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Abstract

Four hydroxynitrates (R(OH)R′ONO2) representative of atmospheric volatile organic
compound (VOC) oxidation products were synthesized, nebulized and sampled into an
Aerodyne High Resolution Time of Flight Aerosol Mass Spectrometer (HR-ToF-AMS).
The resulting mass spectrum was used to evaluate calibration factors for elemental5

analysis of organic nitrates by AMS, and to determine the distribution of nitrogen in
the detected fragments in a search for an AMS signature of organic nitrates. We find
that 30% of the detected nitrogen mass is in the NO+ and NO+

2 fragments, 12% at
NH+

x fragments, 5% at CxHyOzN+ fragments, and 53% at various CxHyN+ fragments.
Elemental analysis indicated that nitrogen was detected with higher efficiency than10

carbon and hydrogen, but oxygen was detected with reduced efficiency compared to
previously reported results for a suite of organics which did not include organic nitrates.
The results are used to suggest the maximum corrections to ambient O:C and N:C
ratios based on AMS measurements.

1 Introduction15

Aerosol mass spectrometry is a widely used method for measuring atmospheric
aerosol composition. The most common implementation of this class of instruments
is the Aerodyne Aerosol Mass Spectrometer (AMS) of which >80 instruments are cur-
rently in operation worldwide. Due to its ubiquitous use in laboratory and field experi-
ments, much of what is known about ambient atmospheric and laboratory aerosol com-20

position relies on the accurate interpretation of AMS data. One of the main advantages
of the AMS is it’s combination of flash volatilization with electron impact (EI) ionization
which results in a relatively uniform sensitivity to all non-refractory (NR) components
of aerosols, allowing for a measurement of total particle mass with high time resolution
and without requiring detailed prior knowledge of the aerosol chemical composition25

(Jimenez et al., 2003).
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AMS spectra of ambient aerosol consists of a complex set of fragments with the
majority of the mass typically detected as m/z<100 due to the high degree of frag-
mentation induced by flash volatilization and electron impact. The increased internal
energy of the vapors due to the flash volatilization is known to increase the degree of
fragmentation relative to molecules at standard temperature (Alfarra, 2004; Dzepina5

et al., 2007) and thermally unstable molecules such as ammonium nitrate are known
to decompose prior to ionization. Due to the molecular fragmentation of the sampled
particles, chemical speciation is typically limited to the identification of compounds with
signature m/z (i.e. sulfate, nitrate, ammonium, chloride) and an assumption that the
majority of the unidentified mass is organic (Allan et al., 2004). Positive matrix fac-10

torization has been applied to the resulting organic spectra (Zhang et al., 2005; Lanz
et al., 2007, 2008) revealing unique components of the spectra which are indicative
of e.g. more or less oxidized molecules. Generally oxygen content of the aerosol is
observed to increase with the photochemical age of a plume and this trend has been
shown to be consistent with other measures of organic mass:organic carbon.15

Organic nitrates (R-O-NO2) are ubiquitous in the atmosphere and are generated both
from photochemical oxidation of VOC’s in the presence of NO, as well as through oxi-
dation of alkenes by nitrate radicals (NO3). The addition of nitrate and alcohol groups
have similar effects on the vapor pressure, and hence condensibility of an organic com-
pound (Pankow and Asher, 2008; Kroll and Seinfeld, 2008). As a result, oxidation of20

biogenic VOC’s (BVOC) by NO3 has been observed to produce aerosol with significant
yields in chamber studies (e.g. Hoffmann et al., 1997; Ng et al., 2008; Fry et al., 2009;
Rollins et al., 2009). Organic nitrates might be expected to play an important role in
production of SOA because of the correlation between NOx and anthropogenic VOC
emissions, and because NO3 is an effective means for oxidizing BVOC. Identification of25

organic nitrates in ambient aerosol is difficult because it is expected to occur in coinci-
dence with a large amount of inorganic nitrate. In AMS instruments the NO−

3 results in
a large background signal at the main nitrate peaks (NO+ and NO+

2 ). Organic nitrates
could in principle be determined by subtraction of the inorganic contribution at these
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peaks which is calculated assuming an ion balance between ammonium, sulfate and
nitrate, and other minor inorganic components if present in the aerosol. This is difficult
and a direct organic signature would be desirable.

