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Abstract. The peroxycarboxylic nitric anhydrides (PANs,
molecular formula: RC(O)O2NO2) can readily be observed
by gas chromatography (PAN-GC) coupled to electron cap-
ture detection. Calibration of a PAN-GC remains a chal-
lenge, because the response factors differ for each of the
PANs, and because their synthesis in sufficiently high pu-
rity is non-trivial, in particular for PANs containing unsatu-
rated side chains. In this manuscript, a PAN-GC and its cal-
ibration using diffusion standards, whose output was quan-
tified by blue diode laser thermal dissociation cavity ring-
down spectroscopy (TD-CRDS), are described. The PAN-
GC peak areas correlated linearly with total peroxy nitrate
(6PN) mixing ratios measured by TD-CRDS (r > 0.96). Ac-
curate determination of response factors required the concen-
trations of PAN impurities in the synthetic standards to be
subtracted from6PN. The PAN-GC and its TD-CRDS cal-
ibration method were deployed during ambient air measure-
ment campaigns in Abbotsford, BC, from 20 July to 5 Au-
gust 2012, and during the Fort McMurray Oil Sands Strategic
Investigation of Local Sources (FOSSILS) campaign at the
AMS13 ground site in Fort McKay, AB, from 10 August to
5 September 2013. The PAN-GC limits of detection for PAN,
PPN, and MPAN during FOSSILS were 1, 2, and 3 pptv, re-
spectively. For the Abbotsford data set, the PAN-GC mix-
ing ratios were compared, and agreed with those determined
in parallel by thermal dissociation chemical ionization mass
spectrometry (TD-CIMS). Advantages and disadvantages of
the PAN measurement techniques used in this work and the
utility of TD-CRDS as a PAN-GC calibration method are dis-
cussed.

1 Introduction

Peroxycarboxylic nitric anhydrides (PANs, also referred to
as peroxyacyl nitrates) are important trace gas constituents
of the troposphere (Roberts, 1990, 2007; Altshuller, 1993).
PANs are formed as byproducts in the same photochem-
istry between NOx and volatile organic compounds (VOCs)
that produces ozone (O3) and photochemical smog; they are
therefore good chemical markers of the types of VOCs in-
volved in the O3 formation process (Roberts, 2007). Fig-
ure 1 shows examples of the most abundant PANs that have
been found in the troposphere. Peroxyacetic nitric anhydride
(PAN, molecular formula: CH3C(O)O2NO2; this is often re-
ferred to by its non-IUPAC name peroxyacetyl nitrate) is
generally the most abundant PAN species, because its main
precursor, acetaldehyde, is an oxidation product of many
VOCs. Peroxypropionic nitric anhydride (PPN) is derived
from propanal, and is generally regarded as an anthropogenic
pollution tracer, whereas peroxymethacrylic nitric anhydride
(MPAN), which in ambient air is formed from methacrolein
(an isoprene oxidation product), is a tracer of the oxidation
of biogenic VOCs. Peroxyacrylic nitric anhydride (APAN,
originally referred to as vinyl PAN; Grosjean et al., 1994)
is formed from acrolein (a propylene or butadiene oxidation
product), and is regarded as a tracer of petrochemical VOC
oxidation chemistry (Roberts et al., 2001, 2003; Tanimoto
and Akimoto, 2001). In high concentrations, PANs are
lachrymators, and are toxic to plants (Horvath et al., 1986;
Kleindienst, 1994). Furthermore, PANs are considered NOx
reservoir species, because they are longer lived than NOx
(≡ NO+ NO2) and generate NO2 when they decompose
(Kirchner et al., 1999). Chemical transport models indicate
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Figure 1. Molecular structures of common peroxycarboxylic
nitric anhydrides. PAN= peroxyacetic, PPN= peroxypropionic,
PiBN= peroxyisobutanoic, MPAN= peroxymethacryloyl, and
APAN = peroxyacryloyl nitric anhydride.

that PANs can carry NOx over long distances and affect
photochemical O3 production in remote regions (Fischer
et al., 2010; Pandey Deolal et al., 2013). Due to its rela-
tively long lifetime, PAN is also often the most abundant
“odd nitrogen”, or NOy (≡ NOx + 6PAN + 6AN + HNO3
+ HONO+ NO3 + 2N2O5 + ClNO2 + . . . ), species in the
middle to upper troposphere, at high latitudes, and in biomass
burning plumes (Stroud et al., 2003; Alvarado et al., 2010).

Over the years, a variety of techniques to quantify
PAN mixing ratios in ambient air have been developed. A
widely used, mature, robust, and sensitive technique is gas
chromatography with capillary columns and electron cap-
ture detection (e.g., Darley et al., 1963; Blanchard et al.,
1990; Schrimpf et al., 1995; Williams et al., 2000; Volz-
Thomas et al., 2002; Flocke et al., 2005); this measurement
technique is referred to as PAN-GC in this manuscript. A
relatively new and increasingly popular technique is thermal
dissociation chemical ionization mass spectrometry (TD-
CIMS). In this technique, the PANs are dissociated in a
heated inlet to their corresponding peroxyacyl radicals and
detected, following electron transfer reaction with an io-
dide reagent ion, as their corresponding carboxylate an-
ions (Slusher et al., 2004). Measurement of PANs using
TD-CIMS in ambient air, however, is not straightforward,
as there are matrix effects and interferences to consider
(Zheng et al., 2011; Mielke and Osthoff, 2012; Phillips et
al., 2013). Accurate measurements of MPAN are partic-
ularly challenging, because TD-CIMS is relatively insen-
sitive to MPAN, and because ions other than methacry-
late (CH2 = C(CH3)CO−

2 ), e.g., trifluoromethoxy anions
(CF3O−, generated from CF3OH that outgasses from Teflon
tubing) and crotonate (CH3CH= CHCO−

2 , generated from
peroxycrotonyl nitrate, CPAN), interfere atm/z 85 (Zheng et
al., 2011; Mielke and Osthoff, 2012). PANs have also been
quantified by proton transfer mass spectrometry (Hansel and
Wisthaler, 2000; Hastie et al., 2010) and by quantifying the
NO2 generated from their thermal dissociation (usually by
the difference relative to background NO2) using luminol

chemiluminescence (CL) (Nikitas et al., 1997; Marley et al.,
2004), laser-induced fluorescence (LIF) (Day et al., 2002;
Wooldridge et al., 2010), or cavity ring-down spectroscopy
(CRDS) (Paul and Osthoff, 2010; Paul et al., 2009). In spite
of the development of these new PAN measurement tech-
niques, PAN-GCs remain attractive because of their rela-
tive simplicity, compactness, robustness, good sensitivity,
and lack of interferences, properties that are desirable for
long-term and unattended operations (e.g., Mills et al., 2007;
Zhang et al., 2009; Fischer et al., 2010; Zhang et al., 2012).

The key challenge in the measurement of PANs by PAN-
GC is calibration. The response factors of PAN-GC instru-
ments (and, incidentally, of TD-CIMS instruments) are dif-
ferent for each of the PAN compounds; hence, each PAN
requires individual calibration (Flocke et al., 2005). Diffu-
sion sources whose outputs are quantified by NOy CL in-
struments are commonly used for this purpose. This, how-
ever, requires syntheses of PAN standards in high purity. The
syntheses of pure MPAN and APAN samples are particularly
challenging, because both molecules contain carbon–carbon
double bonds in their side chain that are prone to unwanted
side reactions. In their case, a preparative-scale GC is often
used to discriminate the PAN standard from other nitrogen
oxide-containing impurities (Flocke et al., 2005). Another
challenge in the calibration using diffusion sources is sample
storage and delivery, as PANs are explosive in pure form and
are prone to thermal decomposition; as a result, standards are
usually stored in a non-polar solvent (such as tridecane) at
cold temperatures, e.g., in vials partially immersed in an ice-
water bath (Gaffney et al., 1984). Photochemical sources, in
which PANs are generated in situ, e.g., from photodissocia-
tion of dialkyl ketones in the presence of oxygen and a cali-
brated amount of NOx, are an attractive alternative to diffu-
sion standards, as they require neither cooling nor the trans-
port and storage of toxic chemicals (Warneck and Zerbach,
1992; Grosjean et al., 1984; Flocke et al., 2005; Pätz et al.,
2002; Volz-Thomas et al., 2002; Emrich and Warneck, 2000;
Furgeson et al., 2011). So far, photochemical sources have
been limited to the generation of PANs with short saturated
side chains, i.e., PAN, PPN, and peroxyisobutyric nitric an-
hydride (PiBN) (Furgeson et al., 2011).

