Downloaded by [University of Colorado at Boulder Libraries] at 07:08 02 August 2012

Aerosol Science and Technology, 46:1313-1327, 2012
Copyright © American Association for Aerosol Research
ISSN: 0278-6826 print / 1521-7388 online

DOI: 10.1080/02786826.2012.712236

it

A Chemical lonization High-Resolution Time-of-Flight Mass
Spectrometer Coupled to a Micro Orifice Volatilization
Impactor (MOVI-HRToF-CIMS) for Analysis of Gas and

Particle-Phase Organic Species

Reddy L. N. Yatavelli,'* Felipe Lopez-Hilfiker,! Julia D. Wargo,!

Joel R. Kimmel,>** Michael J. Cubison,’ Timothy H. Bertram,* Jose L. Jimenez,’
Marc Gonin,® Douglas R. Worsnop,>® and Joel A. Thornton'

'Department of Atmospheric Sciences, University of Washington, Seattle, Washington, USA

2Aerodyne Research Inc., Billerica, Massachusetts, USA
3STOFWERK AG, Thun, Switzerland

4Department of Chemistry and Biochemistry, University of California, San Diego, California, USA
>Cooperative Institute for Research in Environmental Sciences (CIRES) and Department of Chemistry
and Biochemistry, University of Colorado, Boulder, Colorado, USA

®Department of Physics, University of Helsinki, Helsinki, Finland

We describe a new instrument, chemical ionization (CI) high-
resolution time-of-flight mass spectrometer (ToFMS) coupled to
a micro-orifice volatilization impactor (MOVI-HRToF-CIMS).
The MOVI-HRToF-CIMS instrument is unique in that, within
a compact field-deployable package, it provides (1) quantifiable
molecular-level information for both gas and particle-phase or-
ganic species on timescales ranging from <1 s for gases to 10-60 min
for particle-phase compounds that can be used to efficiently probe
oxidation and secondary organic aerosol (SOA) formation mecha-
nisms, and (2) relative volatility information of the detected com-
pounds simultaneously estimated using the programmed thermal
desorption information obtained from the MOVI. We demonstrate
the capabilities of a prototype instrument using known test com-
pounds and complex mixtures generated from the oxidation of
biogenic and anthropogenic hydrocarbons. We present spectra
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obtained using both negative and positive ion CI with acetate
(CH;3C(0)0O") and protonated water clusters (H;0%- (H,0),), re-
spectively, as reagent ions. The instrument has high mass resolving
power (R = 5000 above m/Q 250 Th) and mass accuracy (£20 ppm)
enabling estimation of compound elemental composition. Instru-
ment sensitivity in negative ion mode was tested using formic acid as
a representative gas-phase compound, and that for particle-phase
compounds was tested using palmitic, azelaic, and tricarballylic
acids. With a heated MOVI inlet, an ion count rate of ~15 Hz
is achieved when sampling 1 pptv (= 1 pmol/mol) of formic acid
(or other monocarboxylic acids) under typical operating condi-
tions. This sensitivity translates to detection limits less than 1 ng/m?
for carboxylic acids in the particle-phase. We also discuss the re-
maining challenges with this instrument to broadly characterizing
gaseous and particulate oxygenated organic compounds in situ.

[Supplementary materials are available for this article. Go to
the publisher’s online edition of Aerosol Science and Technology
to view the free supplementary files.]

1. INTRODUCTION

Organic species (organic aerosols [OA] and organic gases
[OG]) are ubiquitous in Earth’s atmosphere. Through contribu-
tions to aerosol particle formation and growth, organic species
affect human health, visibility, cloud formation and climate (No-
vakov and Penner 1993; Quinn et al. 2005; Mochida et al. 2008;
Pope et al. 2009; Sorooshian et al. 2009). Understanding OA
formation and loss, and the partitioning of organic species be-
tween gas and particle-phases is key to understanding and mit-
igating its impacts. Current estimates of primary OA (POA,
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emitted directly into the atmosphere in the particle-phase) and
secondary OA (SOA, produced from chemical reactions in the
atmosphere) budgets are highly uncertain (Goldstein and Gal-
bally 2007; Hallquist et al. 2009; Heald et al. 2010). Recent
studies have improved our understanding of OA and OG (Don-
ahue et al. 2006; Robinson et al. 2007; Goldstein et al. 2009;
Jimenez et al. 2009; Paulot et al. 2009; Ng et al. 2011), but
critical parameters remain to be adequately quantified for mod-
els to accurately simulate regional and global OA distributions
(Hallquist et al. 2009). Significant uncertainties related to parti-
cle sources, formation and growth mechanisms, loss rates, and
direct and indirect effects (changes in light scattering and ab-
sorption, and cloud albedo) persist, in part, due to a lack of an
understanding of the species which make up OG and OA.

Detailed discussions of various offline and online techniques
for OA analysis have been published recently (Sullivan and
Prather 2005; Nash et al. 2006; Chow et al. 2008; Farmer and
Jimenez 2010), therefore, only the most relevant research is sum-
marized below. The application of time-of-flight mass spectrom-
eters (ToFMS) for real-time study of OA and atmospheric OG
composition has been demonstrated previously (Prather et al.
1994; Murphy and Thomson 1995; Blake et al. 2004; Drewnick
et al. 2005; Zelenyuk and Imre 2005; DeCarlo et al. 2006;
Bertram et al. 2011), but its coupling with chemical ionization
(CI) is only recently becoming more widespread.

The main advantages of ToFMS are (1) the ability to ac-
quire an entire mass spectrum, for example, from 15-1500 Th
(Th = thomson = vu/e), at rates exceeding 1000 Hz (Kimmel
et al. 2010), leading to a superior duty cycle for broad mass
range, without any a priori assumptions on which m/Q to mon-
itor, (2) high mass resolving power, R, with field deployable
instruments routinely reaching R > 3000 Th Th~!, and (3) high
relative mass accuracy in the range of 20 uTh Th™~!. While
ToFMS instruments for gas-phase composition analysis of at-
mospheric samples now exist (Jordan et al. 2009; Bertram et al.
2011), the more common application of ToOFMS instruments
to atmospheric composition studies has been analysis of par-
ticles. Two main subgroups are single particle laser-ablation
instruments (Prather et al. 1994; Murphy and Thomson 1995;
Zelenyuk and Imre 2005) and ensemble particle analysis instru-
ments (Drewnick et al. 2005; DeCarlo et al. 2006; Holzinger
et al. 2010). Early designs of single particle instruments caused
extensive fragmentation of organic compounds due to laser des-
orption and ionization, but recent improvements reduce frag-
mentation by using single photon ionization and variable energy
desorption lasers (Oktem et al. 2004; Vaden et al. 2010). The
Aerodyne time-of-flight aerosol mass spectrometer (ToF-AMS)
is the most widely used ensemble particle analysis instrument
providing nonrefractory particle composition (DeCarlo et al.
2006). This instrument uses electron impact ionization, which
induces extensive fragmentation of organic molecules. As a con-
sequence, identification and quantification of specific molecular
species with the Aerodyne AMS is not possible. However, by
determining the elemental composition of all fragments the av-

erage oxidation state of carbon in the aerosol particles can be
inferred (Aiken et al. 2008), and groups of species representing
different sources of OA can be identified through factor analysis
of the ensemble spectra (Zhang et al. 2011). Recently, proton-
transfer-reaction (PTR) ionization, a softer ionization scheme
than EI, was coupled to a high-resolution TOFMS for OA anal-
ysis (Holzinger et al. 2010). This work reported detection of
un-oxidized and oxidized organic compounds, inorganic com-
pounds, and organonitrate and organosulfate compounds at a
high altitude site.

The MOVI-HRToF-CIMS instrument is unique in that it pro-
vides, within a compact field-deployable package, quantifiable
molecular-level information for both gas and particle-phase oxy-
genated organic species on a semicontinuous timescale across
a large range of volatilities. When combined with the fast ac-
quisition, high mass resolving power and mass accuracy of a
high-resolution ToFMS, and the soft and selective ionization
scheme, this technique can be used to efficiently probe oxidation
and SOA formation mechanisms by estimating the elemental
composition of the detected compounds. In addition, using the
programmed thermal desorption information from the MOVI,
relative volatility information of the detected compounds can
be simultaneously estimated. The CI source design used here is
similar to that described previously by Bertram et al. (2011, and
reference therein), and the HRToFMS is largely similar to the at-
mospheric pressure interface (API-ToF) described by Junninen
et al. (2010). Therefore, we focus our description and character-
ization on the unique aspects of the MOVI and CI combination.

