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Abstract

Characteristics of the mass spectra of C;—Cs alkyl nitrates (RONO,) were systematically examined with a proton transfer reaction time-of-flight
mass spectrometer operated at field strengths, E/N, of the drift tube of between 96 and 147 Td. Although protonated alkyl nitrates were detected
for C,—C4 alkyl nitrates, their signal intensities were, at most, a few percent of the total ion signals. The major product ions were several fragment
ions including NO,*, RO*, R*, and ROH-H*, the abundances and relative intensities of which depended on the E/N ratio. The intensity of NO,*
ions increased with increasing E/N ratio, whereas the intensities of organic fragments such as R* and RO™ ions, relative to the total product ions,
decreased with increasing E/N ratio. Those organic fragment ions partly underwent further fragmentation at high E/N ratios to produce [R — 2H]*,
[R —4H]*, and [RO — 2HJ*, particularly for the higher alkyl nitrates. The fragmentation patterns also varied for the C;—Cs alkyl nitrates, the most
predominant ions being the NO,* for C,—C, alkyl nitrates and R* ions for C;—Cs alkyl nitrates. Although the experimental finding that NO,*
fragment ions were detected regardless the speciation of alkyl nitrates suggested that the detection of C;—C, alkyl nitrates by this technique is not

selective, the abundant fragment ion signals of R* ions could be useful for the identification of C;—Cs alkyl nitrates.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Proton transfer reaction; Time-of-flight mass spectrometry; PTR-MS; Alkyl nitrate

1. Introduction

Proton transfer reaction mass spectrometry (PTR-MS) is a
technique that enables us to perform rapid analyses of volatile
organic compounds (VOCs) with low detection limits [1-3].
Because PTR ionization is a soft ionization method that pre-
dominantly produces protonated molecules, PTR-MS is used in
many branches of atmospheric chemistry research, including
air-quality monitoring [4-7], flux measurements [8—11], and
photooxidation studies [12—14]. The PTR-MS technique pro-
vides only information on the mass-to-charge ratio, m/z, of ions
produced by PTR ionization. This sometimes complicates the
assignment of the ion signals, and requires a careful identifica-
tion of the chemical species involved [15].
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Organic nitrates are produced in sequential oxidation pro-
cesses of non-methane hydrocarbons (NMHCs) in the presence
of nitrogen oxides (NOy) [16]. It has been reported that the
concentration of peroxyacetyl nitrate [CH3C(O)OONO;,; PAN]
in urban areas reaches maximum levels of the order or 10
parts per billion by volume (ppbv). The detection of peroxy-
acyl nitrates (RC(O)OONO,), including PAN, peroxypropionic
nitrate (CH3CH2C(O)OONO;; PPN), and peroxymethacrylic
nitrate (CH,=C(CH3)C(O)OONO;; MPAN) by PTR-MS was
reported by Hansel and Wisthaler [17]. They suggested that
a protonated peroxyacyl nitrate, RC(O)OONO;-H*, under-
goes subsequent reactions with water vapor as a reagent gas
to form the corresponding protonated organic peroxy acid
(RC(O)OOH-H") and nitric acid:

RC(0)OONO,-HT + H,O — RC(O)OOH-HT + HNO3 (1)

The real-time detection of PAN, PPN, and MPAN in ambi-
ent air was demonstrated by monitoring, not the protonated
peroxyacyl nitrate signals, but the ion signals at m/z 77
(CH3C(O)OOH-H*), m/z 91 (CH3CH,C(O)OOH-H*), and m/z
103 (CH,=C(CH3)C(O)OOH-H"), respectively. As these ion
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signals decreased when the sample air was passed through a
heated tube at 120 °C, the difference in the ion signals was
attributed to signals from the peroxyacyl nitrates [17].

Like peroxyacyl nitrates, alkyl nitrates (RONO,) are formed
by degradation and photooxidation of VOCs in air [16,18].
Although yields of alkyl nitrates are relatively low [16], the
sum of their mixing ratios can be in the ppbv range in polluted
air masses [19]. Recently, D’ Anna et al. [12] reported that n-
propyl nitrate and n-butyl nitrate (M) give weak (<1%) signals
for the protonated alkyl nitrate (MH*) with PTR-MS detection
and they found that [MH—HNO3]* ions were predomi-
nantly produced with minor amounts of [MH + H,O — HNO3]*,
[MH — HNO;]*, NO,*, and fragment ions of the carbon skele-
ton. The product ions, their relative signal abundances, and their
sensitivities were determined in the case of n-butyl nitrate only:
the characteristics and patterns of mass spectra of other alkyl
nitrates were not reported.

In the present work, the mass spectra of seven C;—Cs alkyl
nitrates, including n-alkyl nitrates and isoalkyl nitrates, were
investigated by using a proton transfer reaction time-of-flight
mass spectrometer (PTR-TOFMS), recently developed in our
laboratory [20,21]. To explore the possibility of detecting alkyl
nitrates in real-time by using PTR-MS instruments, a better char-
acterization of the mass spectra and fragmentation patterns of
alkyl nitrates is required. In this paper, we present speciation
of the product ions of C;—Cs alkyl nitrates obtained by PTR
ionization and we provide rough estimates of the detection sen-
sitivity compared with that of a typical VOC. The results will be
useful in evaluating possible interference from alkyl nitrates in
both field measurements and smog-chamber experiments when
using PTR-MS instruments.

