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Abstract. Organic nitrates in the atmosphere are
associated with photochemical pollution and are
the main components of secondary organic aero-
sols, which are related to haze. An efficient meth-
od for determining organic nitrates in atmospheric
fine particles (PM, 5) was established using syn-
thesized standards. Four alkyl (C;—C1o) nitrates
and three aromatic nitrates (tolyl nitrate,
phenethyl nitrate, and p-xylyl nitrate) were syn-

analysis

thesized and characterized by 'H and '3C nucle-

ar magnetic resonance spectroscopy. The optimal ions for quantifying and confirming the identities of the
analytes were identified by analyzing the standards by gas chromatography tandem mass spectrometry. The
tandem mass spectrometer was a triple quadrupole instrument. This method can obtain more accurate informa-
tion of organic nitrates than on-line methods. Spiked recovery tests were performed using three spike concen-
trations, and the recoveries were 61.0-111.4 %, and the relative standard deviations were < 8.2% for all of the
analytes. Limits of detection and quantification were determined, and the linearity of the method for each analyte
was assessed. The applicability of the method was demonstrated by analyzing six PM, 5 samples. Overall, 87%
of the analytes were detected in the samples. Phenethyl nitrate, heptyl nitrate, and octyl nitrate were detected in
every sample. Phenethyl nitrate was found at a higher mean concentration (3.23 ng/m®) than the other analytes.
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O rganic nitrates (ONs) are esters and derivatives containing
nitrate groups. ONs are active nitrogen oxides that have
important effects in the atmosphere. ONs can be divided into
anthropogenic ONs and biogenic ONs. Many studies of bio-
genic ONs have been performed because they play important
roles in the atmospheric nitrogen cycle [1, 2]. Anthropogenic
ONs may, however, be the dominant ONs in the atmosphere in
densely populated urban areas because of the considerable
emission of anthropogenic VOCs [3]. Volatile organic com-
pounds (VOCs) are precursors of ONs, and the VOCs present
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determine the types of ONs that form [4]. Long-chain alkanes,
ethylbenzene, toluene, and xylene are currently the dominant
VOCs in the atmosphere in Beijing [5-7]. Most VOCs are
active [8] and can generate ONs through photochemical pro-
cesses in the atmosphere. Lee et al. [9] found that ONs are
generated through oxidation of anthropogenic VOCs and are
the main components of secondary organic aerosols in the
Uintah Basin, Utah, USA. Long-chain alkanes and aromatic
compounds can give relatively high ON yields [10, 11]. The
relatively high contributions (5-40%) of ONs to organic matter
in atmospheric particles [12] mean that the generation and
transformation of ONs affect the production and composition
of secondary organic aerosols. High O; concentrations have
been found in the atmosphere in China [13, 14], and it is
believed that high O; concentrations probably cause ONs to
form through photochemical processes. It is therefore
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necessary to monitor long chain alkyl and aromatic organic
nitrate concentrations in urban areas.

Studies of aromatic nitrates have mainly been focused on
organic aerosols generated from precursor aromatic hydro-
carbons through photochemical reactions [18, 19], and few
studies have been focused on ONs generated from aromatic
hydrocarbons. Few alkyl and aromatic ON standards are
available, and this has limited the development of methods
for qualitatively and quantitatively determining ONs. There
is still a lack of methods for qualitatively and quantitatively
determining long-chain alkyl and aromatic nitrates in the
atmosphere. Currently, ONs are mainly determined using
on-line monitoring instruments [15]. Online monitoring
systems give fast responses and small errors, but cannot
determine specific ONs and therefore can only determine
total ON concentrations. Long-chain alkyl nitrates in the gas
phase are currently determined by gas chromatography
(GC) with electron capture detection and by GC mass spec-
trometry (MS) [16, 17]. Analytes can often be unambigu-
ously identified, and structural information for unknown
compounds can be acquired by MS but not using an electron
capture detector. Tandem MS (MS/MS) offers advantages
over standard MS in terms of qualitative and quantitative
analyses: more accurate information of ONs can be obtained
by GC-MS/MS and less interference for GC-MS/MS to
detect the trace compounds in the environment. These ad-
vantages make it easier to determine the accurate concen-
tration of ONs. Hence, it is necessary to develop a GC-MS/
MS-based analytical method. In this study, ON standards
were synthesized, and a GC-MS/MS method for determin-
ing alkyl and aromatic ONs in the atmosphere was
established.

