traces because the absorption coefficient at this wavelength is small. 
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Figure 6.5: Kinetics plots for samples photolyzed at pH 6 (panels: A – BEN SOA, B – TOL 

SOA, C – XYL SOA, D – NAP SOA) showing the effect of UV radiation on relative absorption 

coefficients (normalized to zero time) at 260, 365, 405, and 532 nm. 

 

 Effect of Photolysis on Excitation-Emission Matrix Spectra 

Figure 6.6 to Figure 6.9 show the EEM data for all four SOA samples irradiated at both 

pH 3 and 6 for 44 hours. Unlike the reduction in the visible absorption coefficient across all SOA 

samples, the fluorescence intensity decreased for some excitation-emission wavelength pairs but 

increased for others. Increases in fluorescence may indicate the formation of new fluorophores or 

the loss of quenching compounds/moieties, leading to a higher observed quantum yield of 

fluorescence.50 There were also small differences between samples irradiated at pH 3 and pH 6, 

but again, the differences were not uniform amongst the four SOA samples.  
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BEN SOA displayed two distinct peaks in the EEM spectrum at ex/em = 220/430 and 

320/430 at both pH 3 (Figure 6.6a) and pH 6 (Figure 6.6d). After the irradiation, there was a 

broad region around 220-300/400 nm where the fluorescence increased. This region showed no 

distinct peaks when irradiated at pH 3 (Figure 6.6c), but irradiation at pH 6 resulted in the 

increase of a more defined peak centered around 300/400 nm (Figure 6.6f). Fluorescence 

decreased at both pH 3 and pH 6 centered at 375/450 nm, similar to component C4 in Timko et 

al. (2015a), generally attributed to terrestrial humic-like components of CDOM. 2, 4, 5 The rate of 

fluorescence loss increased with pH, similar to previous reports on terrestrial CDOM.7  

 
Figure 6.6: Fluorescence data for BEN SOA sample before (A and D) and after (B and E) 44 h 

of irradiation at pH 3 (top) and pH 6 (bottom), as well as the overall change in fluorescence (C 

and F). Common CDOM peaks listed in Table 6.1 are labeled with boxes in subfigure C. 

 

The EEM spectra of TOL SOA shown in Figure 6.7a for pH 3 and Figure 6.7d for pH 6 

were similar to those of BEN SOA before the irradiation. However, the EEM spectra after 
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irradiation showed greater change at pH 6 than at pH 3. There was a large increase in 

fluorescence intensity at 250/325 nm at pH 6, but almost no change at pH 3. The fluorescence 

decreased at 220/450 and at 330/450 nm, and the decrease was stronger in the pH 6 sample. 

While the peak at 250/325 nm is often attributed to autochthonous sources when found in 

CDOM, small aromatic molecules such as p-cresol fluoresce in this region.5, 39, 51 The longer-

wavelength peaks that decreased during irradiation were similar to the decreasing terrestrial 

humic-like peaks seen in the BEN SOA.  

 
Figure 6.7: Fluorescence data for TOL SOA sample before (A and D) and after (B and E) 44 h 

of irradiation at pH 3 (top) and pH 6 (bottom), as well as the overall change in fluorescence (C 

and F). Common CDOM peaks listed in Table 6.1 are labeled with boxes in subfigure C. 

 

The initial EEM spectra of XYL SOA shown in Figure 6.8a and Figure 6.8d were also 

similar to the corresponding spectra of BEN SOA and TOL SOA. However the effect of 

irradiation on the EEM spectrum of XYL SOA was considerably stronger, with fluorescence 
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decreasing by more than a factor of two at some fluorescence wavelengths. This is a little easier 

to see in one dimensional fluorescence spectra at ex =250 nm and 330 nm shown in Figure 6.10 

and Figure 6.11, respectively. The EEM peak at 220/325 nm had a minimal increase at pH 6, but 

decreased at pH 3. XYL SOA also has peaks that decrease in intensity centered at 220/450 nm 

and 330/450 nm at both pH values. These are once again terrestrial humic-like peaks, which fall 

in the photo-labile region.2, 7  

 
Figure 6.8: Fluorescence data for XYL SOA sample before (A and D) and after (B and E) 44 h 

of irradiation at pH 3 (top) and pH 6 (bottom), as well as the overall change in fluorescence (C 

and F). Common CDOM peaks listed in Table 6.1 are labeled with boxes in subfigure C. 
 

Fluorescence of the NAP SOA samples was quite different from that in BEN, XYL, and 

TOL samples. The maximum fluorescence intensity was greater for NAP SOA than for the rest 

of the SOA samples. The spectrum was dominated by a strong peak at 220/300 nm, characteristic 

of low molecular weight aromatic compounds (Figure 6.9). This peak increased in intensity by 
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~50% during irradiation, with a greater fluorescence increase at pH 3 than pH 6. There were two 

weaker peaks at 275/300 nm and 310/430 nm both of which showed similar increases of ~50% in 

intensity. Lee et al. (2014)16 recorded an EEM spectrum of NAP SOA at a higher solution 

concentration, and they only reported the 310/430 nm peak, which also increased in intensity 

after UV irradiation.  