In this manuscript, a recently assembled PAN-GC and its
calibration for PAN, PPN, MPAN, and APAN using diffu-
sion standards whose outputs were quantified by blue diode
laser TD-CRDS are described. Calibration and ambient air
data collected during measurement campaigns at ground sites
in Abbotsford, BC, from 20 July to 5 August 2012, and
near Fort McKay, AB, during the Fort McMurray Oil Sands
Strategic Investigation of Local Sources (FOSSILS) cam-
paign from 10 August to 5 September 2013, are presented.
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2 Experimental

2.1 PAN-GC setup and operation

The PAN-GC used in this work was a Varian
3380CP equipped with an ECD detector (model num-
ber 02 001972 01) that was converted to measure PANs in
a similar fashion to that described by Fischer et al. (2010).
A two-position sample valve (VICI Valco EHC10WE,
1/16′′

× 0.40 mm with a microelectric actuator) and a sample
loop constructed from polyether ether ketone (PEEK, VICI
“Cheminert”) were mounted inside the GC oven as shown in
Fig. 2. A 10-port valve was used (in lieu of a 6-port valve)
because it was the only valve on hand. The analytical column
used was a medium polarity “megabore” column (Restek
RTX-1701) with a 0.53 mm inner diameter (i.d.) and 1 µm
film thickness. Sample air was drawn through the sample
loop using a miniature air compressor (McMaster-Carr
4404K15) at a flow rate of 115 standard cubic centimeters
per minute (sccm) set by flow restriction. Ultrapure He
(Scott-Marrin) was used as a carrier gas at a flow rate of
20 mL min−1 set using a needle valve and measured at the
ECD exhaust. A van Deemter plot analysis (not shown)
showed that the chromatographic height of a theoretical
plate was at its minimum value at this carrier gas flow rate.
The He regulator was connected to the GC via PEEK 1/8′′

outer diameter (o.d.) tubing (VICI) through a He-specific
inline “triple trap” (Restek 22469) to remove hydrocarbons,
oxygen, and moisture. The carrier gas was re-humidified
by passing it over 50 g CuSO4 pentahydrate (99.995 %,
Aldrich) contained in a stainless steel sample cylinder with
150 cm3 internal volume capped by a 2 µm pore size in-line
filter (Swagelok 316L-HDF4-150 and SS-4FW5-2). The
presence of H2O has been reported to reduce chemical on-
column losses of PAN compounds and to improve run-to-run
reproducibility for periods of several months of continuous
operation (Flocke et al., 2005). ECD-grade N2 (Praxair) was
used as a make-up gas at a flow rate of 2.0 mL min−1.

Prior to making measurements, the ECD was heated for
24 h at its maximum temperature setting of 300◦C under
He flow to lower the background signal. Afterwards, the
ECD was operated at its lowest possible temperature setting
(50◦C) in constant current mode with the “FAST” (50 ms)
time constant setting. The ECD signal voltage was digitized
using a Universal Serial Bus (USB) 2.0 data acquisition mod-
ule (Omega) connected to a laptop computer running soft-
ware written in National Instrument’s LABVIEW 2010, which
also controlled the main switching valve. The valve was set
to the “fill sample loop” position (Fig. 2a) by default. Injec-
tions were automated (usually every 6 or 10 min) and syn-
chronized to the top of the hour by switching to the “sample
to column” setting (Fig. 2b) for 30 s.

During the Abbotsford campaign, the PAN-GC sampled
from an inlet constructed from 1/4′′ (0.635 cm) o.d. fluori-
nated ethylene propylene (FEP) Teflon tubing shared with a
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Figure 2. Schematic of the PAN-GC (items not to scale).(a) Fill
sample loop (default).(b) Sample loop to column. See text for a
detailed description.

commercial O3 UV absorption spectrometer (Thermo 49i)
and sampled through a 1 µm pore size Teflon filter in a poly-
carbonate filter holder (Pall Life Sciences). The passing ef-
ficiency of such a filter has been reported as 100 % (Roberts
et al., 2007), which was confirmed in laboratory tests. Ambi-
ent air samples were automatically injected onto the column
once every 6 min. The sample loop had an internal volume of
2.0 mL, and the analytical column length was 20.41 m. The
column oven was set to a temperature of+25◦C, but was oc-
casionally higher in the afternoons as the trailer housing the
instruments warmed up to above this temperature. At the be-
ginning of the campaign (until 25 July, 16:00 local time), the
ECD was operated with the “CAP” (480 pA) sensitivity set-
ting and at a contact potential of 175 mV. The remaining data
were collected using the (less sensitive) “N2STD” (290 pA)
setting. The detector voltages were digitized using a 14-bit
data acquisition module (Omega USB-1408FS) at a sampling
rate of 500 Hz.
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For the FOSSILS campaign, the data acquisition board
was upgraded to a 16-bit module (Omega USB-1608FS)
operated at a sampling rate of 10 kHz. Data were box-car
averaged to 20 Hz immediately after acquisition. The ECD
was operated with the “CAP” (480 pA) sensitivity setting at
a contact potential of 400 mV. The analytical column was
shortened to 10.5 m, the sample loop volume reduced to
1.0 mL, and the oven temperature set point was set to a
temperature of 22◦C. Ambient air samples were automati-
cally injected once every 10 min. Partway through the FOS-
SILS campaign, the PAN-GC miniature air compressor pump
failed. Sample air was then drawn through the sample loop
using a 50 µm critical orifice connected to a twin head di-
aphragm pump (KNF Neuberger N 026.1.2AT), which pro-
vided a flow rate of 15 sccm as measured using a mass flow
controller (MKS M100B), and which altered the PAN-GC
response factors (see Sect. 3.3).

2.2 Data reduction

To determine chromatographic parameters, parameters of the
Gaussian Eq. (1) were fitted to the observed peaks using a
macro written in Igor Pro 6 (Wavemetrics).

V =
A

√
2πσ 2

e
−1
2

(
t−t0

σ

)2

+ V0 + mt (1)

In Eq. (1),V is the signal voltage observed,A andσ are the
peak area and its standard width,t is the time since injection,
t0 the retention time, andV0 andm are the offset and slope
of the background.

Chromatograms were smoothed in post-data acquisition
processing using Igor Pro’s built-in Savitzky–Golay algo-
rithm (fourth order). For the Abbotsford campaign, a width
of ∼ 2 s, i.e., 1001 data points, was chosen, whereas for
the FOSSILS campaign, a width of four standard peak half
widths (∼ 4σ ; see Tables 1 or 2 for typicalσ values) was used
for each peak, i.e., PAN peaks were smoothed over 69 data
points, PPN over 235 points, and MPAN over 399 points.

To ensure that the fitting macro converged onto the “cor-
rect” local minimum (i.e., fitted the peak and did not at-
tempt to fit a trend in the background or the oxygen peak),
only the region near a peak (t0 ± 8σ) was fitted. The fits
were performed in stages: the first iteration constrainedt0,
σ , andA to values from the preceding chromatogram (or to
values that were entered manually) to determine the base-
line (which shifted often between chromatograms). These
constraints were lifted sequentially in subsequent fits until
the peak was described accurately by Eq. (1). For PPN and
MPAN, knowledge of the relative retention times and peak
widths from calibration runs were used in the first fit itera-
tion; i.e., t0 andσ were estimated from their average values
relative to those of the PAN peak (in the same chromatogram)
observed in calibration runs. Subsequent fit iterations were
the same as for PAN.

Table 1.Parameters of Eq. (1) fitted to the top three chromatograms
in Fig. 5a. The fit uncertainties are those estimated using built-in al-
gorithms in the Igor Pro 6 software package. The uncertainty stated
for 6PN is the 1σ measurement precision. Concentrations of impu-
rities were not determined.

Parameter
(unit) PAN APAN PPN

t0 (s) 76.379± 0.003 133.570± 0.002 160.75± 0.010
σ (s) 1.238± 0.004 1.882± 0.003 2.15± 0.012
V0 (mV)∗ 250.5± 1.4 7.3± 4.0 164.4± 1.8
m (mV s−1) 0.017± 0.017 0.72± 0.03 0.105± 0.011
A (mV s) 350.6± 1.1 1177.0± 2.2 194.6± 1.2
6PN (ppbv) 0.53± 0.16 2.5± 0.2 0.43± 0.13

∗ Vertical offsets were modified in Fig. 5a to minimize overlap and improve clarity.

2.3 Synthesis of standards

PAN standards were synthesized following procedures com-
municated to us by J. Roberts (personal communication,
2009) that are based on those described in earlier publica-
tions (Williams et al., 2000; Bertman and Roberts, 1991).
Reagents were purchased from Sigma-Aldrich and used as
received. PAN, PPN, and MPAN were synthesized from their
respective acid anhydrides, which were oxidized using H2O2
to the peroxyacids and reacted with strong sulfuric and nitric
acid. Workup and sample storage were as described earlier
(Mielke and Osthoff, 2012). APAN was synthesized from
acryloyl chloride (CH2CHC(O)Cl), as it was commercially
available, whereas acrylic anhydride was not. Briefly, 8.0 mL
of acryloyl chloride (CH2CHC(O)Cl) were placed in an ice-
cold 100 mL round-bottom flask containing a magnetic stir-
rer, to which 5.0 mL of cold 50 % H2O2 were added drop
wise. After 2 h, 20.0 mL of cold tridecane were added, fol-
lowed by slow addition of 5.0 mL of cold concentrated sul-
furic acid and slow drop-wise addition of 6.0 mL cold con-
centrated nitric acid. After 15 min, the organic and aque-
ous layers were separated in a 125 mL separatory funnel.
The organic layer was washed three times using 50 mL of
cold deionized water, dried over MgSO4, and filtered through
a cotton swab. Small aliquots of APAN in tridecane solu-
tion were stored in 2.0 mL polypropylene centrifuge tubes
(VWR) in a freezer prior to use.

