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Abstract. Recent developments in high-resolution time-
of-flight chemical ionization mass spectrometry (HR-ToF-
CIMS) have made it possible to directly detect atmospheric
organic compounds in real time with high sensitivity and
with little or no fragmentation, including low-volatility,
highly oxygenated organic vapors that are precursors to sec-
ondary organic aerosol formation. Here, using ions identified
by high-resolution spectra from an HR-ToF-CIMS with ac-
etate reagent ion chemistry, we develop an algorithm to es-
timate the vapor pressures of measured organic acids. The
algorithm uses identified ion formulas and calculated double
bond equivalencies, information unavailable in quadrupole
CIMS technology, as constraints for the number of possible
oxygen-containing functional groups. The algorithm is tested
with acetate chemical ionization mass spectrometry (acetate-
CIMS) spectra of O3 and OH oxidation products of «-pinene
and naphthalene formed in a flow reactor with integrated OH
exposures ranged from 1.2 x 10! t0 9.7 x 10! molecsecm—3,
corresponding to approximately 1.0 to 7.5 days of equiv-
alent atmospheric oxidation. Measured gas-phase organic
acids are similar to those previously observed in environ-
mental chamber studies. For both precursors, we find that
acetate-CIMS spectra capture both functionalization (oxy-
gen addition) and fragmentation (carbon loss) as a function
of OH exposure. The level of fragmentation is observed to

increase with increased oxidation. The predicted condensed-
phase secondary organic aerosol (SOA) average acid yields
and O/C and H/C ratios agree within uncertainties with
previous chamber and flow reactor measurements and am-
bient CIMS results. While acetate reagent ion chemistry is
used to selectively measure organic acids, in principle this
method can be applied to additional reagent ion chemistries
depending on the application.

1 Introduction

Oxygenated organics are an abundant class of compounds in
the atmosphere, representing significant fractions of the total
organic mass in the gas, particle, and cloud droplet phases
(Goldstein and Galbally, 2007; Zhang et al., 2007; Jimenez
et al., 2009). Much of the oxygenated organic mass is sec-
ondary in origin, generated from the gas-phase oxidation
(O3, OH /HO, / NOx, NO3) of anthropogenic and biogenic
volatile organic compounds (VOCs) (Kroll and Seinfeld,
2008; Seinfeld and Pandis, 2006; Goldstein and Galbally,
2007). Recent studies have shown that secondary organic
aerosol oxygen content is correlated with the photochemi-
cal age of an air mass (Ng et al., 2011; Heald et al., 2010;
Jimenez et al., 2009). With increasing oxidation, gas-phase
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organic compounds can partition into the particle phase to
contribute to secondary organic aerosol (SOA) mass or into
the aqueous phase to contribute to water-soluble organic car-
bon (WSOC) (Hallquist et al., 2009; Ervens et al., 2011; Lim
et al., 2010). As a result, their potential impact on climate
by increasing and changing the properties of total aerosol
mass and cloud condensation nuclei is substantial. However,
sources, processing, and sinks of atmospheric organics are
poorly characterized owing to their vast chemical complexity
(Goldstein and Galbally, 2007). As a result, there is signifi-
cant uncertainty in modeled secondary organic aerosol load-
ings and chemistries (Spracklen et al., 2011; Hallquist et al.,
2009; Dzepina et al., 2011), necessitating more comprehen-
sive measurements of gas- and particle-phase organics and
better predictions of their SOA forming potentials.

Mass spectrometry has become a ubiquitous tool in iden-
tifying and quantifying atmospherically relevant organic
species. Further, high-resolution mass spectrometry has in-
creasingly become an important technique in elucidating
the composition of organics because of its ability to re-
solve high molecular weight compounds with the same nom-
inal mass with high sensitivity. Offline methods like elec-
trospray ionization coupled with ultrahigh-resolution mass
spectrometry are useful in identifying the many different
compounds extracted from aerosol filter collection (Laskin
et al.,, 2012; Kundu et al., 2012; Putman et al., 2012) as
well as fog samples (Mazzoleni et al., 2010). Such meth-
ods, however, are highly selective with variable sensitivities
and are not typically suited for online or field measurements.
Conversely, the widely used Aerodyne high-resolution time-
of-flight aerosol mass spectrometer (HR-ToF-AMS) couples
electron ionization with the TOFWERK (Thun, Switzerland)
high-resolution time-of-flight mass spectrometer (HTOF) to
provide sensitive, quantitative online measurements of or-
ganic aerosol elemental composition (Jayne et al., 2000;
Canagaratna et al., 2007; DeCarlo et al., 2006; Aiken et al.,
2007). The harsh electron ionization of the HR-ToF-AMS
limits its speciation capability and introduces uncertainty in
its elemental ratio calculation (Chhabra et al., 2011; Farmer
et al., 2010; Aiken et al., 2008). Thus, improvements to
high-resolution mass spectrometry of atmospherically rele-
vant high molecular weight compounds have sought to com-
bine fast online detection with soft ionization sources (Za-
hardis et al., 2011).

Recently, the TOFWERK HTOF has been paired with var-
ious chemical ionization sources to allow for the sensitive de-
tection of organic compounds at high time resolutions (< 15s)
with little to no molecular fragmentation. Chemical ioniza-
tion sources employ specific reagent ions to initiate reactions
that ionize analyte species; different reagent ions tend to be
selective to different classes of compounds. The use of ac-
etate chemical ionization mass spectrometry (acetate-CIMS)
as a way to quantitatively measure organic acids was first
demonstrated by Veres et al. (2008) using a quadrupole mass
spectrometer. Veres et al. (2010) used the acetate-CIMS tech-
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nique to measure acids of carbon number (nc) 1 to 4, ben-
zenediols, and inorganic acids from biomass burning; fur-
thermore, Veres et al. (2011) used acetate-CIMS to mea-
sure small organic acids produced in urban air. Bertram et al.
(2011) first described the use of a low-mass resolution (R =
900) time-of-flight CIMS which, unlike the quadrupole mass
spectrometer, could acquire whole mass spectra at high time
resolutions. Yatavelli et al. (2012) demonstrated the potential
of a high-mass resolution (HTOF, R = 4000) acetate-CIMS
to measure a large range (1 > nc > 30) of organic acids in
both particle and gas phases from «-pinene ozonolysis and
subsequently used it in a remote forest atmosphere (Yatavelli
et al., 2014). Aside from traditional organic acids, the tech-
nique has also been used to measure WSOC generated from
a-pinene ozonolysis (Aljawhary et al., 2013) and nitrophe-
nols from biomass burning (Mohr et al., 2013). The ability
of the HTOF to acquire whole mass spectra at high time and
mass resolutions represents a substantial improvement over
quadrupole technology.

As soft ionization time-of-flight mass spectrometry tech-
niques become more widely used to study gas- and aerosol-
phase organics, methods will be needed to relate the many
different species depicted in complex mass spectral data to
the physical properties of the detected species. Volatility, ex-
pressed as vapor pressure, p°, or saturated mass concen-
tration, ¢*, is an important property that governs whether
a species partitions into the condensed phase. There has been
much effort to relate HR-ToF-AMS data to volatility; ther-
mal denuder measurements and dilution experiments with
the AMS have been used to constrain the volatility of or-
ganic aerosol (Cappa and Jimenez, 2010; Cappa, 2010; Huff-
man et al., 2009). The lack of carbon number information
from AMS data, a key input in volatility prediction mod-
els, may produce uncertainty. Soft ionization high-resolution
mass spectrometry retains full molecular information in its
spectra, i.e., the chemical formula, CxHyO,, of unfragmented
parent molecules can be obtained. Thus, it has the potential
to provide the inputs for more accurate volatility estimations.