Materials and Methods

Chemicals

Pesticide-grade acetonitrile and dichloromethane were obtain-
ed from J.T. Baker (Phillipsburg, NJ, USA). Ultra-pure water
was produced using a Milli-Q system (EMD Millipore, Biller-
ica, MA, USA). Liquid chromatography grade n-nonane and
analytical grade brominated alkanes and aromatic compounds
were obtained from Macklin (Shanghai, China). Silver nitrate
was purchased from Jinke (Tianjin, China). Tetramethylsilane
was obtained from Innochem (Beijing, China).

Instrumental Method

The ONs were determined using a Trace 1310 gas chromato-
graph coupled to a TSQ 8000 Evo tandem mass spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA). Separation
was achieved using a J&W Scientific DB-5MS GC column (30
m long, 0.25 mm i.d., 0.1 um film thickness; Agilent Technol-
ogies, Santa Clara, CA, USA). The oven temperature program
started at 40 °C, which was held for 10 min, then increased at 4
°C'min ! to 260 °C, which was held for 3 min. The mass
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spectrometer ion source and transfer line were kept at 280
and 290 °C, respectively. The MS/MS instrument was operated
in electron impact ionization mode and selected reaction mon-
itoring mode. The collision voltages and scanning time win-
dows for the analytes are shown in Table S3 in the Supple-
mentary Material. The injection volume was 1.0 pL, and
splitless injection mode was used. The carrier gas was helium,
and the flow rate was 1.0 mL min .

The analytes were analyzed by nuclear magnetic resonance
spectroscopy (NMR) using an Avance-600 MH system
(Bruker, Billerica, MA, USA). Tetramethylsilane was used as
an internal standard and deuterochloroform (CDCls) was used
as the solvent for the analytes.

Sample Collection and Preparation

Fine particulate (PM, 5) samples were collected at Minzu
University of China in Beijing (116.19° E, 39.57° N) using
a TH-16A small-volume sampler (Tianhong, Wuhan, Chi-
na). The PM, 5 samples were collected on 47-mm diameter
Whatman glass fiber filters (GE Healthcare Bio-Sciences,
Pittsburgh, PA, USA). For each sample, 10 m® was passed
through a filter at a flow rate of 16.7 L min'. The samples
were collected on the roof of a building. Samples were
collected in different seasons, and then each sample was
wrapped in aluminum foil and sealed in a plastic bag, then
stored at — 20 °C until they were analyzed.

When a sample was analyzed, the filter was cut into pieces
and sonicated with 15.0 mL of CH,Cl, for 15.0 min. The
sample was extracted in the same way with fresh CH,Cl, three
more times, then the four extracts were combined. The extract
was then stored at 4 °C for 12 h, then evaporated almost to
dryness using a rotary evaporator. The residue was dissolved in
5.0 mL of CH,Cl,, then the extract was centrifuged at
3000 rpm for 5.0 min. A small amount of #n-nonane was added
to the supernatant, then the mixture was evaporated under a
gentle stream of high purity nitrogen without any heat applied
until 100.0 pL of #n-nonane remained.