2.4 Thermal dissociation cavity ring-down spectroscopy

The University of Calgary blue diode laser TD-CRDS has
been described earlier (Paul and Osthoff, 2010). Briefly, the
TD-CRDS contains multiple sample channels operated at
different inlet temperatures, and differentiates between NO2
sampled at ambient temperature and NO2 + total peroxyacyl
nitrates (6PN) sampled at an inlet temperature of 250◦C.
NO2 is quantified by its optical absorption at 405 nm.6PN
is quantified by the difference relative to the ambient temper-
ature channel. During the FOSSILS campaign, the blue diode
laser TD-CRDS was operated with the “linear regression of
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Table 2. Parameters of Eq. (1) fitted to the chromatograms in
Fig. 5b, acquired during the FOSSILS 2013 field campaign. The
fit uncertainties are those estimated using built-in algorithms in the
Igor Pro 6 software package. The uncertainty stated for6PN is the
1σ measurement precision.

Parameter
(unit) PAN PPN MPAN

t0 (s) 115.080± 0.002 243.820± 0.002 408.820± 0.002
σ (s) 1.667± 0.002 2.946± 0.002 4.912± 0.002
V0 (mV)∗ 118.9± 2.1 64.3± 1.0 22.06± 0.34
m (mV s−1) 0.125± 0.018 0.0446± 0.004 0.0167± 0.0008
A (mV s) 1430.5± 1.8 1432.1± 1.0 1694.9± 0.7
6PN (ppbv) 2.43± 0.20 2.66± 0.21 2.38± 0.19
Impurities (pptv) n/a PAN: 41 PAN: 610; PPN: 29

∗ Vertical offsets were modified in Fig. 5b to minimize overlap and improve clarity.

the sum” (LRS) algorithm (Everest and Atkinson, 2008; Taha
et al., 2013) and at a diode laser pulse repetition rate of 1 kHz.

2.5 Chemical ionization mass spectrometry

The iodide ion TD-CIMS and its operation have also been
described in earlier publications (Mielke et al., 2011, 2013;
Mielke and Osthoff, 2012). During the Abbotsford campaign
and in laboratory experiments, it was operated in TD mode
(i.e., with an inlet heated to 190◦C) with a humidified re-
action chamber. Background counts arising from peroxy-
acids (Furgeson et al., 2011; Phillips et al., 2013) were de-
termined by periodically (every 30 min) flooding the inlet
with a high concentration of NO delivered from a 0.1 % NO
in N2 cylinder (Praxair). The background count data were
interpolated and subtracted from the ambient ion counts.
The TD-CIMS method is prone to interferences arising from
proton exchange of acetate (which is generated from PAN)
with organic acids and from titration of the peroxyacyl rad-
icals by NO and NO2 (Mielke and Osthoff, 2012). In pre-
vious work, the titration by NOx was tracked by adding
13C–PAN as an internal standard to the inlet. However, the
photochemical source that had been used in earlier exper-
iments to deliver13C–PAN was not used in Abbotsford,
because it had been contaminated (with Cl2) immediately
prior to the campaign. To account for matrix effects aris-
ing from titration of the peroxyacyl radicals by NO and
NO2 in the field, ambient ion counts were multiplied by
a factor of exp(kNO × [NO] + kNO2 × [NO2]), where [NO]
and [NO2] are mixing ratios observed by a commercial
NO/ NOy CL instrument (Thermo 42i) and the University
of Calgary CRDS, respectively, andkNO andkNO2 are em-
pirical constants. The values for PAN (kNO = 0.0513 ppbv−1

and kNO2 = 0.0203 ppbv−1) were determined from a com-
parison of our group’s TD-CIMS PAN data with PAN mea-
sured by NOAA’s PAN-GC during the Calnex-LA cam-
paign (Mielke et al., 2013). The values for PPN (kNO =

0.118 ppbv−1 and kNO2 = 0.033 ppbv−1) were taken from
Mielke and Osthoff (2012). During FOSSILS, the CIMS was

operated with an ambient-temperature inlet, and PANs were
not quantified by TD-CIMS.

2.6 Inlet setup and in-field calibrations

Figure 3 shows a sketch of the inlet setup deployed in the
field. All instruments were sampled from a common inlet
manifold and were “zeroed” periodically using automated
switching valves, usually in between PAN-GC injections.
During the Abbotsford campaign, a flow of∼ 20 standard
liters per minute (slpm) of ultrapure (“zero” grade) air was
delivered from gas cylinders (Praxair) via a 30 slpm capac-
ity mass flow controller (MFC, Celerity) and a two-way nor-
mally closed solenoid valve (Galtek 203-1414-215). During
FOSSILS, the instruments were zeroed using a combination
of ambient and exhaust air that was scrubbed with a combina-
tion of activated charcoal (Whatcom) and potassium perman-
ganate (Purafil Select). Occasionally, zero air from a cylinder
was used instead. The only difference observed between the
scrubbed air and the zero air was the higher humidity of the
former.

The PAN-GC was calibrated using diffusion sources that
each contained a PAN standard of interest whose output was
quantified by TD-CRDS. For in-field calibration runs, the gas
stream containing the PAN standard was delivered to the in-
let manifold in a similar fashion as described for N2O5 by
Odame-Ankrah and Osthoff (2011). Briefly, a 1/4′′ o.d. FEP
Teflon tube was conditioned for 30 min to 1 h, with the output
of the diffusion standard (which was kept in a glass vessel in
an ice-water bath) diluted in typically 20 sccm zero air. This
tube was teed into the line delivering zero (or scrubbed) air
to the main inlet (Fig. 3) and connected, via a remotely con-
trolled normally open two-way valve (Cole Parmer 01540-
10), to a waste line evacuated by a diaphragm pump (KNF
Neuberger N026.1.2AT) whose flow rate was throttled using
a 50 µm critical orifice (Lennox Laser). A similar setup was
also used to deliver a flow containing high concentrations of
NO to zero the TD-CIMS.

A typical sequence of how an individual calibration point
was obtained is shown in Fig. 4. Prior to and following the
PAN-GC injection, the TD-CRDS and NO/ NOy CL instru-
ments were zeroed (shown with a gray underlay) by flooding
the inlet with scrubbed or zero air. About 2 min prior to the
GC injection, the standard was delivered to the instruments
by closing the two-way valve. Following the PAN-GC injec-
tion, the other instruments were zeroed again. The bracketing
of the calibration sequence by “zeroes” is required to make
accurate measurements by TD-CRDS, which is inherently a
measurement of difference, i.e., of ring-down time constants
in the absence and presence of the optical absorber (NO2 in
this case).

During the Abbotsford campaign, a PAN calibration point
was obtained typically once (sometimes twice) per day (for
a total of 16 points). In addition, 6 calibration points were
collected for PPN. During FOSSILS, calibration points were
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Figure 3. Schematic of the inlet and calibration setup used
during the Abbotsford 2012 and FOSSILS 2013 field cam-
paigns. MFC= mass flow controller, CL= chemiluminescence,
n.o.= normally open, n.c.= normally closed.

collected approximately daily for PAN (34 points in total),
PPN (21 points), and MPAN (26 points). The PAN standards
were kept in separate glass traps that were stored in ice/water
baths between use. Each diffusion source was loaded only
once at the beginning of each campaign, and there was no
evidence of sample decomposition. The response factor for
APAN was determined after the FOSSILS campaign.

The NO/ NOy CL instrument was calibrated daily
(against CRDS) by sampling NO and/or NO2, generated us-
ing an NO standard gas cylinder (Scott Marrin) to which
up to a stoichiometric amount of O3 was added, gener-
ated by passing oxygen from a gas cylinder (Praxair) past
a 254 nm Hg lamp. The NOx standard was delivered to the
main inlet via a separate 1/4′′ o.d. Teflon tube connected to
the zero air line; delivery was automated using a two-way
normally open valve.

2.7 Ambient air measurement locations

The first set of ambient air measurements was conducted
at a routine monitoring site located east of Abbotsford In-
ternational Airport (International Air Transport Association
(IATA) airport code YXX) at latitude 49.0212◦ N and longi-
tude−122.3267◦ W, ∼ 60 m above sea level (a.s.l.). The city
of Abbotsford (population∼ 140 000) is located in the lower
Fraser Valley, which is prone to episodes of poor air qual-
ity, i.e., exceedances of O3 and particulate matter (PM) air
quality standards. These occur in part because the topogra-
phy facilitates stagnation periods and trapping of airborne
pollutants near the surface, and because of continuously
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Figure 4. Typical calibration sequence.(a) Time series of ring-
down time constants.(b) Time series of TD-CRDS and NOy mixing
ratios. The instruments were “zeroed” at∼ 11:55:30 UTC. PPN was
added at∼ 11:57:40 UTC. The GC was injected at noon (the chro-
matogram is shown in Fig. 5b). Immediately after the injection, the
instruments were zeroed again. The NOy signal was not adjusted
for its slow response to concentration changes in this figure.

increasing emissions from urban, suburban, agricultural and
marine sources that include the city and port of Vancouver
(Vingarzan and Li, 2006; Ainslie and Steyn, 2007). The mea-
surement site itself was surrounded by raspberry fields and
impacted by emissions from nearby agricultural operations
(such as chicken farms) and traffic on nearby highways and
secondary roads.