In this study, we explore the high-resolution acetate-CIMS
spectra of photochemically produced organic acids and pre-
dict the volatility of the species detected. Acids are of par-
ticular interest because carboxylic acid functionality dramat-
ically reduces the vapor pressure of its parent molecule and
also represents the oxidative endpoint for a terminal carbon
before fragmentation. Carboxylic acids also contribute a sig-
nificant portion of total SOA mass (Ng et al., 2011; Vogel
et al., 2013). We choose to examine the «-pinene, and naph-
thalene systems because their gas-phase compositions and
mechanisms have been studied in detail, and various acids
have been identified in each system (Yu et al., 1999; Claeys
et al., 2013; Kautzman et al., 2009). Using the Van Kreve-
len diagram (hydrogen-to-carbon ratio, H / C, plotted against
the oxygen-to-carbon ratio, O / C) and Kroll diagram (oxida-
tion state, OSc, plotted against carbon number, n¢c), we iden-
tify small organic acids and tracer compounds and examine
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the changing distributions of carbon as a function of OH-
exposure for the first time using the potential aerosol mass
(PAM) flow reactor. We note that the high-resolution time-
of-flight chemical ionization mass spectrometry (HR-ToF-
CIMS) spectra contain many different mass-to-charge ions
— on the order of 100 or more unknown ions. Since calibra-
tion of each individual measured species may not be feasible
due to unknown identity or unavailability of standards, we
adopt a simplifying approach in which the measured species
are quantified using an average calibration value for organic
acids. Acetate ionization may have an advantage in this re-
spect since it is primarily selective for acids. While this as-
sumption can lead to larger errors for any given individual
species, it allows for a practical way of calculating average
(ensemble) properties and mass concentrations for the large
number of organic ions in the HR-ToF-CIMS spectra. This
will be an on going developmental issue with the HR-ToF-
CIMS systems and the uncertainty it introduces will be dis-
cussed. Additionally, we develop an algorithm to estimate the
volatility of the species detected in each system and discuss
the implications of the results.

2 Experimental method and data analysis
2.1 Acetate-CIMS

The Aerodyne HR-ToF-CIMS, hereby referred to as the
CIMS, using acetate reagent ion chemistry has been de-
scribed in detail in previous publications (Bertram et al.,
2011; Yatavelli et al., 2012). A sample from the PAM re-
actor is drawn through a critical orifice at 2.0 Lmin~! into
the ion-molecular reaction (IMR) chamber. Acetate reagent
ions are generated by bubbling approximately 200 sccm of
N> through a reservoir of acetic anhydride, diluting the flow
to 2L min~! with N, and passing it through a commercial
210pg alpha emitter (P-2021, NRD) before introducing it into
the IMR orthogonally to the sample flow (Veres et al., 2008).
Within the IMR, acetate ions abstract protons from acids hav-
ing gas-phase acidities greater than that of acetic acid or clus-
ter with gas-phase species to form adduct ions, as shown in
Reactions (R1) and (R2).

CH3CO(0)0~ +HX — CH3C(O)OH + X~ (R1)
CH3CO(0)0~ +HX — CH3C(0)0~ (HX) (R2)

The IMR (100 mbar) is coupled to the HTOF mass ana-
lyzer (1 x 10~ mbar) by a series of differentially pumped
stages that includes DC and RF focusing optics (AP inter-
face). The first pumping stage contains a segmented, RF-only
quadrupole operated at 2 mbar. Voltages in this quadrupole
can be tuned to transmit (weak field) or dissociate (strong
field) non-covalent clusters. In these experiments, voltages
were adjusted in order to minimize the clustering, as indi-
cated by the by the signal at m/z 119 (acetic acid acetate
cluster, C4H7047). As a result, during normal operation, the
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ratio between m/z 59 (acetate reagent ion, C,H30,7) and
m/z 119 was approximately 5 to 1.

The ion source is coupled to a TOFWERK HTOF, identi-
cal to the mass spectrometer of the Aerodyne HR-ToF-AMS
(DeCarloetal., 2006; Canagaratna et al., 2007). The HTOF is
capable of running in both positive and negative polarities but
only the negative polarity was operated due to the reagent ion
scheme. As with the Aerodyne HR-ToF-AMS (henceforth re-
ferred to as the AMS), the CIMS can be operated in a higher
sensitivity, lower-resolution V-mode, or a lower sensitivity,
higher-resolution W-mode. All experiments presented here
were performed in V-mode. Although the HTOF is identical,
the effective resolution of the CIMS is better than the AMS
since the ion source is cooler in the former. In these experi-
ments, the achieved resolution was approximately 4000.

A formic acid sensitivity calibration of the acetate-CIMS
was conducted by flowing N2 over a constant temperature
permeation tube which itself was calibrated using an Aero-
dyne Quantum Cascade Laser Tracer Gas Monitor (Hern-
don et al., 2007). We determined a sensitivity of 5.5+
0.9Hzppt~! at an extraction frequency of 16.7 kHz, simi-
lar to the sensitivity 3Hzppt~! at an extraction frequency
of 25kHz found by Yatavelli et al. (2012). Based on previ-
ous acetate-CIMS studies (listed in Table S1 in the Supple-
ment), we assume a constant relative ionization efficiency of
1.340.8 for all other species.

2.2 Organic vapor and aerosol production

Figure 1 shows a schematic of the experimental setup. Ox-
idized organic vapors were generated in a PAM flow reac-
tor (Kang et al., 2007; Lambe et al., 2011a). The PAM reac-
tor is a horizontal 13.3 L glass cylindrical chamber through
which a carrier gas of N, and O, flowed at rates of 8.5 and
0.5Lmin~?, respectively. Four mercury lamps (BHK Inc.)
with peak emission intensity at A =254nm are mounted
in teflon-coated quartz sleeves inside the chamber and are
flushed continuously with N2. The CIMS was connected to
the outlet of the PAM reactor with 0.635cm (1/4in.) OD,
0.476cm (3/16in.) ID PFA tubing, approximately 0.46 m
(1.5ft) long and was heated to 200°C. These conditions
were chosen to maintain laminar flow and to minimize con-
densation of organic vapors within the tube. Thus, collected
spectra represent the combined contribution of gas-phase and
particle-phase organics

OH radicals were produced via the reaction Oz + hv —
0,4+ 0(*D) followed by the reaction O(*D) + H,0O — 20H.
O3 was generated by irradiating O, in the carrier gas flow
with a mercury Pen-Ray ™ lamp (1 = 185nm) before it en-
tered the PAM reactor. Ozone concentrations were measured
using an O3 monitor (2B Technologies); Oz ranged between
5 ppm at the highest OH exposures to 6 ppm for ozonolysis
experiments. Water vapor (~ 30%) was introduced by hu-
midifying the carrier N, flow using a Nafion™ membrane
humidifier. OH exposure was varied by changing the volt-

Atmos. Meas. Tech., 8, 1-18, 2015



4 P. S. Chhabra et al.: Estimation of volatility distributions using acetate-CIMS

Table 1. Experimental conditions and results.