Recently, the high resolution version of the AMS (HR-ToF-MS) has been used to
determine elemental composition of organic aerosol (Aiken et al., 2007, 2008). While5

the AMS is to first order equally sensitive to all NR aerosol (Jimenez et al., 2003), it
is known to detect oxygen and nitrogen with somewhat reduced efficiency relative to
carbon and hydrogen. Aiken et al. (2008) used a series of organic standards to deter-
mine calibrations for the calculation of O:C, H:C and N:C ratios from AMS data. This
is possible with the HR-ToF-AMS because of the ability to distinguish different frag-10

ments with the same nominal mass, and compare the measured composition to the
composition of the standards. These experiments did not include any organic nitrates
because semi-volatile organic nitrates were not commercially available. Other nitrogen
containing organic compounds were tested including amine, amide nitro and pyradine
compounds. In contrast to these species organic nitrates are relatively thermally un-15

stable and are known to decompose at 300–400◦C in 10’s of ms the gas phase at
atmospheric pressure (Day et al., 2002). Thus their detection could be more signifi-
cantly affected by the combination of flash volatilization/EI than these other nitrogen
containing organics.

We have synthesized 4 organic nitrates (C4–C15) and investigated the response of20

the AMS to these compounds. High resolution spectra are used to determine cali-
brations for elemental analysis based on these compounds. The differences between
elemental analysis calibrations for organic nitrates and for the suite of compounds and
ambient sample investigated by Aiken et al. (2008) and differences between AMS spec-
tra of inorganic and organic nitrates are discussed.25
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2 Experimental

Four hydroxynitrate compounds including 2-hydroxy-limonene-1-nitrate, 1-hydroxy-
butane-2-nitrate, 3-hydroxy-pinene-2-nitrate, and 3-hydroxy-caryophyllene-4-nitrate
(and regioisomers) were synthesized by reacting an epoxide with fuming nitric acid
(90%). Previous studies describing hydroxynitrate synthesis and characterization us-5

ing this and other synthetic methods include Nichols et al. (1953); Muthuramu et al.
(1993); Treves et al. (2000); Spittler (2001) and Treves and Rudich (2003). The syn-
thesis generated a mixture of regioisomers, and in Fig. 1 we show one isomer of each
standard. In the following we describe the synthesis of the limonene hydroxynitrate.
The other three compounds were prepared analogously.10

2.1 Synthesis

To a flame dried 25 mL round bottom flask equipped with a stir bar was added
6.52 mmols (1.07 mL) of limonene-1,2-oxide (mixture of cis and trans, 97%, sigma-
aldrich) and dissolved in 8 mL of dry diethyl ether (starting materials for the other stan-
dards were α-Pinene oxide (97%), 1,2-Epoxybutane (99%) and Caryophyllene oxide15

(>95%) all of which were obtained from Sigma-Aldrich). To another flame dried 25 mL
round bottom flask equipped with a stir bar was added 3 mL of dry diethyl ether and
7.39 mmols (0.3 mL) of fuming nitric acid. These flasks were placed, under nitrogen, in
a dewar and cooled to −90◦C via a methanol/acetone bath in a CryoCool immersion
cooler. After cannulating the acid into the epoxide, the solution was kept at −90◦C20

for an additional hour. The reaction flask was then allowed to warm to room temper-
ature over 12 h. The solution was washed several times with sodium bicarbonate to
remove excess HNO3 and then dried over magnesium sulfate. The ether layer was
removed with a rotatory evaporator. The product was purified on a silica gel column
with a 60/40 mixture of hexanes/ethyl acetate. A diffusion pump was finally used to25

remove any moderately volatile products from the standards by applying vacuum to
∼5 mTorr for one hour.
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2.2 Characterization of standards

A 400 MHz NMR spectrometer was used to obtain 1H NMR and 13C NMR spectra.
The observed chemical shifts for the limonene hydroxynitrate dissolved in CDCl3 are
as follows:

– 1HNMR: 1.45 (2, m); 1.6 (3, s); 1.7 (3, s); 1.80 (2, m); 2.18 (2, m); 2.35 (1, m);5

4.09 (1, m); 4.73 (2, m),

– 13CNMR: 20.78; 20.83; 26.05; 29.88; 33.80; 36.78; 69.1; 91.45; 109.35; 148.43.