Method validation

The recovery, calibration curve linearity, precision, and de-
tection limit were determined for each analyte to assess the
performance of the analytical method. Six samples spiked
with each analyte were analyzed to determine the analyte
recoveries achieved using the method. This was performed
at each of three spike concentrations. The instrument detec-
tion limit (IDL) and method detection limit (MDL) were
defined as the concentrations giving signal-to-noise ratios of
3 and 10, respectively. The precision was defined as the
relative standard deviation (%) of the recoveries found in
replicate samples. Standard solutions at different concentra-
tions were analyzed, a calibration curve for each analyte was
produced, and the linearity ofa calibration curve was assessed
using the correlation coefficient (R?).
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Results and discussion
Synthesis of standards

The appropriate brominated alkanes and aromatic compounds
were treated with silver nitrate to produce C;—C,( nitrates, p-
xylyl nitrate, tolyl nitrate, and phenethyl nitrate standards [17].
The structures and molecular weights of the synthesized ONs
are shown in Table 1. Excess AgNO; was dissolved in an
appropriate amount of acetonitrile, then the selected brominat-
ed alkane or aromatic compound was added, and the mixture
was stirred with a magnetic stirrer at room temperature for 2—3
days. The mixture was then filtered, then 80.0 mL of ice-cold
ultra-pure water and 60.0 mL of CH,Cl, were added. The
mixture was then shaken well to achieve an effective liquid—
liquid extraction. The CH,Cl, layer was evaporated to give the
pure synthetic standard. The reaction between a brominated
organic compound and silver nitrate is shown below.

RBr + AgNO; = RONO, + AgBr|

The synthesized ONs were characterized by GC-MS/MS,
"H NMR, and '*C NMR. The full-scan mass spectrum of each
ON was obtained to obtain the relative abundances of the
different fragment ions and identify the most appropriate frag-
ment ions to monitor. Some example mass spectra are shown in
Figures 1(a) and 3, S3, and S5.

The structural characteristics of the ONs were investigated
by "H NMR and '*C NMR. The 'H NMR and "*C NMR data
for the synthetic ONs are shown in Tables S1 and S2 of the
supplementary, respectively. The signals for protons in the R—
CH,—O-NO, group in the alkyl nitrates had chemical shifts of
4.37-4.45 ppm, and the signals for protons in the R—-CH,—O—
NO, group in the aromatic nitrates had chemical shifts of 4.64—
5.42 ppm, indicating that each compound contained the —
ONO, group. The downfield shifts indicated that strong
electron-withdrawing atoms or groups were present.
Muthuramu et al. [20] found that the presence of a strong
electron-withdrawing group (e.g., —ONO,) will cause the 'H
NMR signals for protons in an R-CH,—O-NO, group to be
shifted downfield more than the signals for protons in the

Table 1. Information on the organic nitrates that were synthesized, including the ions used to identify and quantify the compounds by mass spectrometry

Identification (primary) ion and

Compound  Formula Structure M.olecular quantification ion pair m/z ratios
weight (Da) - - -
Primary ion Product ion
o}
Heptyl Lo
. P CHisNO; "o o 161.20 76 46
nitrate Heptyl nitrate
Octyl 0
. CsH7NO3 N0 0 175.23 76 46
nitrate Octyl nitrate
Nonyl ﬁ .
) CoHigNO3 """ "0o"0 189.25 76 46
nitrate Nonyl nitrate
Decyl (,3 )
i CiogHyiNO; "> """0o 00 203.29 76 46
mtrate Decyl nitrate
0 153 46
Tolyl Mo
o CH;NO; oo 153.14
nitrate 77 51
Tolyl nitrate
0.*.0 167 46
Phenethyl ©/\/ N~
. CsHoNO; o 167.16
nitrate Phenethyl nitrate 46 46
(IJ’ 167 46
-Xylyl Ng
PR cHaNO; ﬁo +0 167.16
nitrate 46 46

P-Xylyl nitrate
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Figure 1. (a) Mass spectrum and (b) possible cleavage modes for octyl nitrate

presence of other types of C atoms. Lopes et al. [21] found that
the signal for a proton bound to an oxygenated saturated
aliphatic C atom (i.e., H-C-O) in an alcohol, polyol, ether,
ester, or ON (R—CH,—O-NO,) will have a chemical shift of
between 3.3 and 4.1 ppm. Rindelaub et al. [22] found that the
signal for the proton attached to the C atom in the R—-CH-OH
group of a synthesized “o-pinene-derived organic nitrate” had a
downfield chemical shift of 4.1 ppm. The signal for a proton
attached to a C—O group will be more strongly downfield
shifted than the signal for a proton attached to another type of
C atom because of the strong electronegativity of O atom.