2. INSTRUMENT DESCRIPTION

The instrument contains four main components. First, a
MOVI enables analysis of gas-phase compounds while aerosol
particles are simultaneously collected with a cut-point diameter
(dso, transition-regime aerodynamic diameter (DeCarlo et al.
2004) of 130 nm. A cartridge heater of the MOVI operates at
regular intervals to thermally desorb the collected aerosol mass.
The analyte molecules from the MOVI enter an ion-molecule re-
actor (IMR) where the gas-phase compounds (OG or thermally
desorbed OA) undergo CI. A collisional dissociation chamber
(CDC) after the IMR is used to optionally break apart ion-
molecule clusters with tunable declustering strengths. Finally,
the resulting parent ions are focused and guided through differ-
entially pumped regions into a high-resolution ToFMS (HTOF,
TOFWERK AG, Switzerland) where they are mass analyzed
and detected.

The MOVI-CIMS technique using a quadrupole mass spec-
trometer has been described by Yatavelli and Thornton (2010),
therefore, only modifications since that publication are reported
here. The specific high-resolution TOFMS employed here is the
same used in the Aerodyne ToF-AMS (DeCarlo et al. 2006)
and the Ionicon proton-transfer-reaction ToFMS (PTR-TOF-
MS (Jordan et al. 2009). The atmospheric pressure interface
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(API) was first described for the detection of atmospheric ions
with the high-resolution TOFMS (Junninen et al. 2010) and more
recently, Bertram et al. (2011) used the same API for coupling
of a CI IMR to a compact ToFMS (CTOF, TOFWERK) for
analysis of gas-phase organic acids. For simplicity, we refer to
the instrument described in Bertram et al. (2011) as a CToF-
CIMS. The instrument reported in this article represents, to our
knowledge, the first application of high-resolution ToFMS to
neutral organic compounds in both gas and particle-phases that
are selectively ionized by positive and negative CI schemes.

2.1. Micro Orifice Volatilization Impactor

Figure 1 shows a schematic of the MOVI design used in the
work described here, slightly revised from the design described
previously (Yatavelli and Thornton 2010). The impactor charac-
teristics remain largely the same with 100 nozzles, each 150 um
in diameter, and the jet-to-plate distance at 0.6 mm. The design
changes described here were aimed at decreasing the condensa-
tion of semivolatile and low-volatility compounds in the MOVI
prior to CI. Toward this goal, the total surface area of the man-
ifold block was reduced by nearly 50% by eliminating unnec-
essary dead space. The MOVI manifold now couples directly
to the IMR region, so that desorbed molecules have a shorter
residence time and a reduced number of wall collisions before
ionization. Up to four cartridge heaters programmatically heat
the manifold block during the heating cycle to enhance transfer
of low-volatility compounds evolving from the collection post.

Inlet 1
Nozzle tube

Stainless steel
impaction surface, 3 Rij

\

Pump =—
TC

lon-molecule
region (IMR)
4

Orifice

Cartridge
heater

Impactor tube

FIG.1. Schematic of the improved micro-orifice volatilization impactor. Num-
bers 14 correspond to different pressure regions with region 3 at 863 mbar and
region 4 at 90 mbar.

The manifold block is also coated with an inert material (In-
ertium, AMCX Corp., State College, PA, USA for Aluminium
or SilicoNert 2000, Restek Corp., Bellefonte, PA, USA for stain-
less steel manifold blocks) to further decrease the adsorption of
condensable species inside the MOVI. Similarly, the stainless
steel impaction surface also has inert coating (SilicoNert 2000)
to minimize adsorption of semivolatile organic compounds. Fi-
nally, the critical orifice between the IMR and MOVI is pushed
further into the IMR compared to the previous design where
the orifice was closer to the impaction surface. This change has
proven critical in increasing the sensitivity of the instrument pre-
sumably due to better mixing between the reagent ion and sam-
ple flows (induced by the relatively high flow velocity at the ori-
fice exit). Apart from these design changes, the manifold block
is held at 50°C during aerosol sampling and gas phase analysis
to reduce the absorption of gases to the walls during sampling.
The impaction surface is kept near ambient temperature by the
flow of ambient air through the micro-orifices. Pressure in the
MOVI during sampling is slightly below atmospheric pressure,
for example, 863 mbar if atmospheric pressure is 1013 mbar.

The particle collection efficiency (CE) of the MOVI can be
expressed as the product of several terms:

CE=E; xE, xE, [1]

where E; is the transmission efficiency of the particle inlet ahead
of the MOVI collector (assumed to be typically ~1), E,, is the
CE of the MOVI impactor for liquid particles, and E, is the frac-
tion of particles that stick (do not bounce) from the impactor
surface for solid particles (for liquid particles E, ~ 1). As dis-
cussed in Yatavelli and Thornton (2010), we determined an E},
of ~0.65 for amorphous solid particles which we apply as ap-
propriate in the analysis of data described herein. The E}, value
of 0.65 used in our analysis of «-pinene ozonolysis SOA is spe-
cific to the MOVI and depends on the aerosol particle velocity
(which depends on the geometry of the nozzles and the flow
rate), roughness of the collection surface, and particle-phase
state (which depends on the composition of the aerosol particles
and relative humidity). The phase-state of SOA is relatively un-
certain at present but in a recent study, the bounce behavior of
biogenic SOA in inertial impactors corroborates our assumption
that the a-pinene ozonolysis SOA are amorphous solids (Virta-
nen et al. 2010). In fact, Virtanen et al. (2010) measured particle
bounce of ~30% on greased aluminum collection surface for
SOA produced from ozonolysis of terpenoids at low RH, sim-
ilar to the conditions in our «-pinene ozonolysis experiment.
Other recent studies (Koop et al. 2011; Vaden et al. 2011; Per-
raud et al. 2012) have also supported the hypothesis that SOA
produced from «-pinene oxidation may be amorphous solids or
semisolids, further supporting our Ej, value used here.

2.2. Chemical lonization
The instrument allows analysis with various negative or pos-
itive reagent ions. Here, we present data with the acetate anion
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(CH3C(0)O7), which selectively ionizes acids (Veres et al.
2008; Roberts et al. 2010, 2011; Bertram et al. 2011), and pro-
tonated water clusters H;O™"- (H,0),,. Bertram et al. (2011) de-
scribed the CH3C(O)O™ ion chemistry in detail using the same
IMR and CDC designs used here and at similar though not iden-
tical pressures; therefore, no discussion of that ion chemistry is
presented here.

CI-MS analysis using H;O™" is commonly referred to as PTR-
MS, and it has been extensively used to detect volatile organic
compounds (VOCs) in the atmosphere (Lindinger et al. 1998;
de Gouw and Warneke 2007). Our implementation does not use
H;O7™ ions but rather H;0™"- (H,0), cluster ions, due to the rel-
atively high pressures (90 mbar) and low electric field strengths
in the ionization region. Hearn and Smith (2004) also observed
H30"- (H,0), ions in their ionization region maintained at 20
mbar. As a result of the higher proton affinity of H;0"- (H,0),
compared to base H;O™, ionization is more selective and does
not ionize species with dipole moment = O (Spanel and Smith
1995).

In this study, protonated water cluster ions were generated
by flowing 2000 sccm of humidified N, through the >'°Po ra-
dioactive ion source. The ion source and the IMR are maintained
at 50 V relative to ground. Humidified N, flow was generated
by bubbling 2300 sccm N, through 18 MQ water maintained
at room temperature (no temperature control). A critical orifice
controlled the flow through the 2!°Po ion source with the excess
flow being vented to air. Pressures in various regions of the in-
strument were the same as that for acetate experiments. For the
experimental conditions mentioned above, the most abundant
ion observed was H;O0"- H,O with the next dominant peak be-
ing H;0™"- (H,0),. Similar reagent ion distributions have been
observed by other researchers, although they used lower ioniza-
tion region pressures (33 and 53 mbar) (de Gouw et al. 2003).
The use of a CDC in our instrument alters the detected clusters
from the actual distribution present in the IMR and likely con-
tributes to some enhanced proton transfer during the residence
time within the CDC though we have not examined this issue
in detail. Therefore, the actual cluster distribution in the IMR
is likely shifted toward higher cluster sizes (H;0"- (H,0),, n
= 3, 4, 5) than as it appears in our mass spectra. During the
experiments described here, the H;0%, H;0"- H,0, and H;0%-
(H,0), count rates observed were typically, 5 x 10%, 1.5 x 109,
and 5 x 10* Hz, respectively. It is important to note that the
work described here was not aimed at developing an optimized
proton transfer method but more to illustrate the capabilities of
a MOVI-HRToF-CIMS instrument.

2.3. Interface and HRToFMS

Figure 2 shows a schematic of the instrument assembly. The
API and orthogonal extraction, reflectron ToF mass analyzer
used here are manufactured by TOFWERK AG (Thun, Switzer-
land). The differentially pumped API, which was described in
detail by Bertram et al. (2011), connects the IMR to the high-
vacuum high-resolution TOFMS using three intermediate pump-
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IMR 4 1 fmm 210pg

Scroll
pump

(=
Turbo l [ AR
pump

L

CbC
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FIG. 2. Schematic of the complete MOVI-HRToF-CIMS instrument. (Color
figure available online.)

ing stages containing ion focusing optics. To simplify the de-
scription, below we describe the HRToF-CIMS operation and
data analysis procedure only for negative-ion mode.