Our NMR observations are in agreement with those of Spittler (2001).
Thermal dissociation-laser induced fluorescence (Day et al., 2002) measurements

of the vapors in the headspace in each sample vial unambiguously identified the stan-10

dards as being composed of alkyl nitrates. HNO3, NO2 and RO2NO2 compounds were
not detected in the vapors.

Samples were analyzed for elemental composition using a standard combustion
method (Perkin Elmer 2400 Series II). With this method carbon, hydrogen and nitrogen
content were measured on a mass basis with a stated accuracy of ±0.3%. Oxygen15

was assumed to be the remaining mass such that C+H+O+N=100%. Results of the
combustion analysis are listed in Table 1.

2.3 HR-ToF-AMS analysis

The AMS has been extensively described in the literature (Canagartna et al., 2007;
DeCarlo et al., 2006) and is only briefly described here. The AMS exists in three basic20

implementations. These instruments all sample gas and particles through an aerody-
namic inlet which reduces the sampled gas relative to the particles by a factor of ≈107.
The resulting focused beam of particles with aerodynamic diameters ≈30–1000 nm is
impacted on a heated surface (≈600◦C) where the non-refractory component of the
aerosol is vaporized. The resulting vapors are ionized with 70 eV electron impact and25
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measured with mass spectrometry. The three versions of the AMS differ primarily in the
mass spectrometer used, which has evolved from quadrupole (Q-AMS) to time of flight
(ToF-AMS) to high resolution time of flight (HR-ToF-AMS). The ToF-AMS has much
higher precision than the Q-AMS because it is not a scanning instrument and therefore
can in principle collect all of the m/z fragments from a single particle. HR-ToF-AMS5

has improved mass resolution, allowing for the distinction between different fragments
with the same nominal mass (e.g. CH2O+ vs. NO+).

For these experiments the higher resolution W mode of a HR-ToF-MS was used.
Data was collected from m/z=10 to m/z=500. The data was analyzed using Igor Pro
6.04 (Wavemetrics, Lake Oswego, OR) which runs the standard HR-ToF-AMS software10

packages Squirrel 1.43 (ToF-AMS), Pika 1.03 (HR-ToF-AMS module) and Apes 1.00
(organic aerosol elemental analysis module).

Performing EA using the HR-ToF-AMS has been described in the literature (Aiken
et al., 2007, 2008) and is briefly described in this paper. This analysis relies on the
principle that a given magnitude of signal (Hz) at any m/z corresponds roughly to the15

same original mass in the EI region of the instrument. For example, 1µg/m3 He and
1µg/m3 Ar would produce approximately equal signal count rates at m/z=4 (He+) and
40 (Ar+), even though the number of Ar atoms relative to He is 1/10. Furthermore,
for molecules which fragment upon ionization, the size and identity of the fragment
which retains the charge and is detected has no bearing on the size of the signal.20

This is because the detection efficiency is proportional to the probability of a molecule
becoming ionized, which is to first order linear in the number of electrons and therefore
the mass of the molecule (Jimenez et al., 2003). Regardless of the size of the fragment
that leaves as charged, the resulting signal from one ionizing event is 1 count (scaled
by the detection efficiency of the instrument). Since the HR-ToF-AMS can determine25

the elemental composition of individual fragments by distinguishing between different
fragments with the same nominal mass (DeCarlo et al., 2006), an average elemental
composition and atomic ratios can be calculated for the entire HR-ToF-AMS spectrum.
Calculating the average elemental composition of just the organic part of the aerosol
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requires determining which fragments and also how much of the total signal at each
fragment comes from the organic part of the aerosol. For ambient aerosol this can be
difficult since inorganic aerosol and air may overlap at important m/z for particular types
of compounds. As a pair of examples, H2O+ may come from both water vapor and the
alcohol functional group, while NO+ may appear due to either ammonium nitrate or5

organic nitrate molecules.
As discussed by Aiken et al. (2007, 2008) the contribution to the organic spectrum

from the CO+, O+, OH+ and H2O+ fragments cannot typically be measured directly
by the AMS when sampling particles in air due to inorganic gas phase and particle
phase interferences. The signal from the gas phase interferences is measured by in-10