The second set of ambient air measurements (the FOS-
SILS campaign) was conducted at the AMS13 (formerly
“Syncrude”) ground site near Fort McKay, AB, at lat-
itude 57.1492◦ N and longitude −111.6422◦ W, and at
∼ 270 m a.s.l. This site is surrounded by boreal forest, and
is occasionally impacted by emissions from nearby oil
sand surface mining operations, for example, the Syncrude
mine ∼ 4.5 km to the S, the Suncor mine∼ 20 km to the
SE, Canadian Natural Resources Ltd. (CNRL) operations
∼ 13 km to the NNW, and the Shell mine∼ 8 km to the NNE.

3 Results

3.1 Gas chromatography of PAN standards

Figure 5a shows sample chromatograms of PAN, PPN, and
APAN standards plus a mixture of all three (all in zero air)
collected in the laboratory after the FOSSILS campaign. Fig-
ure 5b shows sample chromatograms of PAN, PPN, and
MPAN standards (in a background of scrubbed air) acquired
in the field during the FOSSILS campaign. Following the ini-
tial off-scale O2 peak, the four PAN standards elute as base-
line resolved peaks with relative retention times consistent
with those reported by Tanimoto and coworkers for a RTX-
1701 column (Tanimoto et al., 1999; Tanimoto and Aki-
moto, 2001). Tables 1 and 2 summarize the fits of parameters
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Figure 5. Sample chromatograms (vertically offset for clarity) of
PAN, PPN, APAN, and MPAN standards on a 10.4 m RTX-1701
column at a He flow rate of 20 mL min−1. (a) Chromatograms of
standards acquired in the laboratory at a column oven temperature
of 27◦C. (b) Chromatograms of standards acquired during the FOS-
SILS 2013 field study at an oven temperature of 22◦C. The fits
of expression (1) to the observed peaks are superimposed as black
traces.

in Eq. (1) to the chromatograms presented in Fig. 5. A com-
parison of the fits and observations are shown as inserts in
Fig. 5. The PANs eluted as essentially perfect Gaussians. As
a result, the retention times, the peak widths, and the areas
were determined with high precision. In contrast, peaks not
associated with PANs (i.e., alkyl nitrates and other impuri-
ties) exhibited tailing, and were not quantified in this work.

3.2 Impurities in the PAN standards

The chromatograms in Fig. 5 show that the PPN, MPAN,
and APAN standards each contained a small amount of PAN.
This impurity was observed in all synthetic batches analyzed
in this work. The chromatogram of APAN in Fig. 5a and to a
lesser extent that of MPAN in Fig. 5b contained PPN as a re-
sult of memory effects within the calibration line; we found
that PPN strongly absorbed and only very slowly desorbed
from Teflon tubing. One Teflon fitting exposed to high PPN
concentrations emitted PPN months after the exposure, in
spite of several hour-long wash cycles in sonicated hot water.

In the field, this memory effect was minimized (but could not
be completely eliminated) by flushing the calibration tubing
with 20 sccm zero air between calibrations. Because all PANs
contribute to the6PN signal observed by TD-CRDS, their
mixing ratios need to be subtracted for accurate calibrations
(see Sect. 3.3).

The standard chromatograms also contained traces of
other impurities. For example, the shoulder on the O2 peak in
the PAN standard chromatogram (blue trace in Fig. 5b, reten-
tion time 41 s; not resolved in Fig. 5a) is likely methyl nitrate.
A tailing peak in the PPN standard chromatogram (retention
time 51 s in the red trace in Fig. 5a; 71 s in Fig. 5b) is likely
ethyl nitrate, as it has the same retention time as an authentic
ethyl nitrate sample.

The APAN standard chromatogram (purple trace in
Fig. 5a) contains several unidentified peaks with retention
times at 39, 73, 83, 122, 159, 242, and 284 s. To gain in-
sights into the identity of these unknown peaks, the iodide
ion chemical ionization mass spectra of an APAN standard
(Fig. 6, red color) and of background room air (Fig. 6, blue
color) were recorded. The acrylate anion originating from
APAN appears atm/z 71 as the dominant product ion in
the mass spectrum. In addition, nitryl chloride (ClNO2) is
observed as its iodide cluster ion atm/z 208 andm/z 210
and as its characteristic fragments atm/z 162 andm/z 164
(ICl−) andm/z 35 andm/z 37 (Cl−) (McNeill et al., 2006;
Mielke et al., 2011; Osthoff et al., 2008). The amount of
ClNO2 evaporating from the tridecane solution was greater
than that of APAN (1.5 ppbv vs. 0.8 ppbv), such that its
presence would pose a significant interference if the instru-
ments were calibrated using NOy CL. The APAN standard
mass spectrum also containsm/z 59 (acetate, produced from
PAN) as the third-most abundant compound (∼ 9 % relative
to APAN), which is consistent with the GC chromatogram
in Fig. 5a. In addition, there are enhancements atm/z 62
(nitrate) and smaller enhancements atm/z 73 (propionate,
from PPN,∼ 7 % relative to APAN),m/z 75 (∼ 3 % rela-
tive to m/z 71), m/z 105, m/z 107, andm/z 160 (unidenti-
fied). The counts atm/z 75 are possibly from HOCH2COO−,
which is the anion derived from HOCH2COONO2, HPAN,
or from its isomer CH3OCOO−, which is the anion derived
from CH3OC(O)OONO2, MoPAN; the latter is believed to
be more stable at room temperature (Zheng et al., 2011), but
is less likely to have formed during APAN synthesis. The
relative peak intensities atm/z 105 andm/z 107 suggest a
Cl-containing product, possibly ClCH= CHCOO−, which
may have been generated from ClCH= CHCOONO2. The
ion counts atm/z 105 are∼ 2 % relative tom/z 71.

3.3 PAN-GC response factors

The response factors of the PAN-GC were sufficiently sta-
ble between days, such that conventional calibration plots,
i.e., plots of PAN-GC peak areas against6PN mixing ratios,
could be constructed using all calibration points collected.
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Table 3. Response factors of the PAN-GC (in mV s ppbv−1) in the CAP and the N2 STD sensitivity setting, and of the TD-CIMS
(in Hz pptv−1) for PAN and PPN during the Abbotsford campaign. TD-CIMS counts were normalized to 1× 106 reagent ion counts at
m/z 127. RFu is the uncorrected response factor, RFcor is the response factor corrected for PAN impurities contributing to the6PN sig-
nal, RSD is the relative standard deviation,r is ther value of the calibration plot,n is the number of calibration runs, and nd means not
determined.

Parameter or reference PAN (CAP) PPN (CAP) PAN (N2 STD) PPN (N2 STD) PAN (CIMS) PPN (CIMS)

RFu 761± 47 nd 280± 5 272± 8 nd nd
RFcor 774± 42 nd 281± 5 277± 10 23.3± 0.5 22.5± 1.0
RSD 5.4 % nd 1.7 % 3.6 % 2.1 % 4.4 %
r 0.985 nd 0.997 0.994 0.993 0.989
n 6 – 11 6 16 7
Relative response 1 nd 1 0.99± 0.04 1 0.97± 0.05
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Figure 6. Iodide ion chemical ionization mass spectra of an APAN
standard and room air.

The calibration plots were linear (r > 0.96 in all cases, and
often r > 0.99), and allowed precise determination of the re-
sponse factors that are summarized in Tables 3 and 4. Alter-
natively, response factors could have been calculated from
the daily ratios of GC area against6PN; however, since
this method would only be a single-point calibration, it was
judged to be less accurate and reliable than the conventional
calibration plot method.

Table 3 summarizes the response factors determined dur-
ing the Abbotsford campaign. For PAN, the initially used
“CAP” setting was more sensitive (by a factor of 2.8) than
the N2 STD setting, but was less reproducible (5 % relative
standard deviation (RSD) vs. 2 % RSD). The lower repro-
ducibility was coincidental and likely caused by greater tem-
perature fluctuations within the trailer during the initial days
of the measurements (the PAN-GC was next to a door). Six
PPN calibrations were also performed, which showed PPN to
have about the same response factors as PAN (0.99± 0.04).

Figure 7 shows the calibration plots for the FOSSILS cam-
paign. The output of the diffusion sources was intentionally
allowed to vary between calibration runs (by not keeping
the submersion depth of the trap in the ice-water bath con-
stant) during FOSSILS; as a result, the calibration data cover
a wide range of mixing ratios (from∼ 0.2 to∼ 10 ppbv). Ta-
bles 4 and 5 summarize the response factors determined dur-
ing the FOSSILS field campaign. Each response factor was

Table 4. Response factors (in mV s ppbv−1) of the PAN-GC for
PAN, PPN, and MPAN during FOSSILS 2013 with the initial flow
settings. Abbreviations are the same as in Table 3.

Parameter PAN PPN MPAN

RFu 633± 13 538± 24 178± 10
RFcor 636± 11 576± 8 529± 27
RSD 1.7 % 1.4 % 5.1 %
r 0.993 0.997 0.962
n 29 16 17

determined with a very low relative standard deviation (RSD,
less than 5 %, and often less than 2 %).