Ions generated in the IMR pass through a 500-um orifice into
the CDC region, which contains a segmented radio frequency
(RF-only) quadrupole. The IMR and the orifice are biased at
—100 V relative to ground. Pressure in the CDC is maintained
at 2.7 mbar using a fine throttle valve and a dry scroll pump
(BOC Edwards, Triscroll). The clustered product ions collide
with bath gas in the CDC while being guided by the RF and
axial fields in the quadrupole. The axial electric field strength
across the segments of the CDC quadrupole is adjustable, and
was 11.5 V/cm in this work. Bertram et al. (2011) showed that
by tuning the electric field strength in the CDC the dissociation
of weak ion-molecule clusters can be controlled. Tuning of the
CDC and two other vacuum stages of the API are described in
detail by Bertram et al. (2011).

The high-resolution ToF can be configured to monitor either
positive or negative ions, and ions can traverse the drift region
either in a single reflectron (V-mode, nominal drift length =
1.3 m) or double reflectron (W-mode) ion optical configuration
(DeCarlo et al. 2006). The V-mode has higher sensitivity, while
the W-mode has higher mass resolving power. The character-
ization experiments performed here were generally performed
in V-mode with an extraction frequency of 25 kHz resulting in
a m/Q range of 5-523 Th. Since both positive and negative ions
are discussed in this manuscript, to avoid confusion, negative
ion m/Q’s will be preceded with a negative (—) sign. HRToF-
CIMS data acquisition hardware, data storage procedures, and
postprocessing routines used herein are very similar to those
described in detail by Bertram et al. (2011). Post processing
routines are developed by TOFWERK and use IGOR Pro soft-
ware (Wavemetrics, Lake Oswego, OR, USA).
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3. METHOD EVALUATION

3.1. Mass Accuracy and Mass Resolving Power

The relatively high mass accuracy and mass resolving power
in a field deployable package are important distinguishing char-
acteristics of the HRToF-CIMS. Here, mass accuracy of the
instrument is determined by comparing the measured m/Q of
specific ions (not used in the calibration) of known elemental
composition in a calibrated mass spectrum to the true m/Q of the
ions. The m/Q of a recorded ion spectral peak was measured us-
ing a custom peak fitting algorithm in IGOR Pro. The peak center
of the fitted ion peak was taken as the m/Q of the detected ion and
compared to the exact m/Q calculated from the elemental com-
position. Figure 3a shows the V-mode mass accuracy for a vari-
ety of ions with most of the data within 20 «Th Th~! (ppm).

The mass resolving power (R) for an isolated peak in a mass
spectrum was calculated as the ratio of the m/Q of the peak to
its full-width at half-maximum A(m/Q)rwhm.

m/Q

~ Am/Qrwiam

Figure 3b shows R of the MOVI-HRToF-CIMS as a function
of m/Q when using the CH3;C(O)O~ reagent ion. Above 250
Th, R plateaus at a maximum value of ~5000 Th Th=! in V-

(2]
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mode and ~7300 Th Th™! in W-mode. The W-mode resolving
power in the MOVI-HRToF-CIMS is higher than for V-mode,
as expected. Results described in the rest of the article were
obtained mainly in V-mode to ensure high signal-to-noise ratio
(see above). The R achieved here is higher than that typical of
the HR-ToF-AMS, likely due to more uniform ion energetics,
and is also in the range reported for the PTR-ToF instrument
(Graus et al. 2010). See Figure S1 in the online supplemental
information for a comparison of the MOVI-HRToF-CIMS mass
resolving power to other instruments.

Having a R > 2000 provides the ability to differentiate ions
with the same number of nucleons (i.e., integer m/Q) that are sep-
arated by a small fraction of a Th in the m/Q scale. An example
of this high-resolution ability of the HRToF-CIMS instrument
is shown in Figure 3c. This spectrum was obtained during anal-
ysis of gas-phase oxidation products from dark ozonolysis of
a-pinene in a flow through chamber (discussed further in the
method application section). The data clearly shows three dis-
tinct ions at —113 Th corresponding to C,F;0;, CsHsO3, and
CgHoO, which all have the same nucleon number, but slightly
different mass defects. The fluorinated ion is a persistent internal
contaminant due to perfluoro polymers used in seals and tubing
upstream of the ion source. Such resolving power is important
for rigorous testing and development of chemical mechanisms
or emissions inventories.
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FIG. 3.

(a) Relative mass accuracy as a function of m/Q, (b) mass resolving power as a function of m/Q for V and W modes, and (c) expanded view of —113 Th
from the «-pinene oxidation experiment. Three ions are marked with their respective mass accuracies in ' Th Th~! (= ppm). (Color figure available online.)
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3.2. Sensitivity
3.2.1. Sensitivity to Gas-Phase Carboxylic Acids Using
CH;C(0)O~

To assess the sensitivity of the instrument to gas-phase com-
pounds, calibrations were performed using formic acid with
acetate as the reagent ion. Based on previous work, we expect
the sensitivity to be a nearly linear function of extraction fre-
quency, a nonlinear function of IMR and CDC pressure (in part
due to the RF ion guides), and to depend upon electric field
tuning for resolution and declustering as well as the presence of
surfaces between the formic acid source and IMR. Therefore,
we separate the sensitivity of the instrument that obtained using
a high transmission inlet, from that obtained with the MOVI
inlet.

Dilute concentrations of formic acid were produced by flow-
ing 10 sccm of N over a calibrated permeation tube (Kin-
Tek, SRT2, 21.6 ng/min) maintained at 70°C and contained in
an insulated aluminum block. The output of the permeation
tube was confirmed to be accurate and stable to within 5%
via ion chromatography. Formic acid concentrations were var-
ied by increasing or decreasing the carrier flow used to dilute
the formic acid and overflow the instrument inlet which for
these determinations of optimum sensitivity, consisted of a sin-
gle fitting bored through with a PFA Teflon tube delivering
gas to the critical orifice separating ambient pressure and the
IMR.

Based on HR analysis, it was confirmed that only the HCOO™
ion contributed to the signal at —45 Th, therefore, the instrument
response for formic acid was measured using the integrated unit
mass resolution (UMR) signal at —45 Th. The formic acid signal
was observed to be linear up to 2 ppb above which acetate ion
depletions were noticed. At the maximum formic acid concen-
tration tested (10.4 ppb), depletion in acetate ion was measured
to be ~37%. The measured formic acid signal is normalized to
depletions in reagent ion using the ratio of the reagent ion signal
measured without formic acid to the signal when formic acid
is present. Using the normalized counts in response to varying
formic acid concentrations, the sensitivity of HRToF-CIMS to
formic acid, determined from the slope of the line in Figure 4a
is 80 Hz/pptv. This value is consistent with the 338 Hz/pptv
obtained by Bertram et al. (2011) using a CToF, taking into con-
sideration (1) the known factor of 4 decrease in ion transmission
within the ToF region of the TOFWERK HTOF compared to
CTOF (DeCarlo et al. 2006) for the same mass range (2) dif-
ferences in the IMR and CDC pressures and electric fields (135
and 2.6 mbar here, vs. 85 and 2 mbar, respectively, in Bertram
etal. [2011]), and (3) different low m/Q transmission efficiency
of the RF ion guides and TOFMS tuning. Importantly, a sen-
sitivity of order 80 Hz/pptv for a single gas-phase compound
is more than capable of making atmospheric measurements of
many gases depending upon the instrument background. More-
over, there are few, if any, field deployable instruments with a
better sensitivity coupled to the high-resolution capabilities and
duty cycle of the ToF.
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FIG. 4. (a) Signal at —45 Th (formic acid) shown in two ways: corrected
for variations in the reagent ion (CH3C(O)O™) intensity and uncorrected, as a
function of formic acid concentration. (b) Normalized peak areas for (a) palmitic
acid, (b) azelaic acid, and (c) tricarballylic acid obtained using the CH3C(O)O~
reagent ion. Lines are orthogonal distance regression fits to the data. Inset in
Figure 4b shows a smaller range of acid deposited on the MOVI post.

Replacing the gas-phase inlet with a MOVI heated to 200°C
and containing an inert coating such as SilcoNert, transmits
formic acid to better than 80% of the simpler inlet described
above with relatively little loss in sensitivity. However, and not
surprisingly, operating the MOVI manifold at 50°C reduces the
sensitivity to formic acid by a factor of 5, but only because of
inefficient transfer of the formic acid through the MOVI (ad-
sorption in the nozzle tube and on the MOVI surfaces) to the
IMR, not because of changes in ion chemistry or ion transmis-
sion to the detector. A subsequent article will describe mass
closure experiments using the MOVT at various temperatures.