Exptno. VOC system VOCconc. OHexposure  OHdays® 7ngP ©O/C° H/CY 0Sce
(ppb) (molecscm—3)
1 a-pinene 4+ O3 15 - 335 084 146 023
2 a-pinene 4+ O3 30 - 408 073 147 —002
3 a-pinene 4+ OH 15 3.7 x 1011 28 341 090 139 041
4 a-pinene 4+ OH 15 7.0 x 1011 54 297 102 134 071
5 a-pinene + OH 30 7.0 x 1011 54 317 099 133 065
6 a-pinene 4+ OH 30 9.7 x 1011 75 309 101 132 071
7 a-pinene 4+ OH 15 9.7 x 101 75 303 101 132 070
8 naphthalene 4+ OH 23f 1.2 x 1011 096 355 099 129  0.69
9 naphthalene 4+ OH 46f 1.2 x 101 096 492 075 118 032
10 naphthalene + OH 46f 1.2 x 101 096 456 084 128 040
11 naphthalene + OH 23f 1.9 x 1011 15 442 085 129 041
12 naphthalene 4+ OH 23f 2.8 x 101 21 451 079 116 042
13 naphthalene + OH 23f 3.7 x 1011 28 340 094 116 072
14 naphthalene + OH 23f 5.3 x 1011 41 285 108 121 094
15 naphthalene + OH 23f 9.7 x 101 75 280 1.08 122 094

a Based on a diurnally averaged OH concentration of 1.5 x 108 moleccm—3. b Average carbon number. ¢ Average oxygen-to-carbon ratio. d Average
hydrogen-to-carbon ratio. ¢ Average carbon oxidation state. f Concentration estimated from equilibrium vapor pressure at 25 °C.

PAM Flow Reactor

Oy
Monitor

Figure 1. Schematic of the experimental setup. CIMS diagram
adapted from Fig. 2 of Yatavelli et al. (2012).

age applied to the PAM reactor lamps between 0 and 110 V.
The OH exposure was calculated by measuring the decay
of (?H)formic acid (measured in high-resolution spectra at
m/z = 46.00393, as deuterated formate ion DCOO™) intro-
duced into the PAM reactor with a permeation tube assuming
kon = 4.62 x 10713 cm3molec~1s~1 (Wine et al., 1985).
Although ozone concentrations were similar between
ozonolysis and photooxidation experiments, OH concen-
trations were high enough that «-pinene+ OH (kon =
5.4 x 10~ cm®molecule~'s~1) reactions are 5 to 40
times faster than ozonolysis reactions (ko, = 8.7 x 10~
cm®molecule~!s~1), and naphthalene + OH (ko = 2.59 x
10~ cm®molecule! s~1) reactions are 700 to 5700 times
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faster than ozonolysis (ko, = 3 x 1071% cm® molecule~ts~1)
reactions (Atkinson and Aschmann, 1986; Seinfeld and Pan-
dis, 2006). These calculations suggest that photooxidation
products measured with the CIMS are mostly from OH re-
actions, although we cannot completely rule out minor con-
tributions from O3 reactions particularly at the lowest OH
exposures that were used.

Typical OH exposures ranged from 1.2 x 10 to 9.7 x
10 molecscm~3 which is equivalent to 1.0-7.5 days of at-
mospheric oxidation assuming an average atmospheric OH
concentration of 1.5 x 106 moleccm—3 (Mao et al., 2009).
Ozonolysis experiments were performed by turning the UV
lamps off. OH exposures in units of molecscm—2 and equiv-
alent atmospheric exposure times in OH Days are listed in
Table 1. Before each experiment, the PAM flow reactor was
conditioned with OH radicals until a particle background of
less than 10 particles cm~2 was achieved.

The VOC precursors investigated in this study were «-
pinene and naphthalene. a-pinene was prepared in com-
pressed gas cylinders at known concentrations and intro-
duced into the PAM reactor at controlled rates using a mass-
flow controller. Naphthalene vapor was introduced by flow-
ing N2 over solid naphthalene placed in a Teflon tube (Chan
et al., 2009). Naphthalene concentrations listed in Table 1
are estimated from equilibrium vapor pressures at 25°C.
We estimate an error of 38 % in the naphthalene concentra-
tions based on the variability of literature vapor pressure val-
ues. Additionally, we estimate a 20 % error in the «-pinene
concentrations. The VOC concentrations that were used re-
sulted in particle mass loadings < 7 pgm—3 (assuming SOA
density of 1.4gcm—3), measured after the heated sample
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line, or approximately 3 % of the total organic carbon. Thus,
the influence of slowly evaporating organic aerosols in the
heated sample line after the PAM chamber on total gas-phase
CIMS measurements is likely minimal under these condi-
tions. Additional uncertainties in the measurements due to
PAM-specific issues, such as direct photochemistry, wall ef-
fects, and high OH concentrations, have been discussed in
detail in Lambe et al. (2011a, 2012).

2.3 Data analysis

Spectral data were analyzed using the Tofware (TOFWERK
and Aerodyne) toolkit, developed for the IGOR Pro 6.x anal-
ysis software (WaveMetrics, Lake Oswego, OR, USA). Sim-
ilar to the Squirrel and PIKA toolkits developed for Aero-
dyne AMS data, the Tofware software can index, prepro-
cess (m/z calibration, baseline correction, and peak inter-
pretation), and integrate raw mass spectra to produce unit
mass resolution (UMR) data or take advantage of the high-
resolution capability of the HTOF to assign signal contri-
butions to individual ions with different elemental compo-
sitions. The latter method allows for the calculation of bulk
elemental ratios (O / C, H/ C), carbon numbers (nc), and car-
bon oxidation states (OS¢) (Kroll et al., 2009). Here, we cal-
culated O/ C, H/C, OS¢, and nc values assuming all mea-
sured ions are (1) produced from reactions with the acetate
reagent ion (Reactions R1 and R2) and (2) have the same
ionization efficiency.

All HR mass spectra were blank corrected using measure-
ments of the PAM reactor outflow in the absence of VOC pre-
cursors. Spectra were normalized to the acetate reagent ion
signal at m/z 59 to account for variations in the source and
analyte loadings. We assumed that all identified peaks were
molecular anions formed from Reaction (R1) (M™) or clus-
ter ions formed from Reaction (R2) (CH3C(O)O~ (MH));
the latter were corrected using the method described below.
Since no chemically labile nitrogen was added to the ex-
periments, it was assumed no nitrogen-containing molecules
were generated in the PAM. Thus, ions with even nominal
masses were not included in the fitted peak list except for
even-mass isotopes of odd-mass parent ions, constrained by
their natural abundances. Signals at nominally even mass to
charges were dominated by NO, and NOg, originating as
contaminate signal from metal tubing and the ionizer. By
summing high-resolution signals from even-massed ions that
are not inorganic or isotopes of odd-massed ions, we estimate
that less than 7 % of the signal at even masses is from organic
ions. Using these criteria, approximately 350 molecular ions
were fitted in each system. Of the total number of fitted ions,
only those which had a blank subtracted signal greater than
1 standard deviation (10 of the time-averaged signal were
included in the analysis, approximately 100-200 ions.

Adduct ion signals in the CIMS spectra have the poten-
tial to bias the measured composition toward higher molecu-
lar weight species. However, because of the elemental com-
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Figure 2. Acetate-CIMS unit mass resolution spectra of «-
pinene ozonolysis (a, Expt 1), and naphthalene photooxidation (b,
Expt 12). Even-massed ions, reagent ions, and dominant back-
ground ions are removed, and blank spectra are subtracted. Se-
lect ions identified in previous studies are labeled (Yu et al., 1999;
Kautzman et al., 2009).

position of acetate, distinguishing adduct ion signal from
true molecular ion signal is not straightforward. To estimate
adduct ion contributions, we first define that a non-clustered
base ion has a molecular formula i, and when the acetate
mass is added, its formula is i + C,H40,. We denote the
adduct ion as i’ and a non-clustered ion at the same mass
as j. The signal at the clustered mass, I;c,H,0, IS equal to
the sum of the adduct ion signal 7;; and non-adduct ion signal
[j:

Ii+C2H402 = Ii’ + Ij (l)

We assume that across all experiments of a given precursor,
the ratio of ;s to I; is constant and is no more than the ratio
of signal at m/z 119 to signal at m/z 59, or 0.2. The ratio of
Ii+c,H,40, 0 I; represents an upper bound to this value. Thus,
across all experiments of a given precursor, the minimum ra-
tio of 7;4c,H,0, t0 I; or 0.20, whichever is smaller, is used to
approximate the ratio of 1;; to Z;. In other words,

li,mmin|l"+‘3;—“4°2,o.2] x 1. @)
1

To correct for clustering, the estimated value of 7 calcu-
lated from Eq. (2) is added back to I; and subtracted from
Ii+c,H,0,. The effect of this correction on bulk composi-
tion values is minimal, on the order of a couple percent.
The true clustering correction (and associated uncertainty)
is likely significantly larger for individual molecules due to
compound-specific acetate proton transfer reaction rates that
are not known. Figures S3 and S4 in the Supplement illus-
trate how much signal in example spectra is estimated to be
from clustering and redistributed to base ion signals.