termittently blocking the particle beam, resulting in a gas only signal which is then
subtracted from the gas+particle signal measured with the beam not blocked. The re-
sult will be precise however only if the gas is a small fraction of the total signal. CO2 is
one gas for example for which this could be expected to be an issue. 380 ppm CO2 at
standard conditions is ≈7×105µg/m3. Applying the nominal particle:gas enhancement15

factor of 107 to this results in a signal of ≈0.07µg/m3 from gas phase CO2 which is
a background signal over which the particle signal must be measured. For ambient
organic aerosols on the order of 10µg/m3 where the CO2 is typically on the order of
10–20% of the total organic aerosol signal (Zhang et al., 2005; Aiken et al., 2008) gas
phase CO2 is a minor interference. However, for less oxidized aerosols such as stan-20

dards and chamber SOA, it can be significant because these aerosols produce very
little CO+

2 signal. We found for example with our pinene hydroxynitrate standard that
with 150µg/m3 organic aerosol concentration, the gas and particle signals at CO+

2
were ≈4:5, particle:gas. However, the reduction in the precision of the CO+

2 fragment
measurement for less oxidized aerosols has a small impact on the precision of the25

calculated O/C because as the noise in the particle CO+
2 signal increases, the frac-

tion of total particle mass from this fragment decreases. A similar analysis on water
vapor at 50% RH and standard conditions results in a gas phase signal of 1.2µg/m3

H2O, which is always a significant interference, even if gas phase water is reduced with
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a diffusion dryer. In our measured spectra of the butane hydroxynitrate we found that
the expected organic aerosol signal from H2O one calculates from the measured CO2
and the fragmentation suggested by Aiken et al. (2008) is 0.04% of the total measured
H2O signal, making a determination of HxO+ fragments from difference spectra impos-
sible. The large N+

2 peak from air in these experiments was typically ≈100 times larger5

than the adjacent CO+ fragment which itself is due both to gas phase CO2 as well
as CO+ fragments from organic particles. For all of these reasons we observed that
the precision in the measured particle signals from CO+, O+, OH+ and H2O+, were
all much lower than precision in all other significant components of the spectra, includ-
ing CO+

2 . For this reason we calculated the particle phase signals at these fragments10

based on the measured particle CO+
2 fragment, and the fragmentation table suggested

by Aiken et al. (2008). Because of the relatively low signals at these fragments these
choices had a minor effect on the calculated atomic ratios. For all of the standards ex-
cept for the butane hydroxynitrate the O/C based on measured vs. calculated values
of these fragments were within 5%. For the butane hydroxynitrate standard the differ-15

ence was larger, but only because the total aerosol concentration was much lower, and
gas phase water therefore introduced much more noise into the measurement of HxO+

fragments. Using the calculated fragments resulted in O/C from the three measured
spectra of this standard with precision ±3%. The AMS elemental ratios we report are
those calculated before applying any corrections for reduced detection efficiency of H,20

N, or O relative to C.

2.4 Organic nitrate standards

Polydisperse aerosols of each standard were generated by nebulizing a methanol so-
lution of each standard with zero air using a Meinhard nebulizer (Meinhard Glass Prod-
ucts, Golden, CO). The resulting aerosol was passed through a silica gel diffusion dryer25

and multiple charcoal denuders to remove the solvent and excess gas phase organics
before sampling into the HR-ToF-AMS. Pure samples of the methanol solvent sampled
into the AMS in the same way resulted in zero signal. Zero air produced from a zero
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air generator was chosen as opposed to e.g. argon gas to give a realistic AMS signal
with the same interferences encountered in field measurements. 3–5 replicate spectra
were recorded for each of the standards. Each spectrum was collected from 1 min of
data and particle loadings were from 83–340µgm−3. Precision for individual standards
was high, with the precision of the resulting atomic ratios being ±4% and we report the5

averages of the spectra and atomic ratios.