For the above experiments, the ion transmission was opti-
mized for low m/Q compounds. However, for most applica-
tions, such as those described below, we are interested in both
capturing a large m/Q range, which requires lower extraction
frequencies (25 kHz vs. 75 kHz), and operating at the minimum
necessary declustering to reduce fragmentation of ions in the
CDC. These conditions lower the sensitivity to formic acid by a
factor of 4, and operating a MOVT at 50°C lowers the sensitivity
to formic acid further as noted above. Therefore, for typical op-
erating conditions employed for the remaining tests discussed
below, that is, 50°C MOVI body temperature, 25 kHz extraction
frequency and pressures optimized for moderate declustering,
we find a sensitivity of formic acid of 3 Hz pptv~!. Using the
expression given in Bertram et al. (2011), a background signal
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of 300 Hz, and a signal-to-noise ratio S/N = 3, we estimate the
formic acid detection limit to be 25 pptv in 1 s integrations,
which is a factor of 8 lower than that obtained by Bertram et al.
(2011) with a high transmission gas-phase inlet and a CToF.

The gas-phase formic acid detection limit reported here
makes this instrument suitable for measurements in both clean
and polluted regions. Formic acid concentrations range between
(lowest and highest values reported) 0.02—19 ppbv in polluted
urban air (Chebbi and Carlier 1996; Veres et al. 2011), 1-40
ppbv in forested region of Sierra Nevada in Southwestern USA
(Harrington et al. 1993), 0.1-3.8 ppbv in rural and semirural re-
gions across the world (Chebbi and Carlier 1996), 0.03—1.7 ppbv
and 0.65-0.85 ppbv in remote and pollution impacted marine
regions, respectively (Bertram et al. 2011), and 0.1-2.9 ppbv in
the Amazon forest (Chebbi and Carlier 1996).

3.2.2.  Sensitivity to Particle-Phase Carboxylic Acids Using
CH;C(0)0~

The MOVI-HRToF-CIMS sensitivity for condensed phase
organic compounds was measured using submicron polydis-
perse aerosols generated with a constant output atomizer (TSI
3076, St. Paul, MN, USA). A dilute methanol solution con-
taining approximately 0.12, 0.11, and 0.11 mM of tricarballylic
acid (C¢HgOg, tri-acid), azelaic acid (CoH 404, di-acid), and
palmitic acid (C;¢H3,0,, mono-acid), respectively, was used as
the solution for atomization within 2 days of its preparation.
These acids were chosen in order to investigate the ionization
efficiency and instrument response to compounds that differed
in number of carboxylic acid functionalities and volatility. Other
acids (glutaric, benzoic, and decanoic) have also been tested, but
fall within a similar range of results as the acids presented here.

The mass collected on the impaction surface was changed by
sampling for different times between thermal desorptions. The
collected mass was determined from the particle mass concen-
tration, sampling time, and the impactor collection and bounce
efficiencies using Equation (1). We assume the dry aerosol par-
ticles were more likely amorphous solids rather than liquids.
In addition, we assume the components in the aerosol particles
retained the same mole fraction as the atomizer solution. The
collected particle mass was thermally desorbed into dry N, and
subsequently detected by CI and ToFMS analysis.

The measured signal for each acid (S;, i = tricarballylic,
azelaic, palmitic) was normalized by multiplying the respective
acid signal by the ratio of the reagent ion signal at the start of
desorption cycle (Acetate, — o) to the reagent ion signal during
each time step (Acetate, — ;).

Acetate;
X —
Acetate,;—,

(3]

Si,norm = Si,z:r

The instrument response to each acid was then determined by
integrating the normalized ion signal (S; norm) resulting from the
thermal desorption at the m/Q corresponding to the deprotonated
acid. The total area under the thermogram desorption peak is

reported as counts, that is, the total number of ions detected over
the thermal desorption time period.

For the acids used here, the corresponding carboxylate an-
ions appear in the mass spectrum at the nominal m/Q of —175,
—187, and —255 Th for tricarballylic, azelaic and palmitic acid,
respectively. For all these acids minimal signal was observed at
the m/Q corresponding to a cluster with acetate ion, and except
for tricarballylic acid, the carboxylate anion was the only signif-
icant ion observed. For tricarballylic acid, an additional signal
was detected at —157 Th, which was highly correlated with
—175 Th and was 2—10 times larger. High-resolution analysis
of —157 Th peak had an exact mass of —157.0137 Th, which
corresponded to the dehydrated TA. At present, it is not known
if the dehydration occurred in the solvent used in the atomizer,
during thermal vaporization, or after ionization. Further tests are
needed to more conclusively determine its cause. For the pur-
pose of the sensitivity calculation it is assumed that the signal
at —157 Th is a dehydration product of tricarballylic acid, and
therefore the signal at this peak is added to the signal measured
at —175 Th to obtain the total tricarballylic acid signal.

Figure 4b shows the tricarballylic, azelaic, and palmitic sig-
nals (normalized to acetate signal and integrated ion counts)
versus deposited amount in nanomoles (nmol). A linear increase
in ion signal is observed with increasing amount deposited for
the range studied consistent with the linearity demonstrated
previously with the MOVI (Yatavelli and Thornton 2010). The
sensitivity to each acid is the slope of the linear least squares
line shown in Figure 4b and is calculated to be 2.7 & 0.06 x 10°,
4.440.1 x 10° and 1.3 £ 0.03 x 107 counts/nmol, for palmitic,
azelaic, and tricarballylic acid, respectively. For comparison, the
sensitivity to gas-phase formic acid with a hot MOV is equiv-
alent to 5 x 10° counts/nmol, essentially the same as that for
azelaic acid, suggesting a consistency between the sensitivity to
gas and particle-phase compounds. Moreover, the sensitivities
calculated here correspond to ionization efficiencies of 4.5 x
107°-2.2 x 1078 ions/molecule which can be compared to typi-
cal ionization efficiencies of 1 x 10~7 ions/molecule for V-mode
and 1 x 1078 ions/molecule for W-mode of the HRToF-AMS
using electron-impact ionization (DeCarlo et al. 2006). Given
the larger volumes sampled by the MOVI-HRToF-CIMS ver-
sus the AMS (10 Ipm vs. 0.1 lpm, respectively), the detection
limits for the MOVI-HRToF-CIMS in terms of ambient concen-
trations are expected to be similar or better than those of the
HR-ToF-AMS.

The sensitivity to carboxylic acid compounds observed us-
ing acetate ion chemistry increases with an increasing number
of carboxylic acid functionalities per compound and is also con-
sistent with an increase in the relative acidity (AGyq) of the
analyte with respect to acetic acid. The gas-phase acidity for var-
ious mono and dicarboxylic acids (Bartmess 1989) suggests an
increase in acetate ionization probability with increasing num-
ber of acid groups and decreasing carbon number (Figure S2).
At some point, ionization will be limited by the ion-molecule
collision frequency and residence time in the IMR; increases in
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relative acidity will not increase sensitivity beyond that point.
We hypothesize that the range in sensitivity observed for the
carboxylic acids here is due to the range in gas-phase acidities
relative to acetate. This conclusion will be the focus of future re-
search by testing more acids and/or modeling the ion-molecule
reaction thermodynamics and kinetics. Systematic characteriza-
tion of the sensitivity to the broad range of compounds detectable
by the MOVI-HRToF-CIMS is ultimately necessary to be quan-
titative for any specific ion detected. Utilizing measured and
theoretically determined gas-phase acidities (or proton affini-
ties when operating in proton addition mode) as a function of
elemental composition is a likely approach for such a universal
sensitivity function. While such a universal sensitivity function
is a long-term goal, it is important to note that the relative sen-
sitivity between different compounds (and therefore between
detected ions) is likely fixed for constant operating conditions
and need not be known to determine and characterize statistical
patterns within a time series of mass spectra, as is done for factor
analysis.

3.3. Precision and Detection Limits for Particle-Phase
Carboxylic Acids

To estimate the precision of the impaction/volatilization
method, three replicate calibration experiments were performed
for the three organic acids using syringe deposition as described
previously (Yatavelli and Thornton 2010). These tests suggest
a relative measurement precision for palmitic, azelaic, and tri-
carballylic acid of 8, 16, and 19%, respectively. The overall
precision error is larger than the estimated delivery precision.
We speculate that matrix effects, such as variable conversion
of acids to esters in the ethanol solution are driving the ob-
served variability in this case. Future calibration experiments
are planned with different solvents to test this hypothesis. In
the absence of independent standards for these acids, it is not
possible to calculate the instrument accuracy.

Following Yatavelli and Thornton (2010), we define the de-
tection limit of the MOVI-HRToF-CIMS instrument as being
the mass deposited on the impaction post that gives rise to a
signal that is three times the precision of the signal, including
variations of the background. The uncertainty in the signal peak
areas (0spa), Which is the precision mentioned above, and un-
certainty in the blank signal peak areas (opepa) together with
the deposited amount in moles () and calibration factor (Cy)
determine the S/N ratio.