Atmos. Meas. Tech., 8, 1-18, 2015
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CIMS spectra of oxidized organic vapors produced from
naphthalene contained contaminant ion signals from the «-
pinene products. To remove ions overlapping both systems,
an a-pinene spectra corresponding to the nearest exposure
and normalized to the CgH1405 ion was subtracted from the
naphthalene spectra (possibly introducing some additional
uncertainty in small acid signals). Subsequently, because of
the highly unsaturated nature of naphthalene tracer products
(H/C <1) some ions could be exclusively attributed to «-
pinene (nc > 6 and H / C > 1, supported by the spectral sep-
aration in Van Krevelen space illustrated in Fig. 3) and were
removed.

2.4 \olatility estimation method

In this work, we use SIMPOL.1 (Pankow and Asher, 2008)
to predict the vapor pressures of the species detected by the
acetate-CIMS. The challenge in applying SIMPOL to con-
ventional electron ionization mass spectra, e.g., AMS, is that
the average carbon number (nc) and functional group com-
position needed as inputs are both typically unknown. This
makes it necessary to calculate nc indirectly, which intro-
duces additional uncertainty (Daumit et al., 2013; Donahue
etal., 2011; Kessler et al., 2010, 2012). Simplifying assump-
tions must also be made about the functional group com-
position and their effect on vapor pressure (Donahue et al.,
2011; Cappa and Wilson, 2012). However, soft ionization
techniques, such as acetate-CIMS, generate mass spectra that
retain the unfragmented parent ions; thus, molecular formu-
las are known. This makes determination of the functional
group composition more straightforward.

Here, we expand upon the work of Daumit et al. (2013) to
determine functional group composition with additional con-
straints provided by high-resolution acetate-CIMS. Because
acetate ionization is sensitive to acids, we assume at least one
carboxylic acid functionality is present provided there are at
least two oxygens in the molecule and at least one site of un-
saturation. The number of sites of unsaturation is determined
by the double bond equivalency (DBE, i.e., degrees of unsat-
uration) formula:

1
DBE=1+VlC—§7’lH. (3)

The remaining sites of unsaturation are referred to as DBE,
(which is one less than DBE if there is an acid group present).
We assume that the remaining oxygen, nyo (which is two less
than the total if there is an acid group present), are either
contained in hydroxyl (-OH) or keto (=0) groups and that
any extra acid groups are a combination of one of each:

nro = n-oH + n=o. 4)

We assume that other oxygen-containing functional groups
that may be present in the spectra are well represented by
ketone and/or hydroxyl surrogates. This assumption is rea-
sonable for epoxide groups that have similar bonding as car-
bonyls, but not for other functional groups such as acyclic
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Figure 3. Modified Van Krevelen diagram of gas-phase acetate-
CIMS high-resolution spectra of (a) a-pinene ozonolysis (Expt 1)
and (b) naphthalene photooxidation (Expt 12). Each integer marker
represents a fitted ion with the number representing the carbon num-
ber of the ion. The color bar is representative of the carbon num-
ber range of the high-resolution spectrum. The size of each num-
ber is proportional to the carbon number-weighted signal of its cor-
responding ion; the largest markers in (a) and (b) represent 11 %
and 38 % of the carbon-weighted signal, respectively. Gray square
markers in (a) indicate tracer acids identified by Yu et al. (1999) and
gray circle markers indicate SOA tracer acids noted in Claeys et al.
(2013). Gray square markers in (b) indicate tracer acids identified
by Kautzman et al. (2009). Names and locations of acids on the VK
are shown in the Supplement, Figs. S5 and S6. The bulk O / C and
H / C values are marked by black triangles.
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ethers, esters, or hydroperoxides that might be present (Dau-
mit et al., 2013).

If nro < DBE; then all oxygens are assigned as carbonyls
and the remaining sites of unsaturation are considered C=C
double bonds:

no = n-o, ()
n-oq =0, (6)
DBE; —n_o = nc_c. )

If n,o > DBE; then all remaining sites of unsaturation are
considered to be carbonyl groups and the remainder oxygens
are hydroxy!l groups:

n—o = DBE;, ®)
N.OH = Nr0 — N=0. 9)

Pairs of carbonyls and hydroxy! groups are combined to form
additional carboxylic acid groups, with the total number of
acid groups constrained to no more than two assuming linear
carbon chains.

Additional constraints can be applied as needed if more
information is known. For example «-pinene oxidation prod-
ucts often retain a four-carbon ring; thus, we impose the
constraint that if nc > 8 and DBE; > 1, a non-aromatic ring
functionality (n;) is added to the SIMPOL calculation. Like-
wise, for naphthalene spectra, if nc > 6 and DBE; > 4, then
at most one aromatic ring functionality is added (nar, equiv-
alent to four sites of unsaturation). In both cases these steps
are done after the initial acid is assigned and the DBE; is
updated.

Algorithm outputs from Egs. (3) to (9) are used as inputs to
the SIMPOL model, which parameterizes the vapor pressure
of a pure compound as a linear combination of contributions
from its functional groups:

logso (p2.:) =b(T)o+ X neib(Ts, (10)
k

where b(T)y is the temperature-dependent contribution term
of functional group k& and ny; is the number of functional
groups of type k in species i; b(T)p is a constant term. For
example, the addition of a hydroxyl group lowers the vapor
pressure by a factor of 10223 at 293 K; this is represented as
b(293K)on = —2.23. To convert p to ¢*, an additional term
is added to the above equation:

logyg (cf) = logyge + b(T)o + Z”k,ib(T)kv (11)
%

where o = % which equals 8.314 x 10° at 293 K. The
factor MW, refers to the molecular weight of species i, R is
the ideal gas constant (8.21 x 10~° atmm?mol~* K1), and
T is the temperature (293 K). Technically, ¢* is the product
of the saturation concentration of the pure sub-cooled liquid,
9, and its activity coefficient in solution y, but the activity
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coefficient is assumed to be unity. Derivation of the estima-
tion in uncertainty in SIMPOL vapor pressure prediction is
detailed in the Supplement.

Table 2 lists several example oxidation products from each
experimental system along with the number of each func-
tional group assigned to it. Across the top of the table are the
values of each group contribution term used in this work. The
calculated ¢* for product is listed at the right of the table.

3 Results
3.1 CIMS Spectra, O/C and H/C ratios, nc

Figure 2 displays representative UMR spectra obtained from
a-pinene ozonolysis and naphthalene photooxidation condi-
tions in the PAM reactor. In all cases the largest signals are
observed at m/z 45, 73, 75, and 87, which correspond to
formic acid, glyoxylic acid, glycolic acid, and pyruvic acid,
respectively. The prominence of these small acids in acetate-
CIMS spectra has been previously observed by Yatavelli
et al. (2012). Production of small acids in urban atmospheres
has been correlated with photochemical activity (Veres et al.,
2011) and although their exact formation mechanism is un-
known, it is likely they are generated from the oxidative frag-
mentation of the parent VOCs and subsequent products.