At times, substantial corrections (in particular for MPAN)
had to be applied to the6PN data, because the calibration
standard contained one or more of the other PANs as an
impurity. During the FOSSILS campaign, the purity of the
MPAN diffusion standard improved over time (from∼ 73 %
PAN content at the beginning of the campaign to 6 % near
the end), which suggests that PAN (the major impurity in the
MPAN standard) is more volatile than MPAN.

The response factors when the PAN-GC was operated with
a slower sample flow rate (Table 5, Fig. 7b) were systemati-
cally greater than those when the PAN-GC was operated with
a faster sample flow rate (Table 4, Fig. 7a). In addition, the
standard widths of the fits were∼ 20 % larger (Fig. A1 in the
Appendix). The differences arise from a change in the abso-
lute number of molecules injected onto the column; while the
sample loop volume (1.0 mL internal volume) was the same
in both cases, the pressure inside the sample loop was lower
at a faster flow rate, because the 1/16′′ o.d. connecting the
tubing acted as a flow restriction.

Table 6 and Fig. A2 in the Appendix summarize PAN-
GC response factors of PAN, PPN and APAN determined
in the laboratory following the FOSSILS campaign. The rel-
ative response factors of PPN : PAN were (0.96± 0.04) : 1,
slightly higher than during FOSSILS and slightly lower than
in Abbotsford. The APAN peak areas correlated linearly with
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Figure 7. Calibration plots of PAN-GC vs. TD-CRDS during FOS-
SILS 2013. (a, left) Data collected under the initial sampling con-
ditions. (b, right) Data collected after a change in the sample flow
rate due to pump failure. The error bars indicate the precision of
the measurements (±1σ) that include the instability of the source
output. See Tables 3 and 4 for the linear regression statistics.

Table 5. Response factors (in mV s ppbv−1) of the PAN-GC for
PAN, PPN, and MPAN during FOSSILS 2013, after the switch to a
lower flow rate. Abbreviations are as in Table 3.

Parameter PAN PPN MPAN

RFu 943± 12 877± 13 624± 25
RFcor 950± 11 886± 12 764± 15
RSD 1.2 % 1.4 % 2.0 %
r 0.999 0.999 0.997
n 5 5 9

the 6PN mixing ratios (r = 0.981). As shown in Sect. 3.2,
the APAN standard contained several PAN-type compounds
as impurities; however, only the mixing ratio of PAN could
be determined accurately and subtracted from6PN. The re-
sponse factor for APAN is hence a lower limit to its true
value. The sum of impurity peak counts (other than those
of PAN) observed in the CI mass spectrum (Sect. 3.2) is ap-
proximately 12 % relative to APAN. Conservatively assum-
ing equal sensitivity of the TD-CIMS to all PANs, the re-
sponse factor of the PAN-GC for APAN is estimated at 0.85
relative to PAN. If the TD-CIMS sensitivity to the impuri-
ties is lower than to PAN (which is likely; see Sect. 3.4), the
PAN-GC response factor relative to PAN approaches unity.

3.4 TD-CIMS response factors

The output of the diffusion sources was also used to deter-
mine the response factors of the TD-CIMS, for PAN and PPN
in Abbotsford (Table 3), and for all four PANs in laboratory
experiments (Fig. A3 in the Appendix and Table 8). The re-
sponse factors for PAN, PPN, and MPAN are consistent with
those reported earlier by our group with the same instrument
(Mielke et al., 2011, 2013; Mielke and Osthoff, 2012) and
by Zheng et al. (2011) (Table 9). For MPAN, some variabil-
ity in the response factor is expected, as the MPA radical

Table 6. Response factors (in mV s ppbv−1) of the PAN-GC for
PAN, PPN, MPAN and APAN, determined after the FOSSILS cam-
paign. Abbreviations are as in Table 3.

Parameter PAN PPN MPAN APAN

RFu 662± 24 637± 8 nd 451± 13
RFcor 662± 24 637± 8 nd (513± 13)∗

RSD 3.6 % 1.3 % nd 2.5 %
r 0.990 0.9997 nd 0.981
n 8 6 – 5

∗ Corrected for PAN only.

dissociates at (and at a rate that varies sharply with) the
TD-CIMS inlet temperature. The response factor for APAN,
corrected for∼ 21 % of the total impurities (Sect. 3.2), was
greater than (0.75±0.02), and is likely higher still if the sen-
sitivity of the impurities is less than that of PAN. The range of
values is greater in this work than that reported by Zheng et
al. (2011), who reported obtaining different response factors
depending on the calibration method, interpreted as caused
by standard impurities such as acrylic acid.

3.5 Measurement of PAN and PPN in Abbotsford

Sample chromatograms of ambient air during the Abbots-
ford campaign are shown in Figs. 8 and 9. Fitted param-
eters are summarized in Table 10. These particular chro-
matograms were chosen because they correspond to the pe-
riods with the highest (1.6 ppbv, Fig. 8) and lowest (8 pptv,
Fig. 9) PAN mixing ratios. The latter was close to the PAN
detection limit (∼ 4 pptv during Abbotsford). In addition to
the broad and off-scale O2 peak eluting at∼ 0.5 min and the
PAN and PPN peaks identified using standard injections, the
chromatograms generally contained a large peak that eluted
at ∼ 1 min and another that eluted just after 3 min (a bit ear-
lier than where APAN would have eluted). The areas of these
peaks did not vary as much as those of the PANs, suggesting
that the associated compounds are longer lived in the atmo-
sphere than PAN (consistent with, for example, chlorofluoro-
carbons such as CCl4).

When PAN concentrations were high, additional peaks ap-
peared in the chromatograms. In Fig. 8, for example, the re-
tention time of the peak eluting at 318 s is consistent with
PiBN. Larger PANs, including MPAN, eluted after 6 min and
appeared as ghost peaks in subsequent chromatograms (see,
for example, the peaks around a retention time of 90 s in
Fig. 8). Because their peak areas were small, they did not
significantly interfere with the determination of PAN or PPN.
However, the appearance of ghost peaks is undesirable, and
was eliminated by increasing the time between runs (from 6
to 10 min) and by the reducing the column length (from 20.41
to 10.4 m) for the FOSSILS campaign (see Sect. 3.6 below).
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Figure 8. Chromatogram of ambient air acquired in Abbotsford on
4 August 2012, 14:00 local time. The red lines are fits of Eq. (1)
to the observed peaks, which are also shown as inserts. The peak
areas correspond to a PAN mixing ratio of 1.67 ppbv and a PPN
mixing ratio of 163 pptv, which were the largest peak areas observed
in Abbotsford.

Table 7. Relative response factors of the PAN-GC for PAN, PPN,
MPAN and APAN, and recent literature values. nd= not deter-
mined; nr= determined, but not disclosed.

Reference PAN PPN MPAN APAN

Grosjean et
al. (1993b)

1 0.73–0.81 nr nd

Williams et
al. (1993)

1 0.72± 0.15 0.21± 0.04 nd

Williams et
al. (2000)

1 0.83 0.72 nd

Roberts et
al. (2001)

1 0.83 nr (0.92)∗

Flocke et
al. (2005)

1 0.90± 0.02 0.64± 0.03 (0.80± 0.15)∗

Zheng et
al. (2011)

1 nd nd 0.959± 0.006

This work
(Abbotsford)

1 0.99± 0.04 nd nd

This work
(FOSSILS 1)

1 0.91± 0.02 0.83± 0.04 nd

This work
(FOSSILS 2)

1 0.93± 0.02 0.80± 0.02 nd

This work
(Laboratory)

1 0.96± 0.04 nd > (0.77± 0.03)∗∗

∗ Estimated;∗∗ corrected for PAN only.

Figure 10 shows the time series of PAN and PPN (top)
and of O3, NO and NO2 (bottom) for the Abbotsford data
set. PAN and PPN mixing ratios exhibited a strong diurnal
profile that paralleled that of O3, with maxima in the late
afternoon. The PAN-GC and TD-CIMS data each cover the
full dynamic range of the PAN mixing ratios in Abbotsford

4

3

2

1

0

S
ig

na
l(

10
-2

V)

02:36
21.Jul.2012

02:37 02:38 02:39 02:40 02:41

Local time (hr:min)

Obs.
Fit

PAN
140 s

O2
32 s

?
71 s

?
216 s

0.95
0.90
0.85
0.80

02:38:10 02:38:30

Figure 9. Chromatogram of ambient air acquired in Abbotsford on
21 July 2012, 02:36 local time with the PAN-GC operated in “CAP”
setting mode. Other conditions were the same as in Fig. 8. The peak
area corresponds to a PAN mixing ratio of (8.1±0.4) pptv. Retention
times are greater than in Fig. 8 due to a lower column temperature.

Table 8. Response factors of the TD-CIMS for PAN, PPN, MPAN
and APAN determined in the laboratory. Uncorrected response fac-
tors (RFu), response factors corrected for sample impurities, when
quantifiable (RFcor), zero offsets (b), ther value of the calibration
plot, and response factors relative to PAN. TD-CIMS counts were
normalized to 1× 106 reagent ion counts atm/z 127.