S _ Cfn
N \/(Uspacfn)2 + (‘7bspa)2

(4]

Using S/N = 3 in Equation (4), we calculate a detection limit of
10 x 1073, 2.6 x 1073, and 8.9 x 1073 nmol for palmitic,
azelaic, and tricarballylic acid, respectively, when using ac-
etate as the reagent ion. These detection limits correspond to
atmospheric mass concentration detection limits of 4.4, 0.8,
and 2.6 ng/m> for palmitic, azelaic, and tricarballylic acid, re-

spectively, assuming a particle collection time of 1 h under a
typical MOVI flow rate of 10,000 sccm. These detection lim-
its are indeed similar to the ~3 ng/m® 1-h detection-limit of
the HR-ToF-AMS V-mode for organic material (DeCarlo et al.
2006).

These detection limits are suitable for measurements not
only in polluted regions but also in cleaner environments. For
example, ambient concentrations (lowest and highest values
reported) of palmitic and azelaic acids are 35.6-89.1 ng/m’
and 2.6-25.5 ng/m’, respectively, in aerosol collected in
Philadelphia, PA, USA (Li et al. 2006), 0.95-2.4 ng/m?
and 0.17-4 ng/m3, respectively, in remote marine aerosol
(Kawamura and Sakaguchi 1999; Mochida et al. 2002), and
2.1-12.7 ng/m? and 0.7-2.5 ng/m?>, respectively, in the Ama-
zon forest (Graham et al. 2003). Tricarballylic acid has also
been measured in various source regions with a range of
0.35-39.1 ng/m? in urban aerosol collected in Chennai, India
(Fu et al. 2010), 0.002-3.4 ng/rn3 in remote marine aerosol (Fu
et al. 2011), and 1.5-5.3 ng/m3 in the Amazon forest (Graham
et al. 2003).

4. METHOD APPLICATION

The capabilities of the technique for broadly characterizing
gaseous and particulate oxygenated organic compounds thought
to be atmospherically relevant were assessed using OA gener-
ated in controlled oxidation experiments. Results presented here
are obtained from two such experiments: (1) dark ozonolysis of
a-pinene in a flow-through chamber, and (2) photo-oxidation of
a cyclic alkane in a large environmental chamber.

4.1. «-Pinene Ozonolysis SOA

SOA was produced by reacting «-pinene with ozone in an
ambient pressure, room temperature, entrained aerosol flow re-
actor. The entrained aerosol flow reactor is similar to that used
previously in the Thornton lab and described in detail by Bertram
et al. (2009). Details of the experimental setup and conditions
are presented in the supplemental information. We only briefly
summarize the conditions here. Ozone and «-pinene reacted
without seed particles for 8 min (residence time). At the exit
of the flow reactor, a fraction of the eluent was sampled by an
SMPS, and the rest was drawn through the MOV inlet (at 40°C)
to the HRToF-CIMS. Typically, 76 ;1g/m> of SOA were detected
at the exit and subsequently diluted by a factor of 5.5 prior to
sampling by the MOVI. Total SOA mass collected during the
sampling cycle, assuming a density of 1.4 g/cm?® and spherical
particles was ~0.94 ug. These calculations used Equation (1)
with an E, equal to that of solid aerosol-particles (0.65) along
with the size dependent CE of the MOVI (Yatavelli and Thornton
2010). Acetate was used as the reagent ion during these exper-
iments to detect gas and particle-phase carboxylic acids which
are known to be common products of «-pinene ozonolysis.

Figures 5a and b show average UMR mass spectra obtained
during (a) sampling and (b) a temperature-programmed thermal
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FIG. 5.
estimation of mass concentrations from the detected signals.

desorption cycle of aerosol material collected during the sam-
pling. All signals related to the reagent ion have been removed
for clarity. To provide a means of qualitative comparison, we
have assumed that all compounds detected during gas-phase
sampling exhibit the same sensitivity as formic acid, while we
apply an average of the sensitivities determined for palmitic
and azelaic acids to the signals detected during the thermal
desorption cycle. Tricarballylic acid sensitivity was not used in
the calculation above assuming that the formation of tri-acids
during a-pinene ozonolysis is a minor contributor to the overall
SOA mass. The total detected organic acid mass evolving
during a heating cycle was calculated from the total analyte ion
current to be in the range 100-320 ng, where the range arises
from using sensitivity equal to that of either azelaic or palmitic
acids, respectively. This total acid estimate corresponds to
an acid fraction of 11-34% of the total SOA mass. The
organic acid fraction estimated above is similar to that reported
previously by Yu et al. (1999) for «-pinene ozonolysis in a
large environmental chamber (at an SOA concentration of 53
wug m~3). They estimated the major ozonolysis products pinic,
norpinic, pinonic, norponinic, hydroxypinonic acid, and an
unidentified acid (C9H1403) accounted for 13.6% (9.5-17.8%)
of the total aerosol mass yield formed. Using the estimated
mass concentration, shown in Figure 5b, for the same acids, we
calculate that ~12% of the aerosol mass is accounted by these
acids; again remarkably similar to the study by Yu et al. (1999).
In Figure 5a, the dominant gas-phase analyte ion observed
is that of formic acid at —45 Th, the smallest possible gas-
phase carboxylic acid presumably formed due to substantial
C-C bond breakage during oxidation. Other major well-known

= l [ 1l . |I - .II.LIIII,,.I llll. _.ll_l. _II.I.l [1 .
T T T T T T T T

200 250 300 350 400
-m/Q (Th)

Unit mass resolution (UMR) spectra from ozonolysis of a-pinene in low-NOx conditions for (a) sampling and (b) heating cycles. See text for the

products such as pinonic (—183.1026 Th) and norponinic acid
(—169.0876 Th), are also observed during sampling, but are
much lower in intensity compared to formic acid suggesting that
there is little gas-phase abundance of carboxylic acids in the high
mass range (>200 Th) under our high OA mass concentrations.
Alternately, if they preferentially partition to the gas-phase in
the reactor, they may have rapidly partitioned to the reactor
walls and/or the walls and collection surface of the sampling
inlet. Likely, both effects play a role in these experiments and
preserving the gas/particle portioning upon sampling represents
a significant analytical challenge for any instrument.

Figure 5b shows the mass spectrum during heating (particle-
phase). The spectrum is similar to that observed during sam-
pling but with much higher intensity upon thermal desorption.
Some of the notable spectral features that correspond to products
reported by other studies include norpinonic acid (—169.0876
Th), terpenylic acid/norpinic acid (—171.0674 Th), pinonic acid
(—183.1026 Th), pinic acid (—185.0831 Th), and hydroxy-
pinonic acid (—199.0972 Th).

In addition to the known products, the high mass resolving
power and high mass accuracy of the HRToF-CIMS, allows us to
estimate the elemental composition of a large range of detected
organic acids. Exact peak centers are calculated using a custom
high-resolution peak fitting algorithm, written at the University
of Washington, and exact mass values are input into an online
molecular composition calculator (http://www.chemcalc.org),
whose output is used to estimate the elemental composition.
Figure 6 shows the time-averaged high-resolution mass spec-
trum obtained during a heating cycle with the possible elemental
compositions of several major ions. The mass scale is divided
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FIG. 6. High-resolution mass spectra marked with likely ion elemental compositions from ozonolysis of a-pinene in low-NOx conditions. (a) Mass range
—70-117 Th, (b) mass range —150-210 Th, (c) mass range —319-433 Th, and (d) zoomed in view of ion peak —357 Th with possible oxygenated compounds in

+40 1 Th Th~! range of the ion peak center. (Color figure available online.)

into three different panels; a, b, and ¢ to more clearly show the
separation in ion peaks. Table T1 in the supplemental informa-
tion lists the estimated elemental compositions of all the ion
peaks detected during the heating cycle. Figure 6d shows the
ion peak at —357.1564 Th and four possible oxygenated com-
pounds that are within £40 uTh Th™! of the ion peak center.
Since the mass accuracy of the instrument is £20 uTh Th—!,
we can reasonably narrow the possibilities to being some com-
bination of two elemental compositions at this ion peak. The
estimated elemental composition can also be used to understand
the evolution of oxidation states of the products. This informa-
tion provides insights on the fragmentation, functionalization,
and oligomerization during oxidation of organic species (Kroll
etal. 2011).

We wish to highlight the large molecular weight products,
presumably formed via oligomeric accretion reactions, which
are clearly detected using the MOVI-HRToF-CIMS (Figure 6¢).
Presently, to our knowledge, this is the only instrument that can
provide this kind of information at the molecular-level in a field
deployable package with a specificity to carboxylic acid con-
taining compounds. The relatively soft nature of the CI coupled
with the duty cycle of TOFMS allows detection of these large
oligomeric compounds that, to our knowledge, have so far only
been detected with extensive offline analyses (Tolocka et al.
2004; Reinhardt et al. 2007; Walser et al. 2008; Heaton et al.
2009; Hall and Johnston 2011).