Analyzing the mass spectra shown in Fig. 2 in high resolu-
tion allows for calculation of average oxygen-to-carbon and
hydrogen-to-carbon ratios (O /C and H/C), average carbon
oxidation states (OSc), and average carbon numbers (7z¢).
Table 1 presents O /C, H/ C, OS¢, and 7i¢ for all of the stud-
ied conditions. In general, these parameters follow the ex-
pected trends as a function of precursor type and OH expo-
sure. First the nc values of «-pinene (nc =2.97-4.08) and
naphthalene (nc = 2.80-4.92) oxidation products span sim-
ilar ranges with the OS¢ values of naphthalene being gen-
erally higher than those of «-pinene, especially at low OH
exposures. This is consistent with naphthalene itself hav-
ing a higher OS¢ value than «-pinene. Second, the average
OS¢ and O/ C for a-pinene and naphthalene oxidation prod-
ucts increase with increasing OH exposure while the average
nc decreases with OH exposure. Third, «-pinene oxidation
products have higher H/C ratios than naphthalene, consis-
tent with previous studies (Chhabra et al., 2011; Lambe et al.,
2011b).

3.2 Van Krevelen diagram

A Van Krevelen diagram can be used to plot the correspond-
ing H/C and O/ C ratios of ions presented in the mass
spectra. Figure 3a shows a Van Krevelen diagram corre-
sponding to the a-pinene ozonolysis spectrum presented in
Fig. 2a. Markers are numbered and colored by nc, sized by
the ion signal intensity, and weighted by nc to emphasize
the distribution of carbon across the spectra. Identified ions
with known chemical formulae are marked with gray cir-
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Table 2. Examples of detected species, their double bond equivalencies (DBE = 1+n¢c — %nH), and their calculated saturation concentrations
based on the number of each type of functional group, n;. Note that DBE = n—g +nc(o)yoH +nc=c + nr +4 x nar. Values in parentheses
are the SIMPOL group contribution coefficients for the corresponding functional group (Pankow and Asher, 2008). Underneath each type of
functional group, the associated additivity constant is shown. Errors are calculated based on the method detailed in the Supplement.

Species Formula DBE Constant nc n—o n_oH nC(0)OH nc—c nr nar

(bg=1.79) (b1 =-044) (bg=-094) (b7=-223) (b1o—3.58) (b5=—0.10) (by=—0.01) (b3 =—0.68) log c* c* (ugm—3)
«-pinene
CoH1404 3 9 2 1 0.60+£1.0 3.68+8.47
C10H1407 4 10 1 2 2 1 —514+3.38 7.15x107%+£556 x 105
CgH1206 3 8 1 1 2 —2124+1.70 7.53x1073+3.04 x 1072
naphthalene
CgHgO3 6 8 1 1 1 2.89+0.61 7.77 x 102 +1.08 x 103
CgHgO4 7 9 2 1 1 1.59+0.74 4.28 x 101 + 67

cles and squares in Fig. 3a (squares: Yu et al., 1999; cir- oxidation of «-pinene or naphthalene has not previously been

cles: Claeys et al., 2013; proposed identities are given in reported. We note that glyoxal can be produced from the
Fig. S5 in the Supplement). Figure 3a illustrates those ions photooxidation of terpenes (Fu et al., 2008) and naphthalene

with nc = 1 to 12 are measured by the acetate-CIMS for «- (Nishino et al., 2009), and that glyoxal may be a source of
pinene ozonolysis. Much of the carbon (~ 45 %) is charac- glyoxylic and glycolic acid (Galloway et al., 2009; Lim et al.,
terized by molecules with O /C=0.3 t0 0.7 and nc =7 to 2010). Similarly, methylglyoxal is also a product of terpene
10, including ions corresponding to well-characterized gas- oxidation (Fu et al., 2008) and is a possible source of pyruvic
phase oxidation products, such as CioH103 (pinic acid) acid (Lim et al., 2010).

and norpinonic acid (C10H1403), which by themselves con- The Van Krevelen diagram of naphthalene is shown in

tribute ~ 14 % of the measured carbon. Other nc = 10 ions Fig. 3b. Measured naphthalene oxidation products that have
are also detected, with O/ C values as high as 0.7 such as been observed in previous chamber studies (depicted by gray
C10H1607 and C1poH1407. Highly oxidized ions with these square boxes, proposed identities given in Fig. S6 in the Sup-
formulas have been previously measured by Ehn et al. (2012) plement) represent at most 33 % of the carbon and include
in ambient and chamber experiments. The acids identified by CgHgO3 (phthalaldehydic acid), CgHgO4 (phthalic acid), and
Yu et al. (1999) contribute approximately 20 % to the mea- C10HgO3 (formylcinnamic acid) (Kautzman et al., 2009).
sured carbon of acidic a-pinene ozonolysis products. Acids We measured several oxidation products with nc =9 and
identified by Claeys et al. (2013), such as 3-methyl-1,2,3- 10, including CgHgO4 and C19HgOs5 that to our knowledge
butanetricarboxylic acid (MBTCA, CgH1206) and terebic have not been previously identified. In naphthalene spectra,
acid (C7H1004), have smaller contributions on the order of a strong C4Hs04 ion signal was detected that corresponds to
~ 3%. a previously unidentified compound. Two possible structures

Approximately 33% of the carbon is contained in small are (1) a diacid with two saturated, unoxygenated carbons,
highly oxidized acids with nc =1 to 3 and O/C=> 1. Be- or (2) a mono-acid with one double bond and two hydroxyl
cause the relative abundance of these acids increases as groups, which may be more plausible.

a function of OH exposure they are presumably formed fol-

lowing fragmentation of early generation oxidation prod- 3.3  Oxidation state vs. carbon number

ucts with larger nc. Small-nc ions with large signals include
CH,03 (formic acid), CoH>03 (glyoxylic acid), and C3H403
(pyruvic acid) which represent 26 % of the total carbon mea-
sured for «-pinene ozonolysis products.

The formation of formic acid from «a-pinene ozonolysis
and photooxidation has been previously observed in several
studies (Lee et al., 2006a, b; Librando and Tringali, 2005;
Orlando et al., 2000). We measured a formic acid molar
yield from «-pinene ozonolysis of 10 %, which is similar to
the molar yield of 7.5% previously observed by Lee et al.
(2006a). Given that our experiments were performed un-
der low-NOy conditions, it is possible that formic acid was
formed via the reaction of formaldehyde with HO, (Su et al.,
1979). Orlando et al. (2000) also proposed formic acid as a
first generation product from terpene-OH reactions. Forma-
tion of glyoxylic acid and glycolic acid from the gas-phase

Figure 4 displays oxidation state as a function of carbon
number for «-pinene and naphthalene oxidation products as
a function of OH exposure. The utility of plotting OS¢ as
a function of nc (i.e., Kroll Diagram) was introduced by
Kroll et al. (2011) to provide a visualization of the chemical
complexity of atmospheric organics and their corresponding
oxidation trajectories. The top inset panels show the fraction
of carbon signal as a function of nc. A multimodal nc distri-
bution is observed for «-pinene and naphthalene oxidation
products (Fig. 4a and b top insets). The mode defined by
nc = 8 to 10 species can be viewed as functionalized prod-
ucts where a net addition of oxygen occurs while the carbon
backbone of the precursor is mostly retained (Lambe et al.,
2012; Kroll et al., 2009). Figure 4a and b show that the frac-
tion of acids with nc = 8 to 10 decrease as a function of OH
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Figure 4. Kroll diagram for «-pinene (a) and naphthalene (b) oxidation experiments. The main panel displays the average OS¢ per carbon
number for each oxidation experiment. The area of the marker is proportional to the signal times the carbon number. The top panel plots the
fraction of carbon-weighted signal at each carbon number. The right panel displays the signal distribution across oxidation state.

exposure. The fact that this decrease is directly correlated
with an increase in the fraction of acids with nc < 4 sug-
gests that the nc < 4 species are largely produced by frag-
mentation processes in which carbon—carbon bond cleavage
occurs during oxidation of the nc = 8 to 10 species.