Parameter
(unit) PAN PPN MPAN APAN

RFu 27.7± 0.3 24.7± 0.3 0.64± 0.02 16.5± 0.4
(Hz pptv−1)

RFcor 27.7± 0.3 25.1± 0.3 0.8± 0.1 > 20.9± 0.4
(Hz pptv−1)

RSD 1.1% 1.2% 12.5% 1.9%
b (103 Hz) 1.8± 0.6 3.1± 0.3 0.27± 0.05 2.0± 0.5
r 0.99 0.98 0.97 0.99

∗ Corrected for PAN-like impurities (see text).

(from ∼ 8 to 1.6 ppbv). For PPN, on the other hand, the low-
est quantified mixing ratio from the PAN-GC was 16 pptv;
hence, GC data are only available on days with relatively
large PPN concentrations. In contrast, the TD-CIMS was
able to monitor PPN down to single pptv mixing ratios, and
quantification of PPN by the PAN-GC was limited by the
ability to fit the chromatographic peaks; for most of the Ab-
botsford data set, the PPN peak areas were too small to fit.

Figure 11 shows scatter plots of PAN-GC against TD-
CIMS ambient air data. For PAN, the agreement between the
PAN-GC and the raw TD-CIMS data is reasonable (r = 0.94,
slope= 0.84±0.01, Fig. 11a), and improves after the correc-
tion for TD-CIMS matrix effects arising from titration by NO
and NO2 is applied (r = 0.93, slope= 0.96±0.01, Fig. 11c).
For PPN, the uncorrected TD-CIMS data do not corre-
late well with PAN-GC data (r = 0.54, slope= 0.54± 0.05,
Fig. 11b), but more so after the correction for inlet matrix
effects is applied (r = 0.77, slope= 1.03± 0.07, Fig. 11d).
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Table 9.Relative response factors of the TD-CIMS for PAN, PPN, MPAN and APAN in this work and recent literature values. “nd” means
not determined or reported.

Reference PAN PPN MPAN APAN

Slusher et al. (2004) 1 1 0.16 nd

Turnipseed et al. (2006) 1 1 0.125 nd

Wolfe et al. (2007) 1 1 0.125 1

LaFranchi et al. (2009); 1 1 0.232 nd
Wolfe et al. (2009)

Zheng et al. (2011) 1 1.13± 0.16 0.014± 0.002 0.66± 0.10 (cal source)
0.37 (FTIR in chamber)
0.35± 0.04 (recommended)

Mielke and Osthoff (2012) 1 1 0.022 nd

This work 1 0.91± 0.01 0.029± 0.004 > (0.75± 0.02)∗

∗ Corrected for PAN only.

Table 10.Parameters of Eq. (1) fitted to the chromatograms in Figs. 8 and 9.

Parameter (unit) PAN (Fig. 8) PAN (Fig. 9) PPN (Fig. 8)

t0 (s) 119.894± 0.001 140.00± 0.01 239.76± 0.001
σ (s) 1.824± 0.001 2.03± 0.01 2.810± 0.001
V0 (mV) 1.66± 0.02 13.97± 0.07 3.15± 0.03
m (V s−1) −(1.5± 0.2)× 10−5

−(3.99± 0.05)× 10−5
−(5.48± 0.04)× 10−5

A (mV s) 468.02± 0.25 6.26± 0.05 45.24± 0.03
RFcor (mV s ppbv−1) 281± 5 774± 42 277± 10
Mixing ratio (pptv) 1670± 30 8.1± 0.4 163± 6
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Figure 10. Time series of PAN and PPN (top) and the NO, NO2,
and O3 mixing ratios (bottom) observed in Abbotsford.

3.6 Measurement of PAN, PPN, and MPAN
during FOSSILS

Figure 12 shows a typical chromatogram of ambient air and
of a blank (i.e., when the PAN-GC sampled zero air) acquired

during FOSSILS. Fitted parameters are summarized in Ta-
ble 11. The blank chromatogram demonstrates the absence
of ghost peaks. The ambient air chromatogram shows peaks
associated with PAN (121 pptv), PPN (13 pptv), and MPAN
(10 pptv). The approximate elution time of APAN is noted,
but its area was too small to be fitted. The retention times of
peaks labeled with question marks do not correspond to any
of the known PANs; they are likely either alkyl nitrates or
halogenated compounds.

Figure 13 shows the time series of the PAN, PPN, and
MPAN mixing ratios observed during FOSSILS. In total,
3635 chromatograms were analyzed, with 3354 (2449, 2061)
containing PAN (PPN, MPAN) at concentration levels above
their respective detection limits (see below). The mixing
ratios varied with the time of day, generally peaked in
the mid-afternoon, and were highly correlated with each
other, as expected. On average, the ratios of PPN/ PAN
and MPAN/ PAN were∼ 1 : 10, and varied from∼ 1 : 5 to
∼ 1 : 20. An analysis of these ratios to gain insights into the
relative contributions of biogenic and anthropogenic hydro-
carbons during the photochemical production of O3 (e.g.,
Roberts et al., 1998, 2002, 2007) will be presented elsewhere.
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Table 11.Parameters of Eq. (1) fitted to the chromatogram in Fig. 12.

Parameter (unit) PAN PPN MPAN

t0 (s) 113.575± 0.005 245.12± 0.02 406.21± 0.03
σ (s) 2.083± 0.006 3.87± 0.02 5.060± 0.035
V0 (mV) 131.66± 0.15 128.54± 0.03 127.28± 0.02
m (V s−1) −(3.19± 0.34)× 10−5 (1.81± 0.29)× 10−6 (7.73± 0.13)× 10−6

A (mV s) 115.4± 0.3 12.04± 0.06 7.80± 0.06
RFcor (mV s ppbv−1) 950± 11 886± 12 764± 15
Mixing ratio (pptv) 121.5± 1.5 13.6± 0.2 10.2± 0.3

Table 12.Parameters of Eq. (1) fitted to a selection of PAN peaks in the chromatograms acquired during the night of 2 to 3 September 2013.
Data for the peaks shown in Fig. 14 are highlighted in bold font. The errors are those reported by the IGOR software, except for the PAN
mixing ratio, which was calculated by adding errors in the calibration uncertainty and the error in the peak area (reported by IGOR) in
quadrature. Note that the fit of the peak in the 8:10 chromatogram did not converge.

Time of
injection (UTC) t0 (s) σ (s) V0 (mV) m (10−6 V s−1) A (mV s) PAN (pptv)

06:00 110.13± 0.02 2.07± 0.02 0.12106± 0.00005 −22.5± 0.4 12.1± 0.1 12.7± 0.2
06:10 110.41± 0.02 2.07± 0.02 0.12098± 0.00005 −25.4± 0.4 11.4± 0.1 12.0± 0.2
06:20 110.53± 0.02 2.08± 0.02 0.12014± 0.00004 −23.5± 0.4 11.8± 0.1 12.4± 0.2
06:30 110.60± 0.02 2.09± 0.03 0.11873± 0.00005 −16.9± 0.4 8.9± 0.1 9.3± 0.2
06:40 109.98± 0.02 2.08± 0.02 0.11866± 0.00005 −20.5± 0.4 8.9± 0.1 9.3± 0.1
06:50 110.07± 0.03 2.09± 0.03 0.11849± 0.00004 −23.4± 0.4 6.2± 0.1 6.5± 0.1
07:00 109.72± 0.03 2.08± 0.03 0.11771± 0.00005 −20.6± 0.5 7.3± 0.1 7.7± 0.1
07:10 108.41± 0.09 2.09± 0.09 0.11769± 0.00004 −23.6± 0.4 2.4± 0.1 2.6± 0.1
07:20 109.89± 0.02 2.08± 0.02 0.11770± 0.00005 −25.8± 0.4 9.1± 0.1 9.6± 0.2
07:30 108.96± 0.07 2.09± 0.07 0.11693± 0.00004 −22.4± 0.3 2.6± 0.1 2.8± 0.1
07:40 108.35± 0.04 2.08± 0.05 0.11656± 0.00004 −22.0± 0.4 3.6± 0.1 3.8± 0.1
07:50 108.55± 0.08 2.08∗ 0.11648± 0.00005 −24.2± 0.4 2.7± 0.1 2.8± 0.1
08:00 108.80± 0.08 2.08∗ 0.11600± 0.00004 −23.2± 0.4 2.7± 0.1 2.8± 0.1
08:10 – – – – – –
08:20 109.22± 0.07 2.09± 0.07 0.11578± 0.00004 −23.0± 0.4 2.8± 0.1 2.9± 0.1
08:30 108.21± 0.06 2.09∗ 0.11578± 0.00004 −24.4± 0.4 2.0± 0.1 2.1± 0.1
08:40 107.17± 0.17 2.09∗ 0.11559± 0.00004 −24.2± 0.4 1.5± 0.1 1.6± 0.2
08:50 108.20± 0.10 2.08± 0.10 0.11538± 0.00004 −24.3± 0.4 1.6± 0.1 1.7± 0.1
09:00 106.70± 0.10 2.08∗ 0.11536± 0.00003 −26.3± 0.3 1.7± 0.1 1.8± 0.1
09:10 107.68± 0.07 2.08∗ 0.11535± 0.00005 −27.3± 0.4 1.6± 0.1 1.7± 0.1
09:20 106.80± 0.15 2.09± 0.16 0.11447± 0.00004 −21.3± 0.3 1.1± 0.1 1.1± 0.1
09:30 106.59± 0.13 2.08± 0.14 0.11453± 0.00004 −22.0± 0.4 1.1± 0.1 1.1± 0.1
09:40 106.90± 0.11 2.07± 0.12 0.11451± 0.00004 −23.3± 0.4 1.5± 0.1 1.6± 0.1
09:50 106.46± 0.17 2.07∗ 0.11429± 0.00004 −21.8± 0.4 1.5± 0.1 1.6± 0.1
10:00 104.45± 0.17 2.07∗ 0.11429± 0.00004 −22.6± 0.4 1.6± 0.1 1.6± 0.1
10:10 106.90± 0.11 2.06± 0.12 0.11439± 0.00005 −24.5± 0.5 1.8± 0.1 1.9± 0.1
10:20 107.30± 0.09 2.07± 0.09 0.11429± 0.00004 −24.3± 0.4 1.9± 0.1 2.0± 0.1

∗ σ constrained to the value from the preceding run.