Qualitative and Quantitative Analysis of Alkyl Ni-
trates by GC-MS/MS

The mass spectrum of octyl nitrate is shown in Figure 1a. The
spectrum contains peaks at m/z ratios characteristic of alkanes,
e.g., m/z 43.15 ((CH3(CH,),]") and m/z 57.13 ([CH3(CH,)s]"),
at relatively high abundances. Peaks for [NO,]" (at m/z 46.07)
and [CH,ONO,]" (at m/z 76.07) were also abundant. [NO,]" is
a characteristic ion for alkyl nitrates [16, 17, 23]. Saturated
aliphatic hydrocarbon ONs can also produce the [CH,ONO,]"
ion, so the [CH,ONO,]" and [NO,]" ions could both be used to
indicate the presence of an alkyl nitrate. The [CH,ONO,]" and
[NO,]" ions were therefore used to identify the alkyl nitrates in
our method.

Possible cleavage modes for octyl nitrate are shown in
Figure 1b. We believe that [NO,]" ions would have been
produced not only through the cleavage of the molecular ion
M (m/z 175) but also from [CH,ONO,]". The [CH,ONO,]"
ion (m/z 76.07) can be used to distinguish alkyl nitrates from
alkanes and was relatively abundant. The [CH,ONO,]" ion
was therefore used as the primary ion. [CH,ONO,]" could

fragment and produce [NO,]" (m/z 46.07), so [CH,ONO,]"
and [NO,]" were used to quantify the alkyl nitrates. The opti-
mized collision voltage was 15 eV. The C,—C;, alkyl nitrate
standard total ion chromatogram is shown in Figure 2. The
identification ions and quantification ion pairs for the C,—Cy
alkyl nitrates are shown in Table 1.

Qualitative and Quantitative Analysis of Aromatic
Nitrates by GC-MS/MS

Aromatic nitrates have more complex structures than alkyl
nitrates. A pair of ions was selected for each aromatic nitrate
for use in selective reaction mode. The characteristic ion for
each analyte was used as the primary ion, and a suitable product
ion was selected after investigating the cleavage modes.

The mass spectrum for tolyl nitrate is shown in Figure 3. The
spectrum contains an M ion at m/z 153.08, an ion indicative of a
nitrate [NO,] " at m/z 46.07, a [C;H;0]" ion at m/z 107, and ions
characteristic of aromatic hydrocarbons (e.g., [C¢Hs]" at m/z
77.10 and [C;H,]" at m/z 91.11) at relatively high abundances.
Possible cleavage modes for tolyl nitrate in electron impact
ionization mode are shown in Figure 4. After the impact of an
electron, tolyl nitrate will form the molecular ion M through the
loss of one electron from the O atom in the C-O group. [C¢Hs]"
will be produced through cleavage of the C—C bond at the
connection between the methyl and phenyl groups. M" could
also be produced through the loss of an electron from a C atom
in the phenyl group. In this cleavage mode, the O atom will
receive an electron after heterolysis of the C—O bond, then the O
atom will combine with a H atom released by the phenyl group
to form a hydroxy moiety. This could produce [C;H,0]". The
ion at m/z 105.08 was probably produced though the dehydro-
genation of [C;H,0]". The ions at m/z 65.11, 51.07, and 39.12
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Figure 4. Possible cleavage paths for tolyl nitrate

would have been produced through the cleavage of the phenyl
group. In summary, the cleavage pattern and fragment ions
allowed the tolyl nitrate structure to be deduced from the mass
spectrum. The M ion at m/z 153.08 was used as the primary ion,
and the [NO,]" ion at m/z 46.07 was used as the product ion for
characterizing tolyl nitrate.