Several other precursor-specific features are evident from
Fig. 4. First, as is illustrated by the marker size in the main
panel and curves in the right panel, CIMS signals peak at
OH exposures of 3.7 x 10 and 7.0 x 10 molecscm—3 for
naphthalene and «-pinene oxidation products, respectively.
Second, the carbon distribution of naphthalene oxidation
products has negligible contributions from molecules with
nc =3, 5, and 6. This is because naphthalene is unlikely to
form pyruvic acid, an nc = 3 acid with a methyl group, given
naphthalene’s aromatic structure. Additionally, naphthalene
oxidation is unlikely to form acids with nc =5 or 6 because
fragmentation of three or more carbon—carbon bonds is re-
quired.

www.atmos-meas-tech.net/8/1/2015/

3.4 Calculation of SOA mass from CIMS spectra

Spectra represented in Figs. 2—4 are for organic acids in the
combined gas and particle phases. To estimate their relative
contributions in each phase, we first calculated effective sat-
uration concentrations (c*) for each species shown in Fig. 3
using the algorithm described in Sect. 2.4. Table 2 lists exam-
ples of detected species from each precursor system and their
corresponding ¢* values. As shown, SIMPOL.1 estimates
pinic acid (CgH1404) to have a ¢* =3.68+8.47ugm=3
which is in good agreement with the ¢* = 5.34 ujgm—2 mea-
sured by Bilde and Pandis (2001). As shown in the Supple-
ment and in Table 2, uncertainty in SIMPOL estimated vapor
pressures increases with decreasing volatility.

To estimate the total mass concentration, M; of each
species i in pgm~—2 in a spectra, the formic acid sensitivity
is applied to all ions using the following equation:

Atmos. Meas. Tech., 8, 1-18, 2015
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Figure 5. Estimated logc* as a function of carbon number and O / C. (a) and (c) represent extracted gas and particle spectra of «-pinene
ozonolysis (Expt 1), respectively, and (b) and (d) represent the same of a-pinene photooxidation at high OH exposures (Expt 7). Marker
area is proportional to the fraction of mass in the depicted spectra. The factor and arrow in red represents the relative mass scale between gas
and particle spectra. For example x 10 between (a) and (c) indicate that markers of equal area represent the same fraction in each phase and

10 times more mass in the gas-phase spectrum.

_ MW; I;
o RT Sga

x 1078, (12)

i
where I; is the signal of corresponding ion i in Hz,
Sea is the formic acid sensitivity, MW, is the molecular
weight of species i, R is the ideal gas constant (8.21 x
10~% atmm3mol~1 K1), and T is the temperature in Kelvin.
The mass fraction of species i that partitions into the con-
densed phase is determined using Eq. (13) (Donahue et al.,
2006):

1

* 9
i

Coa

& =
1+

(13)

C

where Coa is the organic aerosol concentration. Here, in-
stead of being a quantity that is solved for iteratively, we as-
sume Coa to take on decadal values of 1, 10 or 100 ug m~3 to
determine how much of the measured spectra partitions into
the condensed phase. The total mass estimated to be in the
particle phase, Ccims, is then calculated as

Ceims = D Mi&;.

Application of Eqgs. (12)-(14) allows for isolation of gas-
and condensed-phase components of the CIMS spectra at
a specific Coa. Figure 5 plots ¢* as a function of nc for
a-pinene ozonolysis and «a-pinene photooxidation products

(14)
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(OH exposure = 9.7 x 10** molecscm~3). Signals are appor-
tioned into separate gas and particle-phase spectra assum-
ing Coa = 10 ugm—2 which is representative of urban con-
ditions (Zhang et al., 2007). Under these conditions, com-
pounds with ¢* = 10 ugm~—23 will partition equally between
the gas and particle phases. The factor and arrow in red
represents the relative mass scale between gas and parti-
cle spectra. For example x10 between panels A and C in-
dicate that markers of equal area represent 10 times more
mass in the gas-phase spectrum. Figure 5 indicates that cal-
culated ¢* values decrease with increasing nc and O/C
ratio. Specifically, low-volatility nc =7 to 10 compounds
(c* =1 to 108 ugm—3) dominate the particle-phase spec-
tra while higher-volatility nc = 1 to 3 compounds (c* = 100
to 10® ugm—3) dominate the gas-phase spectra. Signals in
both phases shift to lower nc and higher O / C ratio with in-
creasing OH exposure. An acid of significant importance in
the particle phase at high OH exposures is CgHgOg. Though
modeled as a diacid, this species may be a —CH, homologue
of the triacid MBTCA. In total, the modeled particle phase
represents 10 and 7.0% of the measured mass and 5 and
3.5 9% of the measured ion signal for ozonolysis and high OH
conditions, respectively. Figure S7 in the Supplement shows
¢* as a function of nc for naphthalene oxidation products; in
general, similar trends are observed as in the a-pinene sys-
tem.

www.atmos-meas-tech.net/8/1/2015/
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Figure 6. Estimated mass yield of compounds measured by the
acetate-CIMS for «-pinene ozonolysis (Expt 1), binned by logc*.
Colored in green is the fraction that would condense with Coa =
1pgm=3 and colored in blue is the additional mass that would con-
dense with Coa = 10 pgm™=3. Error bars represent 1o uncertainty
from spectral variation, precursor concentration, and sensitivity

3.4.1 Derivation of acetate-CIMS volatility basis
set and yields

Figure 6 shows the corresponding volatility basis set plot for
a-pinene ozonolysis products measured with acetate-CIMS.
Here, the calculated CIMS mass is normalized to the mass of
a-pinene injected and plotted as a function of ¢* (calculated
¢* values are binned to the nearest ¢* decade). The sum of
the blue or green bars represents the aerosol mass fraction
at Coa = 10 and Coa = 1 ugm=3, respectively. The ¢* bins
at the far right of the plot (logc* =6 to 7) are dominated
by formic, glyoxylic, and pyruvic acids which contribute
40 % of the total mass measured by the CIMS. Additionally,
pinonic acid (C19H1603) and norpinonic acid (CgH1403)
contribute significantly to the logc* = 3 bin. Error bars in
Fig. 6 represent the combined 1o uncertainty from spectra
variation, sensitivity uncertainty, and precursor concentration
uncertainty

Aerosol mass fractions (i.e., yields, &) were calculated for
a-pinene experiments listed in Table 1 and are shown in
Fig. 7 as a function of OH exposure. The & were calculated
using particle-phase acetate-CIMS signals for decadal Coa
values of 1 to 100 ugm~3:

Ccivs
Mpre ’