The built-in temperature programmed desorption inherent
to MOVI analysis provides the ability to monitor the relative
volatility of a single compound or of the entire spectrum of
compounds. An example of this capability is shown in Figure 7.
The figure shows ion signals, as a function of the desorption
temperature (mass thermogram) for m/Q consistent with ma-

jor a-pinene ozonolysis products having various functionalities.
Based on HR analysis of the averaged mass spectra shown in
Figure 6, no interferences were observed for the products shown
here, except —155 and —157 Th. Since development of anal-
ysis procedures for automated processing of large amounts of
HR data is still ongoing, UMR data is used here. For example,
pinonic acid (C9H;¢03) is a monocarboxylic acid, and thus has
a higher equilibrium vapor pressure and desorbs earlier com-
pared to pinic acid (CoH;4O4) which is a dicarboxylic acid.
The equilibrium vapor pressure of pinic acid is two orders of
magnitude lower than pinonic acid (Compernolle et al. 2010),
resulting in its higher desorption temperature. An interesting
feature to note is the double hump structure in the thermogram
for —155, —183, and somewhat for —169 Th. This secondary
hump is probably thermal decomposition of oligomeric com-
pounds (shown in Figure 6¢) into respective monomers. A recent
study by Gao et al. (2010) identified the product at —357 Thas a
dimer of pinic acid and terpenylic acid (CgH,,04). Alternately,
since the traces shown in Figure 6 are UMR, it is possible that
there are other oxidized compounds with lower volatilities at
similar nominal masses that are desorbing at higher tempera-
tures.

The non zero signal for the products during the start of
the heat cycle is possibly due to a combination of evaporation
of the compounds from the sample collected on the post and
on the manifold walls (during aerosol sampling). During the
start of the heating cycle, partitioning of the compounds based
on their vapor pressure is in fact visible with pinonic acid,
which has a higher vapor pressure compared to pinic acid,
and has a correspondingly higher signal than other products.
Some of these issues will be addressed with a future MOVI
design which has the manifold constantly maintained at
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oligomeric compounds (—357 Th and —343 Th) observed during the experiment. (Color figure available online.)

200°C while the collection post is kept at room temperature
(by active cooling) thus minimizing adsorption of gas-phase
compounds on the walls. This design change will not address
the potential evaporation of the compounds from the aerosol
particles collected on the post due to the pressure drop across
the nozzles. The magnitude of this possible negative bias will
ultimately depend upon the volatility and phase-state of the
particles collected. The nonzero signal at the end of the heat
cycle is possibly due to decomposition of oligomers at high
temperatures and the highest temperature reached being lower
than what is needed to completely evaporate all the collected
material. We are presently testing the new MOVI design with
post temperatures reaching around 200°C by the end of the heat
cycle with a long soak at 200°C to ensure volatilization of all
nonrefractory material from the post during a heating.

4.2. Alkane Photo-oxidation SOA

The MOVI-HRToF-CIMS was recently employed in a study
of the photo-oxidation of several C;, alkanes in the Caltech
environmental chamber. A detailed analysis of the products and
their formation pathways during these experiments is the subject
of future articles. Here, we use this dataset to demonstrate the
capability of the technique to ascertain time-dependent changes
in the gas and aerosol phases. For this purpose we show a
full mass spectrum at one time point and the evolution of two
products over 18 h of OH oxidation of cyclododecane (Ci,Hy4,
10 ppb) in the presence of NOy (initial concentration NO = 377
ppband NO, =359 ppb). The instrument was operated with both
acetate and H;O™- (H,0), clusters over the course of the study
with a mass range 5-523 Th. Here, we show results utilizing
protonated water clusters as the reagent ion. Other experimental
details are provided in the supplemental information.

Figure 8a shows an average UMR mass spectrum from a heat-
ing cycle after 5 h of oxidation for the post temperature range

125-175°C. The mass spectrum contains numerous peaks with
the most intense signals at 59 and 181 Th, which, based on
HR analysis, are identified to be either protonated acetone or
propionaldehyde (C3H¢O- H*, 4 4 Th Th™') and an unknown
compound with the likely elemental composition of C;,H;¢O-
H* (1 uTh Th™"). The latter formula implies a cyclic alkenone
or an ion after —OH loss. Clusters of peaks every 14 and 16 Th
suggest a difference of -CH;, N, and/or O. Figure 8b shows a
difference spectrum between the heating and sampling cycles
normalized to the signal at 181 Th. The heating spectrum was
calculated by integrating the signal during the thermal desorp-
tion cycle for each m/Q and then dividing by the sampling time.
The sampling spectrum is just an average of the signal at each
m/Q measured during the 10 min sampling cycle. There is a
clear progression in the difference spectrum from negative to
positive signal around 150 Th, indicating the transition from
species that are preferentially detected in gas-phase to those
predominantly collected on the post (e.g., in the particle-phase)
as m/Q increases.

Figure 9 shows the time evolution of two oxidation products
during the 18 h photo-oxidation experiment. A faulty MOVI
postheater resulted in incomplete vaporization during some of
the heating cycles; therefore, the data corresponding to these
times is removed from the plot. Inspection of the high-resolution
spectra did not reveal the presence of multiple compounds at
the corresponding m/Q for the products discussed below; there-
fore, UMR signal is used. Figure 9a shows the evolution of
the C1,H»O- H* (183 Th), which we presume is the carbonyl
product formed from the reaction of an alkoxy radical with O,
and Figure 9b shows the evolution of C;;H;3NOy4- HY (246 Th),
which we presume is the 1,4-hydroxynitrate (1,4-HN) formed
from the addition of NO to the hydroxyperoxy radical. Both are
first generation products that have been observed previously by
other studies (Lim and Ziemann 2009; Aschmann et al. 2011).
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FIG. 8. Unit mass resolution (UMR) spectra after 5 h of cyclododecane oxidation by OH-radicals in the presence of NOx. (a) Average of signal between

125-175°C during a heating cycle, and (b) difference spectrum between heating

Although both of these products form within 1 h of the start of
the experiment and partition between gas and particle-phases,
they evolve differently during the remaining experiment time
indicating differences in their relative production and loss pro-
cesses. Included for reference is an estimate of the OH exposure

and sampling cycles.

during the experiment as well as the NO/NO, ratio. Both of
these quantities demonstrate substantial changes over the course
of the experiment and the evolution of the carbonyl and 1,4-HN
ions are consistent with the changes in these indicators. In par-
ticular, the rapid formation of the first generation carbonyl and
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1,4-HN in the first hour of the experiment, followed by their
much slower evolution thereafter is consistent with the dramatic
loss of the parent hydrocarbon in the first hour followed by much
slower loss thereafter (Figures S3b and S4). Moreover, there is
a clear change in the 1,4-HN production rate over the first few
hours likely due to a strongly increasing NO/NQO, ratio during
that time.

Using the elemental composition and the structure of the
carbonyl and 1,4-HN, we can estimate their subcooled liquid
vapor pressures, and thus their saturation concentrations,C;?,
allowing us to predict their particle-phase fraction (Donahue
et al. 2006, 2011). Note that the C; reported here does not
take into account the activity coefficient of the compounds in
a mixture. Subcooled liquid vapor pressures were calculated
(Lindsay Yee, personal communication) using the EVAPO-
RATION model (Compernolle et al. 2011). For the carbonyl,
C? is estimated to be ~1.2 x 10° ug/m?® suggesting that it
is an intermediate-volatility (300 < C? < 3 x 10° pug/m?)
organic compound. In the case of 1,4-HN, C? is estimated to be
~57 pug/m?, indicating that it is a semivolatile (0.3 < C? <
300 wg/m?) organic compound, and therefore should readily
partition between gas and particle-phases compared to the
carbonyl. The volatility classes mentioned above are based on
Donahue et al. (2012).

Adsorption of gases onto the MOVI manifold and post dur-
ing sampling cycle, as noted above, is a known artifact for all
impaction techniques. Therefore, the actual particle-phase mass
loading will be lower than that of implied by the signal mea-
sured during the heating cycle for intermediate-volatility and
semivolatile organic compounds. This could be one of the rea-
sons for the carbonyl being observed during the heating cycle.
Ongoing MOVI design improvements are aimed at further re-
ducing this adsorption artifact. The other possibility for observ-
ing the carbonyl during a thermal desorption could be thermal
decomposition of oligomeric compounds. Future data analy-
sis and the MOVI passing efficiency for such a carbonyl will
investigate this aspect.