3 AMS organic nitrate spectrum

Figure 2 (top panel) shows the average of the AMS spectra from the four standards.
HR analysis was used to identify the peaks containing nitrogen (blue), and then the
spectrum was summed to unit mass resolution. To focus on the organic nitrate func-10

tionality and compare the four compounds which had quite different carbon backbones,
a subset of the spectrum of each standard was used where only the HR peaks contain-
ing nitrogen were identified and then scaled by the nitrogen content of each fragment
(i.e. each fragment with one N atom was multiplied by 14

m/z
), and then the spectra

were summed to unit mass resolution. Figure 2 (bottom) shows the average nitro-15

gen specta of the four standards obtained this way. The spectra of the individual
compounds as well as many of the individual peak fits are contained in the supple-
mentary material for this paper (see http://www.atmos-meas-tech-discuss.net/2/2781/
2009/amtd-2-2781-2009-supplement.pdf). In comparison to ammonium nitrate where
typically >98% of the nitrate signal appears at the NO+ and NO+

2 peaks, we observed20

only 30% of the nitrogen at the sum of these two peaks. 5% was observed at var-
ious CxHyOzN+ fragments, 12% in the NH+

x fragments (mainly the butane standard)
and 53% at various CxHyN+ fragments. The NH+

x fragments were almost exclusively
observed in the butane hydroxynitrate standard. We have no evidence that this is not
unusual ion chemistry but acknowledge that these peaks may indicate an undetected25

impurity in the sample. The ubiquity of the CHN+ fragments across the 4 standards
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was surprising and suggests a high degree of molecular rearrangement, not simple
fragmentation, occurs prior to detection.

An attempt was made to identify a unique and consistent feature of the spectra which
could be used to quantify the organic nitrate content of ambient OA using either a Unit
Mass Resolution (UMR) – or High Resolution (HR) – AMS. Although qualitative simi-5

larities between the spectra of the four standards are obvious, no single peak was an
unambiguous marker that could be used to quantify organic nitrates. Table 2 shows
the observed NO+:NO+

2 ratios observed for the four compounds. This ratio has been
shown previously (Alfarra et al., 2006; Cottrell et al., 2008; Fry et al., 2009) to differ sig-
nificantly between inorganic and organic nitrates. The NO+:NO+

2 ratio has been shown10

to also vary between different instruments, and to change between tunings of a single
instrument. Reported ranges for ammonium nitrate are typically 1.5–2.5 NO+:NO+

2 ,
with larger ratios observed for other compounds, ranging as high as 29 NO+:NO+

2 for
sodium nitrate. We observed ratios ranging from 0.99 to 5.30 for the organic nitrate
standards. The average spectrum shown in Fig. 2 (bottom panel) has an m/z 30:4615

ratio of 2.94. This scatter in the NO:NO2 ratios was unexpected as we anticipated that
based on the gas phase decomposition of alkyl nitrates (Day et al., 2002) the majority
of these compounds would thermally decompose to RO+NO2 on the AMS filament,
yielding essentially a mass spectrum of NO2. For example, at 600◦C and 1 atm the
lifetime of n-propyl nitrate in the gas phase to this thermal decomposition channel is20

300 ns.
None of the other major peaks were observed to bear a consistent relationship to

the total N mass, or to either of the peaks at m/z 30 or 46. One obvious feature in the
spectrum is the clusters of mass around the groups CxHyN+, with the highest peak in
each group occurring at y=2x (28, 42, 56, 70). While this may be a unique signature25

of organic nitrates, the individual peaks are all small compared to the typical size of
peaks at the same UMR m/z in an ambient spectrum.

Assuming that the average of the four standards is representative of how partic-
ulate organic nitrates would appear in an AMS spectrum, we calculate that 58% of
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the nitrogen is measured at peaks other than the NOx and NHx. Using a HR-AMS to
identify nitrogen containing fragments, if M is the total amount of organic nitrogen mea-
sured at these non NOx and NHx peaks, then the total amount of organic nitrogen in
all fragments would be M/0.58=1.7×M, and the amount of organic nitrogen detected
at the NOx peaks would be 1.7×0.30×M=0.51×M.5

4 AMS/combustion comparison

To evaluate the AMS’s relative detection efficiency of C, H, N, and O we compare the
elemental ratios of the standards determined with the AMS to those measured with
combustion analysis. The data are listed in Table 1 and plotted in Fig. 3. In Table 1 we
also list the atomic ratios expected for pure samples of the standards. Assuming that10

the combustion analysis is the best measure of the composition of the compounds,
this analysis indicates that the N/C and O/C of the synthetic standards are lower
than expected. Though the standards were purified via flash chromatography, this
suggests there was a carbon impurity in the standards, presumably from unreacted
starting material or minor product(s) of the synthesis. The direct comparison of the15

two EA measurements may help to eliminate the need to assume a pure sample of the
standard, though we expect that an impurity of lower vapor pressure than the standard
would lead to more relative signal in the AMS than in the combustion method.