At night, the PAN concentrations frequently dropped be-
low quantifiable limits, because the relatively warm noctur-
nal temperatures facilitated thermal decomposition of PANs
and because the high nocturnal NO concentrations from
nearby anthropogenic activities titrated the peroxyacyl rad-
icals. Data from such nights provided good opportunities to
probe the PAN-GC detection limits. Table 12 summarizes fits
of the PAN peak during the night of 3 September, which is an

example of when PAN dropped near (and eventually below)
quantifiable levels. Example fits are shown in Fig. 14. Analo-
gous case studies for PPN and MPAN are shown in Figs. A4
and A5 in the Appendix. The peaks in Fig. 14a and b are
well above the limit of detection and quantification (even if
the unsmoothed data had been used), and could have been
fitted without any prior knowledge of the elution time and
shape of the peak. In contrast, the fit of the peak shown in
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Figure 11. Scatter plots of TD-CIMS and PAN-GC data.(a) PAN,
uncorrected.(b) PPN, uncorrected.(c) PAN, corrected.(d) PPN,
corrected.
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Figure 12.Chromatogram of ambient air acquired during FOSSILS
on 4 September 2013, 15:30 local time, and of the zero air blank ac-
quired at 17:30 local time using a 10.4 m RTX-1701 column at a He
flow rate of 20.0 mL min−1. The chromatograms were smoothed
before presentation (algorithm: Savitzky–Golay, fourth order, 41
data points,∼ 2 s). The red lines are fits of Eq. (1) to the observed
peaks, which are superimposed as inserts for clarity. The peak areas
correspond to the following mixing ratios: PAN: (121.5±1.5) pptv,
PPN: (13.6± 0.2) pptv, and MPAN: (10.2± 0.3) pptv.

Fig. 14c is less certain, as the peak is barely above the back-
ground noise. In many cases, the fits converged only because
the initial guess was set to the fit results of the preceding run
(Table 12). On the basis of data as shown in Figs. 14 and A4
and A5 in the Appendix, the PAN-GC’s limits of detection
for PAN, PPN, and MPAN during FOSSILS were estimated
at 1, 2, and 3 pptv, respectively.
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Figure 13.Time series of PAN, PPN, and MPAN during FOSSILS.

The (slope) accuracy of the FOSSILS data is limited by
the accuracy of the calibration, as the peak fitting procedure
produces a (comparatively) small and hence negligible error.
For PAN and PPN in particular, the limiting factor was the
accuracy of the TD-CRDS, which is±4 % (Paul and Osthoff,
2010). The accuracy of the MPAN and APAN data is conser-
vatively estimated at±15 and±25 %, respectively, because
of the large uncertainties in calibration standard composition.

4 Discussion

4.1 Suitability of TD-CRDS for determining PAN-GC
calibration factors

4.1.1 PAN and PPN

The linear correlation of PAN-GC peak areas with TD-
CRDS6PN mixing ratios over a wide concentration range
(e.g., Fig. 7) affirms that TD-CRDS can be used as a
straightforward and easily implemented PAN-GC calibration
method for PAN and PPN. The response factors obtained
were reproducible over a period approaching one month,
which shows that both the TD-CRDS and PAN-GC responses
remained stable over that time period.

Small differences in the relative response factors obtained
for PAN and PPN were observed between the Abbotsford,
FOSSILS, and post-FOSSILS laboratory work (Tables 3–5).
This is to be expected, because several parameters, for ex-
ample the column oven temperature, sample flow rate, and
analytical column length, differed between the campaigns.
By and large, the results are consistent with each other and
with those reported by other groups in the literature (Ta-
ble 7). For instance, the relative sensitivities of PPN to PAN
during FOSSILS were (0.91± 0.02) : 1 and agreed with the
ratio of 0.90± 0.02 reported by Flocke et al. (2005); post-
FOSSILS, the relative response factors of PPN : PAN were
(0.96± 0.04) : 1, slightly higher than during FOSSILS and
slightly lower than in Abbotsford, but still in agreement with
Flocke et al. (2005).
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Alkyl nitrates were also observed in the standard chro-
matograms. These molecules are formed as byproducts dur-
ing the synthesis, and are also decomposition products in
aged standards. Because TD-CRDS can differentiate be-
tween6PN and6AN, the presence of alkyl nitrates in the
standards could be tolerated, but would have constituted a
significant interference if NOy CL (without a preparatory-
scale GC) had been used in the calibration. Likewise, NO2,
which may be present as a result of thermal decomposition
of the PAN standard, is automatically quantified in the ambi-
ent temperature reference channel and subtracted (Paul et al.,
2009; Paul and Osthoff, 2010).

4.1.2 MPAN

The challenges in calibrating a PAN-GC for MPAN (or
APAN) are well documented in the literature (e.g., Flocke
et al., 2005; Zheng et al., 2011; Roberts et al., 2001), and
are associated mainly with the difficult delivery of a high-
purity gaseous sample. The use of the TD-CRDS calibra-
tion method has the inherent advantage that the 250◦C chan-
nel is insensitive to many of the impurities generated dur-
ing the MPAN (or APAN) synthesis, i.e., alkyl nitrates, ni-
tryl chloride, and nitric acid (Paul et al., 2009; Paul and
Osthoff, 2010). Thus, the TD-CRDS calibration method only
requires quantification of (and correction for) PAN impuri-
ties.

To determine the response factor for MPAN, the6PN data
had to be corrected for PAN and PPN, which were quantified
using the APAN standard chromatogram directly (and their
response factors determined earlier). This process was some-
what laborious, but otherwise straightforward. The presence
of PAN in synthetic MPAN standards that was observed in all
MPAN standards analyzed in this work has been observed
before by several groups (Grosjean et al., 1993a; Flocke et
al., 2005; Bertman and Roberts, 1991). Flocke et al. (2005)
suggested that PAN is produced during the synthesis from
impurities in the reagents (i.e., acetic anhydride). While it
is possible that PPN is produced in a similar fashion dur-
ing the synthesis (i.e., from propanoic anhydride that would
be present as a trace impurity), PPN originated mostly from
memory effects within the Teflon tubing in this work.

Having corrected the MPAN data for PAN and PPN, the
MPAN response factor (relative to PAN) was determined at
(0.83±0.04) : 1 and (0.80±0.02) : 1 (Tables 4–5). These val-
ues are∼ 25 % greater than the ratio of (0.64± 0.03) : 1 re-
ported by Flocke et al. (2005), and somewhat greater than
the 0.72 : 1 ratio reported by Williams et al. (2000). The rea-
son for the discrepancy between their and our response fac-
tor is not clear. It is unlikely that a systematic error from the
subtraction of PAN (or PPN) biased the results high, since
the response factor for MPAN stayed within a narrow range
throughout the FOSSILS campaign, even though the PAN
content in the MPAN standard varied from 73 % at the be-
ginning to 6 % at the end of the campaign (concentrations
of PPN were generally too small to affect the slope of the
calibration plots). It is therefore likely that there are real dif-
ferences in the sensitivity between the instruments, e.g., due
to differences in on-column decomposition rates (Roumelis
and Glavas, 1989) between the RTX-200 column used by the
other groups and the RTX-1701 column used in this work.

Overall, we conclude on the basis of the linear correla-
tion of 6PN mixing ratios with PAN-GC peak areas that
TD-CRDS can be used to calibrate a PAN-GC for MPAN,
as was demonstrated in this work, alas with a much greater
uncertainty (±15 %) than the TD-CRDS would allow for
in principle (±4 %). In the future, we intend to construct a
preparatory-scale GC similar to the one developed at NOAA
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and NCAR (Williams et al., 2000) to clean up the MPAN
output used in the calibration to reduce the uncertainty in the
calibration and to eliminate the need to subtract PAN impu-
rities from the6PN mixing ratio.