5. CONCLUSIONS

The MOVI-HRToF-CIMS instrument is unique in that
it provides, within a compact field-deployable package, (1)
quantifiable molecular-level information for both gas and
particle-phase oxygenated organic species on a semicontinuous
timescale across a large range of volatilities, (2) the ability to
efficiently probe oxidation and SOA formation mechanisms
by estimating the elemental composition of the detected
compounds, and (3) relative volatility information of the
detected compounds using the programmed thermal desorption
information from the MOVI. These three traits make the MOVI-
HRToF-CIMS, unique and complementary to other techniques
that are presently available for OA and OG analysis. In
particular, one of the benefits of our approach apparent from the
tests we described is an ability to study highly oxidized organic
compounds without temporal limitations or other restrictions

induced by preseparation. Chromatographic preseparation has
its own advantages, and the desired time response and range
of compounds of interest ultimately must be weighed. The
prototype instrument described here is in the early stages of
application, yet we have demonstrated that it has the sensitivity
and precision necessary for making in-situ observations of
gas and particle composition in a range of environments.
Further improvements in the MOVI collection and desorption
approaches are ongoing, aimed at continuing to address the
well-known challenges of sampling intermediate and semi
volatility compounds while preserving gas/particle partitioning
between the atmosphere and instrument. Development and
characterization of other CI schemes is also proceeding to
further expand the range of detectable compounds.
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Figure S1. Mass resolving power of the MOVI-HRToF-CIMS instrument as a function of m/Q.
Data are shown for V and W modes. Also shown are data for the V and W modes, compact (C),
and the quadrupole Aerodyne aerosol mass spectrometer (AMS) from DeCarlo et al (2006), V-

mode data for PTR-TOF-MS from Jordan et al (2009) and Graus et al (2010), and data for C-

ToF-CIMS from Bertram et al (2011).
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Figure S2. Relative acidities of mono and dicarboxylic acid compared to acetic acid as a
function of number of carbons in the molecule. Gas-phase acidity data is taken from NIST

chemistry webbook (Bartmess 1989).

Particle-Phase Sensitivity Experiments

Upon atomization, aerosol particles were dried in a heated glass flow tube (54 °C) and mixed
into a 11000 sscm N dilution flow. A differential mobility analyzer and a condensation particle
counter (GRIMM Technologies, Inc., Douglasville, GA) were used to measure the size
distributions at the end of the drying tube just prior to sampling by the MOVI via a short length
of conductive tubing. These distributions together with a mole fraction weighted estimate of
particle density were used to determine the sampled particle mass concentration. The outlet from
this tube was connected to a 3-way, 1.27 cm OD, stainless steel manual ball valve which allowed

the aerosol flow to be directed to either the MOVI or via a bypass to a vent. To minimize loss of



aerosol particles in the transfer lines, only 1.27 cm OD stainless steel and silicon conductive
tubing were used for particle transfer. To change the particle mass collected, the sample time was
varied from 5 to 180 s. Variation in the mass concentration was calculated to be within 5% from
one scan to the next. The volume weighted mean mobility diameter was d,, = 120 nm (~
aerodynamic diameter d, = 140 nm) and the geometric mean standard deviation was o, = 2.8 nm.
Assuming an average density of 1.23 g cm™, the average mass concentration was calculated to be
approximately 31 pg m™. The density of TA was assumed to be equal to that of citric acid (1.665

gcm™).

a-pinene Ozonolysis Experiment
The entrained aerosol flow reactor used here is similar to that used previously in this lab and
described in detail by Bertram et al (2009). Briefly, the flow reactor is a 90 cm long, 15 cm ID
stainless steel tube with 5 cm deep aluminum caps on both ends. The caps have ports with
Swagelok fittings to introduce effluent flows tangential to flow direction. The interior walls of
the flow reactor and the caps are coated with halocarbon wax (Series 1500 inert wax, Halocarbon
Products Corp., River Edge, NJ) to minimize particle wall losses and wall interactions. Outside
of the flow reactor is wrapped in 1” polyethylene foam to minimize effects due to fluctuations in
room temperature. For a flow of 2000 sccm, the residence time in the flow reactor is calculated
to be 8 minutes.

Hydrocarbon (a-pinene, 98% Arcos organics) flow is generated by bubbling 5 sccm of
UHP N, through o-pinene filled glass flask maintained at —40 to -45 °C using a cold finger
(Thermo Scientific Instruments). The temperature was decreased to minimize the vapor pressure

of a-pinene and thus produce small concentration mixture. Ozone was produced using photolysis



of dry O in the presence of N» in a cell containing 185 nm Hg pen-ray lamp (UVP). Ozone was
monitored using a Dasibi Environmental Corp. (Glendale, CA) commercial ozone monitor and
was measured to be 900 + 70 ppb. Dry N, was added at the outlet of the flow reactor to match
the reaction mixture flow to the sample flow rates of the MOVI (10,000 sccm). Aerosol particle
size and number concentration was measured after the dilution flow using a differential mobility
analyzer/condensation particle counter (DMA/CPC, Grimm technologies, GA, USA). A stainless
steel 3-way, 2" valve was used to control the flow from the flow reactor to the MOVI while
LabView 9.0 (National Instruments, TX, USA) was used to automate the sample and desorption
cycles. Tubing from the flow reactor to the MOVI was either /2 OD copper or stainless steel to

minimize particle losses during transfer. No seed particles were used during these experiments.

Alkane Photo-oxidation Experiment

Experiments were performed at Caltech in the indoor, 28 m’ Teflon environmental chambers
(Cocker et al. 2001, Keywood et al. 2004). The temperature and relative humidity (RH) during
these experiments were 20 + 2 °C and <5%. Blacklights (4-foot, 400 Sylvania 350BL) with
emission spectra peaking at 350 nm were used to irradiate the chambers. The chamber was
flushed with zero air for a minimum of 18 h before the experiment. OH radicals were generated
by photolysis of nitrous acid (HONO) during the high-NOy experiments. OH concentrations
peaked at 1 x 10’ molec cm™ for the first two hours owing to the rapid photolysis of HONO.
Also, photolysis of HONO produced NO and NO; and additional NO was added so that the
dominant loss process for the RO, radicals was through reaction with NO. Initial NO and NO,
concentrations were 377 and 359 ppb, respectively. It should be noted that the NO, signal has

interference from HONO in the NOy analyzer. The NO, concentration reported here is not



corrected for this interference and therefore the value reported here is an upper bound estimate.
Ozone concentrations in the chamber were below 5 ppb during the entire course of experiments.
Initial cyclododecane (CDD) concentrations in the bag, as measured with Tenax TA sorption
tubes and GC-FID analysis, were 10 ppb. Multiple Tenax tubes where collected during the
course of the experiments to monitor losses of the hydrocarbon precursor.

Dry ammonium sulfate ((NH4),SO4) seed aerosol were generated by atomizing 15 mM
solution. Two TSI differential mobility analyzers along with condensation particle counters were
used for number and size measurements. The number-weighted mean diameter of seed particles
was typically 70 nm. The chamber has been characterized for hydrocarbon and particle wall
losses previously (Loza et al. 2010), but the data presented here is not corrected for these losses.
SOA mass concentrations are calculated from the SMPS data assuming spherical particles and a
density of 1 g cm™.

Figure S3 shows the evolution of particle size distribution, SOA mass concentration, and
the loss of the hydrocarbon during the entire 18 h experiment for the conditions described above.
We can clearly see the rapid loss of CDD and corresponding growth in the SOA mass
concentration within 1 h of the chamber lights being turned on due to significant OH production
(see Figure S4) from HONO photolysis. The aerosol particle distribution also shows this
dramatic change with increase in both number and size of the aerosol particles. The number
mean diameter increases from 70 nm before the lights are turned on to 100 nm within 1 h and
further increase to 105 nm by the end of the experiment. The growth in SOA mass concentration
reaches a maximum at 17 pg m™ after 2 h and then decreases over for the rest of the experiment.
CDD is rapidly lost within the first 2 h and reached approximately 2.5 ppb, which mirrors the

increase in SOA mass concentration. After the first 2 h the SOA mass concentration decreases



slowly and can be explained by the loss of oxidation products and aerosol particles to the

chamber walls.
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Figure S3. (a) Particle size distributions and (b) SOA mass concentration and hydrocarbon

concentration during the photo-oxidation of cyclododecane under high-NOy conditions for 18 h
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Table S1

Estimated elemental compositions for a-pinene ozonolysis products detected during the heating

cycle.
-m/Q measured Measured ion peak Estimated elemental accuracy
(Th) area (Hz) composition (nTh Th'l)
44.9977 31616 CHOy -11.3
71.0130 978 C;H;0; -11.7
72.9926 4808 C,HO3" -7.7
75.0075 1664 C,H;05 -17.5
76.9883 9 CHO4 2.9
83.0128 227 C4H;0, -12.3
85.0288 2861 C4H50;, -8.6
87.0084 2949 C;H;05 -3.8
88.9876 6910 C,HO5 -4.9
97.0291 873 CsH50, -3.8
101.0237 2463 C4H505 -7.5
103.0029 1185 C;H;04 -1.5
103.0391 1176 C4H,05 -9.5
105.0179 576 C;Hs04 -13.6
106.9975 44 C,H;05 -10
109.0278 118 Ce¢HsOy -15.8
111.0076 935 CsH;05 -10.4
111.0439 1046 CsH,0y -11.6
113.0250 1654 CsH505 5.2
115.0381 1882 CsH,05 -17.1
117.0189 2453 C4H504 -3.7
119.0345 11895 C4H,04 -3.9
121.0273 380 C;H;50;, -18.4
123.0444 497 C/H,07 -6
125.0239 389 CeH505 -4.2
125.0618 382 C;HyOy 7.7
127.0396 2096 CeH,05 -4
129.0179 891 CsHs04 -11.3
129.0543 1110 CsHoO5 -11.2
129.0896 113 C;H;0, -19.5
131.0353 1626 CsH,04 2.3
133.0140 83 C4Hs05 -2.00
133.0518 44 CsHoO4 8.8
137.0231 197 C,H505 9.4
137.0620 124 CsHoOy 8.9