§cims = (15)

where My is the mass concentration of the injected aerosol
precursor. The CIMS yields are compared to previously pub-
lished vyields determined from PAM experiments (Lambe
et al., 2011a; Chen et al., 2013) and smog chamber exper-
iments (Ng et al., 2006; Shilling et al., 2008; Eddingsaas
et al., 2012). PAM yields as a function of OH exposure are
represented by the gray shaded region. For «-pinene ozonol-
ysis experiments conducted in the PAM, SOA vyields, &soa,
spanned from 11 to 24 %. These yields, applied to the «-
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pinene precursor concentrations used in this study, results
in predicted SOA concentrations of 9 to 40 ugm=2, cor-
responding to the CIMS yield curves with Coa = 10 and
100 ugm—3. For ozonolysis conditions, our estimate of SOA
yields determined by the acetate-CIMS spectra, &cims for
10 to 100pgm—2 of partitioning mass, range from about
240.3 to 3+0.7%. Since acids are a subset of the entire
SOA mass created, we would expect &cims < Esoa. Using
a Micro-Orifice Volatilization Impactor (MOVI) inlet with
an acetate-CIMS, Yatavelli et al. (2012) estimated 11-34 %
of a-pinene ozonolysis SOA mass was acidic, in agreement
with measurements by Yu et al. (1999). Using the acid yields
for 10 to 100 ugm—2 of partitioning mass and the range of
SOA vyields from PAM experiments, our calculations sug-
gest that acids comprise 8-27 % of the measured mass of «-
pinene ozonolysis SOA and are thereby consistent with the
results of Yu et al. (1999) and Yatavelli et al. (2012). We also
find that &cims/Esoa increases systematically with increas-
ing exposure. This observation is consistent with previous
studies demonstrating an increase in acid content of SOA,
indicated by the increase in the fraction of m/z 44 (f44), as
a function of OH exposure (Lambe et al., 2011b) suggest-
ing that acids are an important class of compounds in aged
air masses (Ng et al., 2011). &cjums and &soa increase and
subsequently decrease as a function of OH exposure. This
trend is consistent with a transition from functionalization-
to fragmentation-dominated reaction pathways (Kroll et al.,
2009; Lambe et al., 2012) and supports our interpretation of
nc =710 10 and nc < 4 as tracers for functionalization and
fragmentation processes, respectively.

Implicit in the calculation of the CIMS yield curves shown
in Fig. 7 is the assumption that the total (sum of gas and par-
ticle phases) distribution of acids generated is only a func-
tion of OH exposure and is independent of the amount of
hydrocarbon injected. In reality, variations in the amount of
injected aerosol precursor can introduce non-linearity in the
formation of product species, for example, through competi-
tion for oxidants or bimolecular reactions of radical products.
We ignore such non-linearities here but note that they should
be studied in the future.

Naphthalene CIMS vyields range from 1 to 11% with
the maximum vyield occurring at an OH exposure of 3.7 x
10™ molecscm=3, thus also exhibiting a transition from
functionalization to fragmentation processes. Previous smog
chamber studies have estimated that the acid yield of naph-
thalene under low-NOy conditions is approximately 24 % of
the SOA mass acidic in nature (Kautzman et al., 2009). Rea-
sons for this discrepancy are unclear at present.

Error bars in Fig. 7 represent the combined uncertainty in
sensitivity, spectral variation, estimated vapor pressure, and
precursor concentration which varied from 11 to 37 % of the
estimated yield. As was stated earlier, we use an average rela-
tive sensitivity for all acids based on the measured sensitivity
of formic acid. While this may introduce significant error for
individual species, it provides a practical way to estimate en-
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Figure 7. SOA yields estimated by the acetate-CIMS in this study
and previously reported SOA vyields from scanning mobility par-
ticle sizer (SMPS) measurements for «-pinene oxidation systems.
The dotted black lines depict CIMS yields calculated for Coa =1,
10, and 100 pug m~3. The gray shaded region represents the do-
main of yields determined from PAM experiments across OH ex-
posure where the amount of «-pinene reacted ranged from 227 to
556 ug m~3. Zero OH exposure corresponds to ozonolysis. Square
and triangle points indicate yields determined from chamber experi-
ments; their colors are indicative of the amount of «-pinene reacted.
Error bars represent 1o uncertainty from spectral variation, precur-
sor concentration, sensitivity, and vapor pressure estimation.

semble properties. Its use for the acetate-CIMS may be par-
ticularly applicable since the acetate reagent scheme is pri-
marily sensitive to acids. Based on previously reported sen-
sitivities, we estimate an error of 60 % in the relative sensitiv-
ity of acids to formic acid. Aljawhary et al. (2013) measured
the sensitivity of several different acids to acetate ionization,
and found they were within a factor of 4. Of the acids mea-
sured, pinonic acid is the most relevant to our system and has
a sensitivity approximately double that of formic acid. If this
sensitivity is more representative of highly oxidized, lower-
volatility compounds extracted from acetate-CIMS spectra,
then the calculated &cyvs is lower by roughly a factor of 1.5.

Another uncertainty involves the SIMPOL vapor pressure
estimation method. Pankow and Asher (2008) report that
calculated vapor pressures were typically within a factor of
2 of measured values. However, this variability is larger at
low volatilities due to the lack of experimental vapor pres-
sure measurements to constrain the parameterization. Com-
pernolle et al. (2010) applied seven different vapor pressure
estimation methods to a modeling study of SOA formation
from «-pinene ozonolysis. They found that while there was
general agreement for semi-volatile compounds, the vapor
pressures estimated for low-volatility «-pinene acid tracers
varied 3 orders of magnitude, leading to large differences in
SOA yields. SIMPOL in particular tended to underestimate
vapor pressures more than a similar method developed by
(Capouet and Miller, 2006) due to the former’s equal treat-
ment of primary, secondary, and tertiary alcohols and lower
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volatilities given to carbon backbones and thus overestimat-
ing «-pinene ozonolysis yields in their model. At best, model
simulations of «-pinene oxidation and SOA formation have
agreed with experimental yields within a factor of 2 (Capouet
et al., 2008). Although uncertainty in vapor pressure may be
largest for the lowest volatility species, these species will
completely partition into the condensed phase. It is the un-
certainty in vapor pressure of compounds with ¢* close to
Cona that will have the largest contribution to the error in the
yield.

Recently, hydroperoxide moieties have been implicated in
the composition of highly oxidized, extremely low-volatility
organic compounds (ELVOC) (Ehn et al., 2014). In the func-
tional group attribution method presented in Sect. 2.4, hy-
droperoxide moieties are indistinguishable from hydroxyl
groups and one —OOH group would be attributed as two
—OH groups. According to the SIMPOL model, hydroxy and
hydroperoxide groups produce similar reductions in volatil-
ity (bon = —2.23 and boon = —2.49 in Eq. 11) and thus
the existence of hydroperoxide groups in detected molecules
would lead to an underestimate in volatility and overestimate
in acid yield.

Lastly, a potentially significant uncertainty is the estima-
tion of the contribution of clustering in the high-resolution
spectra. Here we set constraints on the ratio of cluster to
molecular ion signals based on the assumption that the ef-
ficiency of clustering is constant for a given elemental com-
position. However, isomers may have different clustering ef-
ficiencies.

3.4.2 Comparison of particle-phase CIMS and
Aerodyne AMS measurements

Figure 8 shows a Van Krevelen diagram of SOA species di-
rectly measured by the AMS and estimated from the acetate-
CIMS for the oxidation of «-pinene and naphthalene. To
facilitate this comparison, we calculated average O /C and
H / C ratios of the particle-phase CIMS species (solid col-
ored markers) for all experiments listed in Table 1 with expo-
sure values similar to the published AMS data from Lambe
et al. (2011b). Figure 8 shows that the O /C and H/C ra-
tios measured by CIMS and AMS fall in the same region
of the Van Krevelen diagram for «-pinene and naphthalene
oxidation products. Additionally, the range of elemental ra-
tios measured for the a-pinene system are consistent with
the range observed by Aljawhary et al. (2013) in their exper-
iments of WSOC formed from aqueous-phase «-pinene oxi-
dation. This supports our interpretation that the low-volatility
molecules measured by acetate-CIMS represent species con-
tributing to SOA formation. However, we note that CIMS el-
emental ratios of «-pinene and naphthalene oxidation prod-
ucts span a smaller range of O/C than the AMS mea-
surements conducted at similar exposures. One possible ex-
planation is CIMS inlet losses of extremely low-volatility
compounds; specifically, thermodenuder measurements have
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Figure 8. Average O/C and H/C ratios for extracted particle-
phase (solid colored markers) and gas-phase (outlined colored
markers) acetate-CIMS spectra (at Coa =10 g m*3) as a func-
tion of OH exposure. Gray points represent AMS elemental ratios
from Lambe et al. (2011a). Average particle-phase elemental ra-
tios from the BEACHON-RoMBAS field campaign obtained from
MOVI-HR-ToF-CIMS measurements are depicted by a black dia-
mond (Yatavelli et al., 2014; Ortega et al., 2014). Error bars repre-
sent 1 standard deviation for multiple experiments.

shown that up to 30% of particle-phase organic acid mass
is not volatilized at 200 °C (Huffman et al., 2009). Another
possibility is that highly functionalized organic acids may de-
compose in the inlet into products that are neither detected
by the CIMS nor converted into smaller nc acids (Yatavelli
et al., 2014; Moldoveanu, 2010). Additionally, in the case of
naphthalene, it may be difficult for oxidation products with
acid groups to reach O / C values obtained in aerosol phase
generated in the PAM at the highest OH exposures without
extensive fragmentation.