4.1.3 APAN

For APAN, only a lower limit to the PAN-GC response factor
could be determined in this work, because the6PN measure-
ment was compromised by unusual PAN-like compounds
co-emitted by the diffusion source (Fig. 6), many of which
(e.g., the chlorinated adduct) could have formed during the
synthesis. Their presence is corroborated by multiple impu-
rity peaks observed in the APAN standard chromatogram
(Fig. 5a). However, in TD-CIMS, counts at certain masses
can be positively biased by proton exchange reactions of car-
boxylate product ions with acid impurities, and these signals
can masquerade as PANs (Mielke and Osthoff, 2012), such
that the impurities in Fig. 6 cannot be quantified with any cer-
tainty. If these impurities are taken into account, the response
factor relative to PAN is estimated to be between 0.85 and
1. This range brackets the response factor of 0.959± 0.006
reported by Zheng et al. (2011) for their PAN-GC. This con-
sistency and the high linearity of the calibration plots sug-
gest that TD-CRDS can, in principle, be used for accurate
APAN calibrations (even though it was not demonstrated in
this work). The use of the aforementioned preparatory GC in
future experiments will hopefully confirm this.

APAN was synthesized from its acyl chloride in this study.
Apparently, ClNO2 is formed during the synthesis from reac-
tion between the chloride anion (Cl−) liberated from acryloyl
chloride and the concentrated sulfuric/nitric acid mixture that
generates the nitronium cation NO+

2 (Behnke et al., 1997),
and ClNO2 is sufficiently nonpolar to be extracted from the
aqueous solution into tridecane during the workup. Evapora-
tion of ClNO2 from a standard would interfere with a calibra-
tion based on NOy chemiluminescence, but does not in a TD-
CRDS6PN measurement (Thaler et al., 2011). Furthermore,
ClNO2 autoionizes to Cl− and NO+

2 (Behnke et al., 1997),
which can add across C–C double bonds and, for example,
accelerate the degradation of APAN in the standard solution.
The presence of ClNO2 in PAN standards is undesirable, and
may potentially explain the difficulties documented by, for
example, Zheng et al. (2011), and encountered in this work
with the determination of APAN response factors. We con-
clude that PAN syntheses that use acyl chlorides as a starting
material should therefore be avoided. The MPAN standard
used by Flocke et al. (2005) and Zheng et al. (2011) was
synthesized from methacryloyl chloride, and likely also con-
tained ClNO2; it is unclear, however, if (and when) ClNO2
would elute from their preparatory GC column, and if the
results were affected by this impurity.

4.2 Performance of the PAN-GC in the field

4.2.1 Chromatography

The majority of PAN-GC in use today utilizes an RTX-
200 analytical column (or similar). Tanimoto and cowork-
ers (Tanimoto et al., 1999; Tanimoto and Akimoto, 2001)
and Flocke et al. (2005) have described PAN instruments
with RTX-1701 columns. While the absence of co-eluting
peaks was demonstrated for RTX-200 columns (Williams
et al., 2000), no explicit mention has been made so far in
the literature confirming the absence of co-eluting peaks
(which would positively interfere) for RTX-1701 columns.
The agreement between PAN-GC and TD-CIMS data cor-
roborates the (assumed) absence of significant interferences.
Nevertheless, a PAN inlet scrubber as shown by Williams et
al. (2000) will be implemented for future deployments as a
precaution.

There are many PAN-GCs that are equipped with guard
columns (e.g., Pätz et al., 2002; Flocke et al., 2005). The
absence of any degradation of performance suggests guard
columns are not needed, unless one were perhaps to sample
in an extraordinarily polluted environment.

The sample chromatograms (Figs. 5, 8, 9, and 12) show
that PANs are sufficiently resolved such that a∼ 50 % shorter
column could have been used to speed up the analysis and
increase the peak height (and hence improve time resolution
and lower the detection limit). A shorter column will be de-
ployed in future studies.

4.2.2 Limits of detection and accuracy of measurements

The limits of detection of the University of Calgary PAN-GC
are in the single-digit pptv range and of a similar magnitude
as, or marginally better than, those reported for other PAN-
GC instruments that have recently been operated in the field
(e.g., Thornberry et al., 2001; Roberts et al., 2002, 2006; Ta-
ble 13). Unfortunately, there is no consensus in the literature
on how best to determine limits of detection (LODs) in gas
chromatography, and methods such as signal-to-noise, blank
determination, and linear regression methods often give dif-
ferent results (e.g., Sanagi et al., 2009). In this work, the
LODs were estimated from the smallest peak area that could
be fitted (Figs. 14 and A4 and A5 in the Appendix), which
is a somewhat subjective evaluation. A more rigorous deter-
mination would have required repeated measurements near
the LOD; however, for this procedure to succeed, one would
have to assume that the output of a low-concentration stan-
dard is sufficiently stable to not add to the measurement
noise, which is difficult to demonstrate.

The accuracy of the FOSSILS data is limited by the ac-
curacy of the calibration, as the fitting procedure produces
a (relatively) negligible error. For PAN and PPN, the limit-
ing factor is the accuracy of the TD-CRDS, which is±4 %
(Paul and Osthoff, 2010), so that the accuracy of the PAN
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Table 13. Selected LODs of ambient air measurements of PAN,
PPN and MPAN by GC-ECD reported in the literature. nr= not re-
ported, nd= not determined.

Measurement
Reference location PAN PPN MPAN

Grosjean et
al. (1993b)

California
mountains

10 20 200

Williams et
al. (1993)

Atlanta,
Georgia

30 nr 100–150

Nouaime et
al. (1998)

Tennessee 2–5

Williams et
al. (2000)

Tennessee < 1–5

Thornberry et
al. (2001)

Michigan 2 3 5

Roberts et
al. (2002)

Tennessee 5 5 5

Roberts et
al. (2006)

New England 4 4 4

This work Abbotsford,
British
Columbia

4 16 nd

This work Fort McKay,
Alberta

1 2 3

and PPN data is±4 %± 1 pptv. For MPAN and APAN, the
accuracy is conservatively estimated at±15 %± 2 pptv and
±25 %± 3 pptv, driven mainly by the large uncertainties of
calibration standard composition. If these were to be im-
proved, the accuracy of the MPAN and APAN PAN-GC mea-
surements could likely be improved further (e.g., to±5 %).

Stability of the sample flow rate was identified as a factor
affecting the response factor in the PAN-GC. When the PAN-
GC was operated with a slower sample flow rate (Table 5,
Fig. 7b), the response factors were systematically greater
than those when the PAN-GC was operated with a faster sam-
ple flow rate (Table 4, Fig. 7a), which lowered the number
of molecules injected onto the column. In addition, the stan-
dard widths of the fits of the PAN peak were∼ 20 % larger
(Fig. A1 in the Appendix), which suggests that the greater
amount of air sampled led to a small amount of extra column
band broadening.

4.3 Comparison of PAN-GC with TD-CIMS data

Zheng et al. (2011) and Mielke and Osthoff (2012) have
documented some of the analytical challenges in using TD-
CIMS to make accurate measurements of the various PANs.
In Abbotsford, the TD-CIMS data were compromised by the
lack of a bona fide13C-labeled PAN internal standard, but
nevertheless showed excellent agreement with the PAN-GC
PAN and PPN data, with slopes close to unity (Figs. 10 and
11). Part of the scatter may be due to temporal mismatches
in the timing of the measurements. The general good agree-
ment suggests that interference from acids as encountered in
Pasadena (Mielke and Osthoff, 2012) played at best a mi-
nor role in the Abbotsford data set. Interference from peroxy
acids (Phillips et al., 2013) was accounted for by subtracting
the background measured in high NO concentrations.

The limits of detection for PAN and PPN for TD-
CIMS and PAN-GC (after the modifications for the FOS-
SILS campaign) are both in the single-digit pptv range,
with the TD-CIMS having a much faster time response
(Slusher et al., 2004; Turnipseed et al., 2006), which is an
advantage when sampling rapidly changing air masses, for
example, encountered from a moving platform such as an air-
craft. For MPAN, however, PAN-GCs generally have the ad-
vantage, because TD-CIMS struggles with the quantification
of MPAN in ambient air due to an interference from CPAN
(Zheng et al., 2011) and a poor temperature-dependent re-
sponse factor atm/z 85 (Table 9).

5 Summary and conclusions

A state-of-the-art PAN-GC has been described and calibrated
using TD-CRDS for PAN, PPN MPAN, and APAN. The TD-
CRDS method is easily implemented and more tolerant to
impurities than the conventionally used NOy CL method, but
is not entirely immune to PAN impurities co-generated dur-
ing synthesis; hence, a preparatory GC will be constructed
for future calibrations. Synthetic routes with acyl chlorides as
starting reagents were found to generate ClNO2 and should
not be used to generate PAN standards. PAN-GC is preferred
over TD-CIMS in the quantification of MPAN in ambient air.
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Appendix A
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Figure A1. Stability of the PAN-GC retention times (top) and rel-
ative peak widths (bottom). The temperature inside the trailer was
considerably more stable after 21 August, after an auxiliary air con-
ditioning unit was installed.
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Figure A4. Sample chromatograms of PPN acquired on 24 Au-
gust 2013 (analogous to those in Fig. 14) used to estimate the limit
of detection for PPN.
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