11



-m/Q measured Measured ion peak Estimated elemental m/Q accuracy

(Th) area (arb units) composition (uTh Th™)
139.0409 1263 C-H,05 6.2
141.0892 1352 CsHi30,5 -20
143.0344 2086 CsH;04 -4
143.0715 723 C,H,,05 0.6
145.0493 1416 CsHoO4 94
145.0861 777 C;H305 -6.4
147.0285 452 CsH,05 94
147.0648 292 CsH104 -10
149.0079 28 C4Hs504 -8.5
151.0369 67 CsH,05 -20.9
151.0742 117 CoH1105 -15
153.0166 140 C,Hs04 -17.8
153.0541 253 CsHoO5 -10.9
153.0911 426 CoH 30,5 -6.9
155.0341 2422 C-H,04 -5.8
155.0707 4069 CsH 105 -4.6
157.0509 6271 C-HoO4 2
157.0868 2824 CgH 505 -1.2
159.0655 1682 C;H,,04 -5.1
159.0276 517 CsH,05 -14.5
161.0792 395 C,H;304 -16.8
165.0214 406 CsHs04 12.8
167.0693 658 CoH1,105 -12.2
169.0876 42154 CoH 305 3.1
171.0674 23082 CgH,,04 6.2
173.0432 1117 C,HoO5 -13.6
173.0798 2732 CsHi304 -12.5
177.0053 22 CsHs07 6.6
177.0758 33 C;H1305 -6
178.9830 56 C4H504 2.2
181.0835 814 C1oH1305 -19.3
183.1026 31621 CioH;505 -0.3
185.0831 64393 CoH1304 6.1
189.0742 2166 CgH 505 -14
193.0131 37 CoH505 -5.7
193.0529 36 CioHyO4 11.5
195.0661 249 CioH1104 -1
197.0815 6790 CioH 1304 2.2
199.0972 19813 C1oH1504 -1.7
201.0780 5409 CoH 305 -5.9
205.0702 156 CsH130¢ -7.7
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-m/Q measured

Measured ion peak

Estimated elemental

Mass accuracy

(Th) area (arb units) composition (uTh Th™)
207.0857 43 CsHi504 -8.3
209.0770 48 Ci1H304 -23.5
209.1140 46 C,H1,05 -20.6
211.0583 140 CioH1105 -13.9
211.0962 236 C11Hi504 -6.5
213.0763 2742 CioH305" -2.8
215.0922 12358 C1oH;505 -1.2
217.0685 560 CoH 504 -14.9
219.0835 342 CoH150¢ -17.7
221.0998 95 CoH7,0¢ -14.7
223.0499 40 C,H;,0¢ 17.6
223.0991 67 CoH 504 6.9
225.0651 83 C;H130¢ 15.7
225.1095 148 C,H 704 -16.7
227.0905 941 C11H;505° -8.6
229.1256 422 CsH,05 94
231.0884 1295 C1oH150¢6 4.4
235.0789 105 CoH, 507 -14.8
237.0582 51 CsH130¢ -14.2
237.1501 9 C4H, 05 2.0
239.0437 24 C,H;,0¢ 11.8
239.0888 110 Ci2H;505 -15.6
239.1276 75 Ci3H1904 -5.3
241.1035 377 C,H705 -19.2
249.0972 121 C1oH1,07 -3.1
253.0586 25 CsH 5049 8.1
253.1068 89 Ci3Hy705° -54
253.1488 29 C4H, 04 16.7
255.2302 225 Ci¢H3,05 -10.8
257.1026 290 C,H70¢ -1.6
259.1153 2013 C1,H190¢ -13.0
263.1123 285 C1H o017 -5.0
265.0564 18 CoH 1309 -0.3
265.1073 50 CisH1705 -3.1
265.1488 40 Ci5sHy,04 15.9
267.1206 74 Ci4H1505 -12.1
267.1607 37 CsHx304 -1.9
269.1052 76 C3H70¢ 8.0
269.1574 85 C3H,05 10.0
269.2132 20 C16HoO5 3.6
271.1166 153 C13H190¢ -7.8




-m/Q measured Measured ion peak Estimated elemental Mass accuracy

(Th) area (arb units) composition (uTh Th™)
273.1030 243 CioH707 18.5
275.1099 719 C2H 1907 -13.7
281.0988 36 Ci4H1,0¢ -15.1
283.1187 61 Ci4H190¢ 0.0
283.1561 51 Ci5sHx05 34
285.0994 82 C3H707 4.8
287.1163 136 C13H1507 9.3
289.1128 173 Ci6H 1705 16.1
291.1091 129 C1,H505 1.9
293.0837 31 Ci1H1,09 -14.1
293.1379 58 Ci6H2105° -5.3
293.1796 32 C17Hp504 12.7
295.1077 33 Ci1H50y 14.5
295.1607 68 Ci16Hp305 18.8
301.1663 39 Ci5H2506 2.2
303.1048 100 C3H9Og -12.5
305.0719 17 Ci5H1507 17.0
305.1186 67 C3H,0¢ -18.2
305.1700 25 Ci13Hps04 -19.1
307.1818 90 C14H,,07 18.2
309.0875 19 C11H19040 15.4
309.1504 68 C13H,504 -16.4
311.1535 153 C16H230¢ 11.1
315.0774 30 Ci3H;509 16.8
315.1233 101 Ci3H1905 -1.5
317.1278 121 C14Hy 08 11.3
319.0779 17 Ci¢H1507 -13.8
319.1846 60 Ci9H2,04 -21.5
321.1686 101 Ci3Hp505 -6.6
323.1720 145 C14Hy,05 2.7
325.1633 156 C17H50¢ 74
327.1585 199 CoHp04 -5.1
329.1363 247 CioH2, 05 -9.7
331.1362 152 Ci5sHp04 -11.0
333.1133 55 C14H,09° -17.4
333.1699 41 C1oHp505 -2.5
335.1796 131 C1oH,,05 -20.4
337.1886 137 Ci5Hp04 5.2
339.1771 432 CisH»706 -12.4
341.1624 294 C17Hp5s07 53
343.1427 548 Ci1sHp0g 8.4
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-m/Q measured Measured ion peak Estimated elemental Mass accuracy

(Th) area (arb units) composition (uTh Th™)
347.1397 96 CsH309 14.3
349.1107 21 C14H2,040° -9.6
349.1654 31 C1oH250¢ -0.6
349.2065 20 Cy0H2905 12.7
351.1789 112 C1oH,,0¢ -6.8
353.1922 693 C1oH90¢ -13.6
355.1783 479 CsH,,07 5.9
357.1561 753 C7H,505 1.8
359.1487 298 Cy0H230¢ -3.7
361.1463 170 Ci6H2500 -11.3
363.1495 45 C1oH2307 12.5
365.1186 14 CisHy O -15.3
365.1903 39 Cy0H290¢ -18.4
367.1999 398 Ci6H3109 6.8
369.1867 765 C1oH2907 -14.0
371.1700 780 CisH,70¢ -3.1
373.1582 496 C,1Hy50¢ -19.9
377.1519 52 Ci6H25010° 17.3
379.1239 14 Ci5sH23011° -1.7
381.2146 271 C17H3309 42
383.1920 551 Ci6H3101¢ -0.6
385.1810 821 C1oH,905 -15.1
387.1662 715 CisH,,09 0.4
389.1655 243 Cy1Hy507 12.6
391.1579 64 C17H27010° -7.8
393.0964 4 Ci5H,015 -18.9
393.1608 20 CyoH,505 13.5
393.2193 6 CisH3300° 15.9
395.1957 48 C7H3,010° 8.6
397.1875 235 CyoH,905 1.8
399.1905 657 Ci6H31011° 8.4
401.1794 513 CioH2909" -5.7
403.1680 240 CisH27010° 17.4
407.1692 20 C,1H,,0¢ -4.9
411.1937 80 C7H3,047 15.9
413.1829 229 Cy0H2909 2.9
415.1865 424 Ci6H31012° 10.5
417.1783 211 CioH»01o° 4.1
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