The phenethyl nitrate mass spectrum is shown in
Figure S3, and possible phenethyl nitrate cleavage modes
are shown in Figure S4. The M (m/z 167.11), [C;H,]" (m/z
91), [CsHs]" (m/z 65.09), [CsHg]™ (m/z 104.13), and [NO,]"
(m/z 46.05; the characteristic ion) ions had the highest

Tolyl nitrate
RT: 21.62

105
100

&

Relative Abundance

8688 &8 8 88&

SN
O O OO0 O O,

relative abundances. [CsgHoNOs]" (m/z 167.11) and [NO,]"
(m/z 46.05) were used to identify phenethyl nitrate. M" (m/z
167.11) was used as the primary ion, and [NO,]" (m/z 46.05)
was used as the product ion.

The p-xylyl nitrate mass spectrum is shown in Figure S5, and
possible p-xylyl nitrate cleavage modes are shown in Figure S6.
A clear molecular ion peak (m/z 167.10) was found, and
[CsHoO]" (m/z 121.12), [CgHol" (m/z 105.12), [C;H,]" (m/z
91.11), [C¢Hs]™ (m/z 77.09), and [NO,] " (m/z 46.05) peaks were
also present. [CgHoNOs]" (m/z 167.10) was used as the primary
ion, and [NO,]" (m/z 46.05) was used as the product ion.
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Figure 5. Total ion chromatogram for tolyl nitrate, phenethyl nitrate, and p-xylyl nitrate
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Characteristic ions of aromatic hydrocarbons, e.g., [C¢Hs]"
(m/z 77.09) and [C;H,]" (m/z 91.11), were relatively abundant
in the spectra but the responses were too low for them to be
good primary ions. These ions are also prone to interferences
because of the large numbers of complex aromatic compounds
found in environmental media. The relatively low abundance
of [CH,ONO,]" in an aromatic nitrate spectrum acquired in
selective reaction mode means [CH,ONO,]" and [NO,]" make
a poor quantitative ion pair because of unsatisfactory re-
sponses. We therefore used [NO,]" as the primary ion and used
a collision voltage of 10 eV. [NO,]" will be cleaved to form
other product ions very little at a low collision voltage such as
10 eV, so we used [NO,]" as the product ion. The aromatic
nitrate total ion chromatogram is shown in Figure 5. The
qualitative and quantitative ion pairs for the aromatic nitrates
are shown in Table 1.

Optimization of the Instrumental Method

The gas chromatography parameters were optimized to maxi-
mize the responses. Tests were performed at different injector
temperatures to identify the temperature giving the strongest
response for each analyte. The peak areas found using the

different injector temperatures are shown in Figure 6. Increas-
ing the injector temperature did not improve the response. The
optimal injector temperature was between 180 and 200 °C. The
responses for most of the analytes were better at 180 °C than at
higher temperatures, but the heptyl nitrate and octyl nitrate
responses were best at 200 °C. However, the heptyl nitrate
and octyl nitrate responses at 200 and 180 °C were not very
different, so an injector temperature of 180 °C was used
subsequently.

Linearity, Limits of Detection, and Limits
of Quantification

Calibration curves of 0.01 to 20.0 ng uL™' were used.
These covered the entire ON concentration ranges found
in real PM, s samples. The correlation coefficients (R?)
were all > 0.9994. The IDL was defined as the concentra-
tion giving a signal-to-noise ratio of 3, and the MDL was
defined as the concentration giving a signal-to-noise ratio
of 10. The IDLs were 1.0-10.0 pg, and the MDLs were
0.1-1.0 pg m>. The aromatic nitrate limits of detection
were higher than the alkyl nitrate limits of detection. The
ON IDLs and MDLs are shown in Table 2.