Also shown in Fig. 8 are the average O / C and H / C ratios
of the gas-phase CIMS species, illustrated by outlined col-
ored markers. We observe much higher average O / C ratios
for the estimated gas phase than the particle phase consistent
with the production of small acids formed from the fragmen-
tation of a larger carbon backbone. The H /C ratios of a-
pinene gas-phase products are lower than those of the particle
phase suggesting that the gas-phase acids might have more
carbonyl groups and thus carbon with a higher oxidation state
than carbon in the particle phase. In contrast, the H / C ratios
of naphthalene gas-phase products are higher than those of
the particle phase indicating that oxidation and fragmenta-
tion increase the oxidation state of carbon relative to carbon
in aromatic rings. Particularly, the difference suggests that
the particle phase is dominated by aromatic ring-retaining
products while the gas phase is dominated by non-aromatic
acid fragmentation products. The elemental ratios of the gas-
phases products from both precursors display a convergence
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with increased OH exposure indicating the predominance of
the same nc = 1 to 4 acids, especially glyoxylic and glycolic
acids.

Figure 8 also shows average O / C and H / C ratios of am-
bient organic aerosols measured with an acetate-MOVI-HR-
ToF-CIMS during the Bio-hydro-atmosphere interactions
of Energy, Aerosols, Carbon, H,0, Organics and Nitrogen
— Rocky Mountain Biogenic Aerosol Study (BEACHON-
RoMBAS) field campaign (Yatavelli et al., 2014; Ortega
et al., 2014). The BEACHON-RoMBAS measurements were
obtained in a ponderosa pine forest and thus were influenced
by emissions of biogenic compounds such as «a-pinene.
CIMS elemental ratios of highly oxidized a-pinene products
produced in the PAM reactor agree with ambient measure-
ments within 10 %. Interestingly, Yatavelli et al. (2014) were
able to successfully model the partitioning of organic acids
in bulk as alkanoic acids with excess oxygen in the form of
hydroxyl groups, each lowering the vapor pressure by SIM-
POL estimated factors. Our method uses the measured ion
formulas to constrain the double bond equivalency and limit
additional oxygen functional groups. These similarities sug-
gest that the volatility estimation algorithm successfully cap-
tures atmospheric photochemistry of atmospherically rele-
vant SOA precursors, and that our results can be used to in-
terpret ambient measurements in different source regions.

4 Discussion and conclusions

The gas-phase SOA precursors for Oz and OH oxidation of
a-pinene and naphthalene were measured for the first time
using a PAM flow reactor and an HR-ToF-CIMS with acetate
reagent ion chemistry. The measured organic acid distribu-
tions exhibited similarities to gas-phase measurements from
previous environmental chamber studies (Yu et al., 1999;
Claeys et al., 2013; Kautzman et al., 2009). These measure-
ments extend the previous measurements to higher OH expo-
sures and include observations of several previously uniden-
tified organic acids, particularly for naphthalene. Particularly,
they illustrate the concurrent functionalization and fragmen-
tation processes occurring in the gas-phase yielding high and
low carbon number acids, the latter dominating the spectra.
In addition, we have presented an approach to estimate the
vapor pressures and gas-to-particle partitioning of select or-
ganic compounds using HR-ToF-CIMS gas-phase measure-
ments in combination with an algorithm based on the SIM-
POL group contribution parameterization method introduced
by Pankow and Asher (2008). Previous applications of SIM-
POL attempted to use Aerodyne AMS measurements to cal-
culate vapor pressures of organic compounds from their mea-
sured elemental ratios (O/C and H/C). However, since
functional group information is not available from AMS,
spectra simplifying assumptions are required which can in-
troduce additional uncertainty (e.g., Donahue et al., 2011).
Most recently Yatavelli et al. (2014) applied SIMPOL to

Atmos. Meas. Tech., 8, 1-18, 2015



14 P. S. Chhabra et al.: Estimation of volatility distributions using acetate-CIMS

MOVI-HR-ToF-CIMS spectra using the acetate reagent ion.
They were able to capture the bulk partitioning of species
by carbon number, by modeling detected compounds such as
alkanoic acids, and adding the remainder of oxygens in the
form of different functional groups with hydroxyl groups giv-
ing the best agreement. Our approach builds on these studies
by incorporating the DBE content of the measured species
towards the goal of explicit characterization of oxygen-
containing functional groups. This analysis is made possible
by the high-mass resolution of the TOFWERK HTOF which
can resolve the chemical formulas of detected ions.

Our model performs well in predicting the acid contri-
bution to SOA formed from «-pinene ozonolysis compared
to previous measurements (Yu et al., 1999; Yatavelli et al.,
2012) and to our knowledge, this is the first attempt to es-
timate the mass of a class of compounds from CIMS spec-
tra using a group contribution model. Semi-explicit model
simulations of a-pinene oxidation and SOA formation have
agreed with experimental yields within a factor of 2 (Capouet
et al., 2008) while models with more degrees of freedom can
be tuned to have even greater accuracies (Cappa and Wilson,
2012). Although we use SIMPOL parameterizations as a case
study, our method can be adapted for the use of different va-
por pressure formulation methods (Nannoolal et al., 2004,
2008; Hilal et al., 1994; Moller et al., 2008). The advantage
of SIMPOL is that only functional group composition and
carbon number information are needed in the parameteriza-
tion. Various studies have compared vapor pressure models
and have shown that volatility estimation, and thus aerosol
formation, is highly sensitive to model choice (Compernolle
etal., 2010; Barley and McFiggans, 2010; Clegg et al., 2008).
Additionally, different reagent chemistries (e.g., (H,O)pH™,
I7, NO3') can and should be tested with our model to vali-
date its effectiveness on different classes of compounds. For
instance, iodide spectra may be more easily analyzed since
its clusters do not contain carbon

With recent advances in CIMS measurement techniques
that allow for separation of gas- and particle-phase analytes
(Yatavelli and Thornton, 2010; Lopez-Hilfiker et al., 2014),
uncertainties in the quantification of unknown organics will
have to be addressed. For instance, epoxides and peroxides
have been implicated in SOA formation in low-NOy isoprene
systems. Thus, our model needs to be tested against addi-
tional SOA systems and subsequently refined. In our study
we assume that all detected species have the same ionization
efficiency, relative to formic acid. While recent studies sug-
gest that this approximation may be acceptable (Aljawhary
et al., 2013) more data are needed to constrain acetate ion-
ization efficiencies across carbon number and oxidation state.
Additionally, the variables that control clustering, including
operational voltages, IMR pressure, and reagent ion and neu-
tral concentrations in the IMR, need to be explored. Use of
isotopically labeled reagent ions may aid in this these inves-
tigations.
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