2. Experimental
2.1. Apparatus

The instrument used in the present work had a hollow-cathode
ion source coupled through a drift tube to an orthogonal time-
of-flight mass spectrometer. The detailed instrumental setup has
been described elsewhere [20,21]. Briefly, the combination of
an ion source and drift tube consisted of seven stainless-steel
electrodes (ED1-ED7), an inlet lens (IL), and an orifice plate
(OP) separated by static dissipative Teflon cylinders (Semitron
ESD500, Nippon Polypenco). Adjoining electrodes were con-
nected by resistances, and high positive voltages were applied
to the electrodes from ED1 to ED7 by a common direct current
(dc) power supply (HAR-5R6, Matsusada Precision Inc.). The
voltages of the IL and the OP were controlled independently.

Water taken from the vapor pressure over distilled water
(Wako Chemicals) was directed into the ion source as a
reagent gas. Reagent ions (H30") and a small amount of
H30%-(H20), =1, clusters, generated in the ion source, were
introduced into the drift tube and react with VOCs in sam-
ple gases that were introduced from a sampling port located
beneath the ion-source region. The pressure of the drift tube was
maintained at 5 Torr. The product ions from the proton trans-
fer reaction, together with residual reagent ions, were ejected

into an ion-transfer region through a small orifice in a small-
aperture disk (i.d. ~400 pm, thickness 50 wm, diameter 9.5 mm,
stainless-steel, Lenox Laser) attached to the OP. The outgoing
ions were transported through a skimmer, focused into a narrow
beam by an einzel lens, and directed to the pulse-extraction elec-
trodes of the two-stage accelerator. The ions were then extracted
into the field-free flight region (50 cm long, single-path) per-
pendicularly to the ion beam transported from the drift tube. A
dual multi-channel plate (MCP, TOF-2003, Burle) detector was
used for ion detection. Ion signals were transferred to a time-
to-digital converter (TDC, P7887, Fast ComTec) with 2 ns time
bins, where the ion signals were discriminated, counted, and
integrated during 100s at a repetition of 10kHz (i.e., 1 x 10°
scans).

Mass spectra of alkyl nitrates were investigated at three E/N
conditions of the drift tube: 96, 122, and 147 Td, where E is
the electric field strength (V cm™! ), N is the buffer gas number
density (molecule cm™3), and 1 Td=10"'7 ¢cm? V molecule~!.
These values correspond to the lowest E/N ratio in our system
and the minimum and maximum values of typical E/N ratios
in standard PTR-MS operation [1], respectively. Typical inten-
sities of H30", H30%-H,0, H30*-(H,0),, and O,* ions were
2.8 x 10°, 6.3 x 10, 4.0 x 10%, and 1.5 x 10% counts, respec-
tively, at E/N =96 Td. The corresponding values at E/N =122 Td
were 2.8 x 10°, 5.3 x 10, 2.5 x 10%, and 3.7 x 10° counts,
respectively. At E/N =147 Td, they were 4.0 x 106, 4.2 x 10,
1.5 x 10%, and 2.6 x 10* counts, respectively. The intensities of
other background signals were less than 1% of those of H30*
ions.

2.2. Preparation of alkyl nitrates

Methyl nitrate was synthesized by the reaction of methanol,
with a mixture of concentrated nitric and sulfuric acids (1:1)
[22]. Ethyl, n-propyl, n-butyl, and n-pentyl nitrates were syn-
thesized by the reaction of the corresponding n-alkyl bromides
with silver nitrate dissolved in acetonitrile [23]. These alkyl
nitrates were extracted with dichloromethane and then puri-
fied by vacuum distillation. All chemicals used in the syntheses
were reagent grade: nitric acid (69—70%), methanol (>98%),
ethyl bromide (>98%), n-propyl bromide (>97%), n-butyl bro-
mide (>95%), n-pentyl bromide (>97%), silver nitrate (>99.8%),
and acetonitrile (>99.5%) were from Wako Chemicals; sulfu-
ric acid (>96%) and dichloromethane (>99%) were from Kanto
Kagaku. Because the boiling point of acetonitrile is 81.6 °C,
which is relatively close to those of the ethyl, n-propyl, n-butyl,
and n-pentyl nitrates (87.2-157 °C) [16,24], large amounts of
acetonitrile as an impurity were present in the synthesized sam-
ples of these nitrates: the amounts of acetonitrile were estimated
to be approximately 75%, 70%, 50%, and 50% in ethyl, n-propyl,
n-butyl, and n-pentyl nitrate samples, respectively. The fraction
of impurity was determined by comparing the ion signals of pro-
tonated acetonitrile obtained from a pure sample of acetonitrile
with those obtained from the synthesized n-alkyl nitrate sam-
ples, assuming that all the injected liquids evaporated. Isopropyl
nitrate (>99%) and isobutyl nitrate (>96%) were purchased from
Acros Organics and Aldrich Chem. Co., respectively.
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Fig. 1. Schematic showing the experimental setup. A sample inlet, a mixing
vessel (SL), and a thermal decomposition tube are shown. A liquid sample of
0.1 pL is injected into the mixing vessel with a syringe. The glass tube can be
heated to 250 °C.