Correlation between AMS and thermal EA measurements is high for all three ratios
(R2=0.988, 0.966, 1.000 for H:C, N:C, O:C). For H:C and N:C a negligible improvement20

in the linear regression was achieved by allowing the y-intercept to vary (R2=0.995 vs.
0.988 for H:C and 0.978 vs. 0.966 for N:C). However for the O:C a reasonably signifi-
cant improvement is observed (0.894 vs. 1.000) by allowing the y-intercept to be non-
zero. The positive y-intercept might indicate a positive bias in the AMS measurement
of oxygen, possibly from a constant in the gas phase background. This would presum-25

ably appear as a large fraction of the total measured oxygen appearing at a nominally
“air” m/z, such as O+, O+

2 , CO+ or CO+
2 . However, O+

2 is filtered out in the analysis, and
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O+ and CO+ are calculated from the observed CO+
2 signal which was overall a small

fraction of the total measured oxygen. The deviation of the intercept from zero could
also be explained by a negative bias in the detection of carbon. Because the AMS ele-
mental analysis only considers fragments up to m/z=100, if a larger fraction of the total
carbon relative to oxygen is contained in the excluded fragments greater than m/z=1005

then the AMS O:C would be systematically high. To consider the potential magnitude
of this effect we calculated the mass weighted average m/z for the observed C, H, N,
and O and results are listed in Table 3. Also listed in Table 3 is the fraction of total
organic mass (calculated with unit mass resolution) located at m/z≤100. In general O
and N are found at lower m/z than are C and H, and the fraction of total mass located10

at m/z>100 and therefore excluded from the elemental analysis increases monoton-
ically with compound mass. These results suggest that in general if the majority of
oxygen is always located at m/z≤100, larger compounds with more C excluded from
the analysis will have an overestimated O/C which increases with the size of the com-
pound. To test the effect that this could have on our results we re-fit the AMS/thermal15

O:C comparison, making the assumption that all oxygen is detected below m/z 100,
and that the fraction of total carbon detected below m/z 100 is equal to the fraction of
OM observed below m/z 100 in the UMR analysis. Doing so brings the y-intercept of
the O:C panel in Fig. 3 from 0.059 to 0.029, with the slope of the line only increasing
slightly from 0.234 to 0.237. Adjusting the carbon in this way also reduces the differ-20

ence between the quality of fit found from allowing the y-intercept to vary (R2=0.999)
and with y-intercept fixed at zero (R2=0.962). A similar analysis was performed on the
N:C because Table 3 shows that nitrogen is found on average at even lower m/z than
is oxygen and yet no significant offset was found in the AMS/thermal N:C comparison.
The correction due to excluded carbon above m/z 100 has a much less notable impact25

on the N:C, with the difference between fitting the y-intercept (R2=0.977) and fixing
at zero (R2=0.946). This less significant effect is observed because the N:C for the
largest compound is already very small, and shifting it slightly has a minor effect on the
fit line.
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H:C measured for hydroxynitrates (0.94±0.01) and by Aiken et al. (2008) for a range
of other compounds (0.91±0.02) are equivalent within the combined uncertainty. N:C
for hydroxynitrates was biased high (1.4±0.1) as compared to the small negative bias
previously observed for nitrogen containing organics (0.96±0.05). Our observed O:C
ratio (0.23±0.01) is significantly lower than that of Aiken et al. (0.75±0.05). This pair of5

findings would seem to be reasonable considering that the nitrogen in these molecules
was bonded to oxygen. Because oxygen is strongly electronegitive and upon EI leaves
preferentially as a neutral, the nitrogen is forced to preferentially leave as an ion.

The origin of the nonzero y-intercept in the comparison of AMS and combustion
measurements of O:C is not entirely clear, and as discussed is likely related to the10

size of the carbon backbone of the parent molecule. Thus, to make an estimate of
how the O:C of organic nitrates may appear for ambient aerosol we take the average
of the AMS O:C/combustion O:C for the four compounds. The average of this value
for the four compounds (Table 1, bottom line) is 0.50, which is close to the individual
values observed for the two monoterpene derived compounds (0.46 and 0.46). The15

four compounds tested in this study were nominally composed of one alcohol group
(R-O-H) and one alkyl nitrate group (R-O-NO2) with a total of 4 oxygen atoms per
molecule. We estimate the reduced detection efficiency of oxygen in the organic nitrate
groups alone by assuming that the oxygen in the alcohol groups were detected with
75% efficiency (Aiken et al., 2008), and the reduced detection efficiency of O in nitrates20

lead to the overall observed value of 0.50. Under these assumptions, the detection
efficiency for oxygen in a nitrate group is 42%.