Table 2. Recoveries of the organic nitrate analytes when blank samples spiked with the organic nitrates at three different concentrations (six blanks per concentration)
were analyzed (/DL = instrument detection limit, MDL = method detection limit, RSD = relative standard deviation)

Analyte IDL (pg) MQL (pgm™>) 10ng,n=6 100 ng, n =06 500ng, n=06
Recoveries (%) mean  RSD (%)  Recoveries (%) mean  RSD (%)  Recoveries (%) mean  RSD (%)
(range) (range) (range)
Heptyl nitrate 1.0 0.1 73.2 (68.0-82.7) 6.4 68.2 (61.5-71.9) 52 69.9 (61.0-78.9) 7.8
Octyl nitrate 1.0 0.1 77.5 (69.7-85.5) 7.6 71.8 (69.4-74.2) 2.3 74.3 (69.9-80.0) 4.8
Nonyl nitrate 1.0 0.1 76.0 (69.9-82.9) 55 75.3 (68.6-81.1) 6.3 85.0 (80.4-94.0) 6.6
Decyl nitrate 1.0 0.1 73.3 (66.9-76.3) 44 76.0 (67.8-81.7) 7.6 83.9 (75.2-94.8) 8.2
Tolyl nitrate 10.0 1 74.5 (67.6-78.6) 4.6 69.9 (66.7-75.7) 44 75.1 (69.8-84.7) 6.3
Phenethyl nitrate 1.0 0.1 91.8 (84.6-104.3) 7.1 90.4 (84.7-98.5) 5.0 81.3 (76.2-87.2) 49
p-Xylyl nitrate 10.0 1.0 107.2 (100.6-111.4) 3.2 89.3 (82.0-97.8) 6.4 86.1 (80.2-90.4) 4.1
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Figure 7. Total ion chromatograms for organic nitrates in real PM, 5 samples

Recoveries and Precision of the Method

The ON recoveries were defined as the ratios between the
amounts of ONs found in the spiked filter sample extracts
and the amounts of ONs in the standards spiked into the
samples. The performance of the method was tested using

three spike levels (10, 100, and 500 ng of each ON). The
recoveries are shown in Table 3. Six replicate spiked sam-
ples were analyzed at each spike level. Three blank samples
were analyzed, and ONs were not detected in any blank
sample. The relative standard deviations (%) were 2.3—
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8.2%, indicating that the method had a good degree of
repeatability. ONs are poorly photostable, so light must be
excluded throughout the sample preparation process. In a
previous experiment, we found not excluding light gave
unsatisfactory results (recoveries 61.2—-156.3%, relative
standard deviations > 10.2%).

ON Concentrations in Real PM, 5

The method was used to analyze six real PM, 5 samples and
two blank samples. No ONs were detected in the blank
samples. Overall, 87% of the seven analytes were detected
in the real samples. Phenethyl nitrate, heptyl nitrate, and
octyl nitrate were detected in all of the samples, and the
concentrations are shown in Table S4. Phenethyl nitrate was
found at the highest concentration (3.23 ng m ). The mean
decyl nitrate concentration was 2.30 ng m °. Total ion
chromatograms of some real samples are shown in
Figure 7. The peaks at 20.28, 23.87, 27.28, and 30.55 min
were assigned to C;, Cg, Co, and C alkyl nitrates, respec-
tively, and the peaks at 21.56 and 25.11 min were assigned
to tolyl nitrate and phenethyl nitrate.

Conclusions

A GC-MS/MS method for determining alkyl and aromatic
nitrates was established, and reliable and effective qualitative
and quantitative ions were identified by analyzing synthesized
ON:ss standards by GC-MS/MS. The method was used to deter-
mine ON concentrations in real PM, 5 samples collected in
Beijing. Phenethyl nitrate, heptyl nitrate, and octyl nitrate were
detected in all of the samples. The mean phenethyl nitrate
concentration was higher than the mean concentration of any
other ON. Light needed to be excluded during the sample
preparation process to achieve good recoveries and good de-
grees of precision and accuracy.
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