 
Figure 6.9: Fluorescence data for NAP SOA sample before (A and D) and after (B and E) 44 h 

of irradiation at pH 3 (top) and pH 6 (bottom), as well as the overall change in fluorescence (C 

and F). Common CDOM peaks listed in Table 6.1 are labeled with boxes in subfigure C. 
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Figure 6.10: Fluorescence spectra at ex = 250 nm. Plots shown for each SOA sample at pH 3 

(left) and pH 6 (right). The excitation wavelength chosen for this plot (ex = 330 nm) 

corresponds to one of the observed maxima in the EEM spectra (Figure 6.6 to Figure 6.9). 
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Figure 6.11: Fluorescence spectra at ex = 330 nm. Plots shown for each SOA sample at pH 3 

(left) and pH 6 (right). The excitation wavelength chosen for this plot (ex = 330 nm) 

corresponds to one of the observed maxima in the EEM spectra (Figure 6.6 to Figure 6.9). 

 

Although the fluorescence intensity changes are not as consistent as the absorption 

coefficient change, there is a decrease for all samples in the 325-375 nm excitation and 425-475 

nm emission range, which corresponds to the C peak, often attributed to terrestrial humic-like 

components of CDOM in natural water samples.4, 5 Chen et al. (2016) found that water soluble 

organic material found in aerosols tend to fluoresce in this region when the species are highly 

oxygenated with terrestrial and marine origins.52 Duarte et al. (2004) also produced EEMs of 

water soluble organic components in aerosols that were similar to those produced for BrC 

formed by BEN SOA, TOL SOA, and XYL SOA, although the peaks were slightly shifted.27 
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This component was found to be photo-labile, as seen in the decrease in fluorescence intensity 

here and in component C4 in Timko et al. (2015a).2 Additionally, Yamashita et al. (2015) found 

that there is a strong correlation between lignin derived phenols and this peak.53 Therefore, 

nitrophenols responsible for the pH dependence seen in absorption coefficient may also be 

responsible for the decrease in fluorescence at this peak.  

The difference in the location of fluorescence peaks and their response to irradiation 

shows that, although all of these samples are considered to be types of BrC SOA, each precursor 

produces compounds with different fluorescent properties. Overall, BrC SOA samples seem to 

have similar characteristics to CDOM found in fresh water with contributions from terrestrial 

plant material. Additionally, TOL, XYL, and NAP SOA all showed fluorescence changes in the 

UVA (320 to 400 nm) portion of the EEM. While peaks in this region are often associated with 

autochthonous, protein-like material due to the fluorescence of tryptophan and tyrosine, 

fluorescence changes in these samples are more likely the result of production/destruction of 

small aromatic molecules.39 

Information about the fluorescence apparent quantum yield (AQY) for BrC aerosols is 

important for understanding the effect of BrC on climate. If BrC compounds fluoresce with high 

efficiency only a fraction of the absorbed radiative energy will be converted into heat, 

diminishing the heating effect of BrC. At the present time, only a few studies reported AQY for 

BrC. For example, Lee et al. (2014) reported AQY of 0.2% for BrC produced from 

photooxidation of NAP SOA and 2% for BrC from the methyl glyoxal and ammonium sulfate 

reaction.16 Using the fluorescence data in Figure 6.6 to Figure 6.9, the change in AQY over the 

44 hour irradiation period was calculated and plotted in Figure 6.12. In all of the SOA samples, 

both the initial AQY and photo-induced changes are wavelength- and pH-dependent. For 
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example, for TOL SOA at pH=3, AQY grows with photolysis below 350 nm, but is reduced 

above 350 nm. However, for all of these SOA samples, the AQY values are generally quite 

small, with the peak value of 4% for XYL SOA. This means that fluorescence by this type of 

BrC is not likely to affect the radiative forcing by aerosols because most of the absorbed solar 

energy will not be re-radiated but available for heating the atmosphere.  

 
Figure 6.12: Plots showing the change in apparent quantum yield (AQY) for each SOA sample 

(BEN SOA – A and B, TOL SOA – C and D, XYL SOA – E and F, and NAP SOA – G and H) 

over the course of 44 hours at pH 3 (left) and pH 6 (right). 

 

 Conclusions 

In this study we examined how the absorption coefficient and fluorescence spectra of 

BrC aerosols prepared by high-NOx photooxidation of common aromatic compounds are 



191 
 

affected by solar radiation. The aqueous extracts of SOA prepared from benzene, toluene, p-

xylene, and naphthalene were found to absorb radiation in the near-UV and visible ranges of the 

spectrum. The absorption coefficients depended on the solution pH, with the solutions at pH 6 

(representative of cloud water) absorbing stronger than solutions at pH 3 (representative of 

aerosol and polluted fog water). The change in the absorption coefficient with pH is due to the 

acid-base ionization equilibria of phenols, which have very different absorption spectra in 

ionized and non-ionized forms. The absorption coefficients were reduced upon exposure to solar 

irradiation, especially at visible wavelengths. The photolysis-induced changes in the absorption 

coefficient and fluorescence spectra mean that the climate effect of these types of BrC SOA will 

be evolving as the aerosols are aging in the atmosphere. Variations in fluorescence intensity were 

also observed in several regions of EEM spectra for all four SOA samples. The apparent 

fluorescence quantum yield was small, of the order of a few percent, which is in agreement to 

previous fluorescence quantum yield measurements. This indicates that fluorescence is not likely 

to affect the strength of radiative forcing by this type of BrC. Lastly, the EEM spectra of BrC 

could be related to EEM spectra of CDOM found in different water systems. The humic 

characteristics of BrC SOA appeared to be similar to the organic matter found in fresh water with 

contributions from terrestrial plants. This suggests that deposition of BrC into water systems 

could contribute to the pool of CDOM in fresh water. 
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