5 Impact on ambient OA observations

In this section we estimate how the reduced efficiency of oxygen detection in organic
nitrates might affect observations of O:C using the HR-ToF-AMS EA technique in the25

extreme case that all detected nitrogen is from organic nitrates. With this assumption,
we use our results from Sects. 3 and 4 to calculate that the O:C and N:C ratios reported
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using standard assumptions about AMS spectra and the calibration factors determined
in Aiken et al. (2008) is related to the true O:C ratio by:(

O
C

)
true

=
(

O
C

)
reported

+1.5×
(

N
C

)
reported

(1)

such that the fractional adjustment to the reported O/C ratio would be 150 N/C
O/C

%.

This expression is arrived at by first considering the differences in O/C between the5

two studies. We assume that the oxygen in organic nitrate groups is detected with 42%
efficiency, and all other oxygen at 75% efficiency. This yields an expression relating the
observed O/C ratio (without any correction) to the true N/C and O/C ratios:

(
O
C

)
true

=

(
O
C

)
obs

+0.99
(N

C

)
true

0.75
=
(

O
C

)
reported

+1.3×
(

N
C

)
true

(2)

where
(

O
C

)
reported

is the reported O/C ratio, which we assume to be related to the10

measured ratio by
(

O
C

)
reported

×0.75=
(

O
C

)
obs

. We assume that the reported and ob-

served N/C ratios are related by
(N

C

)
reported

×0.92=
(N

C

)
obs

, and that as we have seen,

for organic nitrates
(N

C

)
true

×1.4=
(

O
C

)
obs

, so that
(N

C

)
true

=
(N

C

)
reported

×0.66. Typically

however, elemental analysis is applied to the “organic” part of the AMS spectrum which
is determined as such through standard assumptions about the spectrum (Allan et al.,15

2004) followed by the application of a multivariate linear regression technique such as
positive matrix factorization which essentially removes all signal at the NOx and NHx
peaks (Zhang et al., 2005; Lanz et al., 2007, 2008). To account for organic N in these
peaks we assume that(

N
C

)
true

=1.7×
(

N
C

)
reported

(3)20
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as discussed in Sect. 3. Combining these assumptions with Eq. (2) we arrive at Eq. (1).
Applying this correction to the diurnal average N/C and O/C ratios observed by

Aiken et al. (2008) in Mexico City (MILAGRO campaign) we obtain an average increase
in the O/C ratio of 8.6%. Ambient N/C and O/C ratios however are anticorrelated,
owing to the fact that photochemical aging increases mostly the oxygen content of5

VOC’s, while oxidation by NO3 at night will increase both nitrogen and oxygen content.
Thus, the while the O/C ratio observed by Aiken et al. ranges from 0.31–0.55, the
N/C ratio ranges from 0.024–0.009 (approx, read from charts). This suggests that the
organic nitrate correction to OA oxygen content for this study would vary from 2–12%,
being the most important just before sunrise, and least important late in the day.10

The results of the above analysis rely on the critical assumption that all observed
N in the organic spectrum is from organic nitrates. This is however unlikely to be the
case, meaning that the 2–12% correction we calculate to the O/C is an upper limit.
For example, Moffet et al. (2008) report single particle mass spectrometric measure-
ments during the Mexico City Metropolitan Area-2006 campaign (MCMA-2006) and15

find a significant class of nitrogen containing organic particles which they hypothesize
to be due to industrial emissions of amines. Aiken et al. (2009) report PMF analysis of
HR-AMS data from this same campaign, and find a component high in organic nitrogen
(called LOA in that study) which they suggest is likely of similar origin. It is worth noting
though that in the study of Aiken et al. (2009) only 33% of the organic nitrogen was20

found in the LOA component, with the OOA, HOA and BBOA having 29%, 25% and
13% each, respectively. As well, one of the pieces of reasoning used to conclude that
the nitrogen is from amines is that it is detected in CxHyN+ fragments, such as m/z 58
(Moffet et al., 2008) and m/z 86 (Huffman et al., 2009) which are observed in mass
spectroscopic studies of amines. Our observations of significant quantities of CxHyN+

25

fragments from organic nitrates including in particular m/z 58 and 86 suggests that
these fragments may not be perfect tracers for amines. Finally, we note that the range
of possible corrections calculated in this paper are well within the stated 31% accuracy
(Aiken et al., 2008) of the AMS EA technique.
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6 Conclusions

We have tested the response of the Aerodyne HR-TOF-AMS to aerosols formed from
C4–C15 hydroxynitrates. We found on average that 42% of the nitrogen mass was
detected at the NOx and NHx peaks, which are typically assumed to be inorganic ni-
trogen. We find that the oxygen in these molecules was detected with significantly5

reduced efficiency (50% on average) as compared to a previously reported series of
organics (75%). This could result in as much as an 12% increase in the O/C ratio
previously reported for Mexico City where the observed N/C was high. Analysis of the
mass spectrum did not yield any patterns which could be used universally to quantify
the organic nitrate content of aerosol, but suggests that 58% of the N is detected at10

CHN and CHNO peaks.
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Table 1. H/C, N/C and O/C data from combustion elemental analysis and AMS elemental
analysis.

Compound name Butane Pinene Limonene Caryophyllene

Compound formula C4H9O4N C10H17O4N C10H17O4N C15H25O4N
Atomic H:C 2.25 1.70 1.70 1.67
Atomic N:C 0.25 0.10 0.10 0.067
Atomic O:C 1 0.4 0.4 0.27
Combustion H:C 2.32 1.54 1.79 1.69
Combustion N:C 0.22 0.057 0.071 0.013
Combustion O:C 0.97 0.25 0.26 0.11
AMS H:C 2.2 1.5 1.7 1.6
AMS N:C 0.33 0.041 0.099 0.022
AMS O:C 0.29 0.12 0.12 0.086
AMS O:C/combustion O:C 0.20 0.46 0.46 0.79
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Table 2. Contributions (%) to the HR-AMS mass spectra of each of the standards (columns
1–4), and ratios of these peak heights (columns 5,6). 30 and 46 are all of the signal at these
UMR peaks. NO+ and NO+

2 are determined in the HR analysis. Stated AMS atomic ratios are
without using correction factors for non-uniform detection of C, H, N, and O.

Compound 30 46 NO+ NO+
2 30:46 NO+:NO+

2

Butane 14.35 4.47 7.64 4.18 3.21 1.83
Limonene 3.37 2.23 2.07 2.09 1.51 0.99
α-Pinene 2.96 0.58 2.65 0.50 5.10 5.30
Caryophyllene 2.01 0.45 1.79 0.40 4.47 4.48
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Table 3. Mass weighted average location of C, H, N, and O calculated by high resolution AMS
analysis of m/z≤100 (first four columns) and the percent of organic mass located≤m/z 100
evaluated by unit mass resolution up to m/z=500. Correction factors for non-uniform detection
of C, H, N, and O have not been applied to the data.

Compound C H N O %

Butane 51.1 47.2 36.0 40.1 91
Pinene 62.3 59.4 40.1 49.0 74
Limonene 60.4 58.0 44.5 50.0 74
Caryophyllene 64.7 62.1 42.5 51.4 69
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Fig. 1. One isomer of each each standard synthesized for this study.
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Fig. 2. Top: the average of the AMS spectra of the four standards, with nitrogen and non-
nitrogen fragments identified. Numbers identify the m/z of some of the major peaks. Bottom:
the average for the standards of the nitrogen containing peaks, weighted by the fraction of each
peak which is nitrogen by mass. Each peak containing one nitrogen atom is scaled by 14

m/z
.
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Fig. 3. Comparison of atomic ratios measured with the AMS, to atomic ratios measured by
combustion elemental analysis. Here we plot the elemental ratios calculated assuming equal
response to CHN and O (corrections to elemental analysis recommended by Aiken et al. (2008)
have not been applied to the data). Green dashed line is a 1:1, and solid blue is a linear fit to
the data with y-intercept forced to zero.
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