The proton affinities (PAs) of methyl nitrate, ethyl nitrate, and
acetonitrile have been reported to be 734, 746, and 779 kJ mol ™~ 1
respectively, which are greater than that of HyO (691 kI mol~1)
[24,25]. Although the PAs of other alkyl nitrates have not been
reported, it is expected that they will be larger than that of ethyl
nitrate, because PAs generally increase with increasing numbers
of carbon atoms (C,,) for alkanes, alkenes, alcohols, etc. [24].

2.3. Sample inlet, mixing vessel, and thermal
decomposition tube

Fig. 1 shows a5 L mixing Pyrex glass vessel into which liquid
samples were injected by a syringe then vaporized and diluted
with air from a zero-air supply (Model 111, Thermo Environ-
mental Instruments Inc.). Gases in the vessel were well mixed
by using a magnetic stirrer. A small amount of each sample
(0.1 pL) was injected into the vessel, resulting in a sample mix-
ture of approximately 5 parts per million by volume (ppmv). An
outlet of the vessel was connected to a Pyrex glass tube (70 cm
long, o.d. 6 mm) by a 0.25 in. PFA tube. An upstream region of
the glass tube (about 20 cm long) could be heated by a coiled
nichrome wire (California Fine Wire Co.) at 250 °C to decom-
pose the alkyl nitrates. The residence time of gas samples in
the heated region was approximately 0.4 s. One end of the glass
tube was connected to the inlet of the PTR-TOFMS instrument
by a 0.25 in. PFA tube. After each measurement, we repeatedly
cleaned the vessel by evacuating and purging with zero-air to
flush any residuals from VOCs. The mass spectrum of acetoni-
trile, which gives a single peak of CH3CN-H* at m/z 42, was
measured as a reference under each set of different experimental
conditions.
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Fig. 2. (a) Mass spectrum of the n-propyl nitrate sample at E/N=122Td. (b)
Mass spectrum of the reference sample is subtracted from (a). (c) Mass spectrum
of thermally decomposed sample. (d) (a)—(c).

3. Results
3.1. Thermal decomposition of alkyl nitrates

The mass spectrum of a sample of n-propyl nitrate is shown in
Fig. 2a. In this mass spectrum, ion signals at m/z 37 (H3O*H,0)
and m/z 55 (H30*(H,0);) are masked because these ion sig-
nals are largely scattered as a result of the subtraction of the
background mass spectrum. Strong ion signals of protonated
acetonitrile resulting from the presence of acetonitrile as an
impurity in the sample were observed at m/z 42. Fig. 2b shows
the mass spectrum of n-propyl nitrate when the reference mass
spectrum of acetonitrile is subtracted. Residual ion signals found
atm/z41,43, 46, and 59 were attributed to C3Hs*, C3H71,NO,t,
and C3H70™, respectively: in addition, ion signals of protonated
n-propyl nitrates were observed at m/z 106 (see Section 3.4). To
verify that these ion signals originated from n-propyl nitrate,
the sample was passed through a thermal decomposition tube
heated to 250 °C. The n-propyl nitrate thermally decomposes to
CH;3;CH,CH,0 and NO; [26,27] whereas acetonitrile does not
decompose.

CH;CH,;CH;ONO; — CH3CH;CH;0 + NO; 2)

The mass spectrum obtained when the sample was passed
through the heated tube is shown in Fig. 2¢c. The ion intensity of
acetonitrile at m/z 42 was as great as that observed in Fig. 2a,
whereas the ion signals at m/z 41, 43, 46, and 59 were consider-
ably decreased. Fig. 2d shows the difference between the mass
spectrum of the n-propyl nitrate sample (Fig. 2a) and that of the
thermally decomposed sample (Fig. 2c). The mass spectrum in
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Fig. 2d is quite similar to that in Fig. 2b: indeed, the ratios of
the ion signals at m/z 41, 43, 46, and 59 are 0.36:1.00:0.83:0.29
in Fig. 2b and 0.38:1.00:0.71:0.27 in Fig. 2d.

The fact that the ion intensity at around m/z 45 was negative
in Fig. 2d indicates that some chemical species was produced
by thermal decomposition of n-propyl nitrate at 250 °C. This
ion is probably protonated acetaldehyde, CH3CHO-H*, because
acetaldehyde should be formed by the sequential reactions of the
thermally decomposed n-propyl nitrate (reaction (2)) as follows:

CH3;CH,CH,O + M — C;H5+H;CO + M 3)
CHs +02+M — CH50,+M 4)
2C,H50, — 2CH50 + Oo (5)
C>H50 + O, - CH3CHO + HOp (6)

The thermal decomposition of CH3CH,CH,O (reaction (3))
competes with the reaction of the alkoxy radicals with Oy; how-
ever, the decay rate (k') of the thermal decomposition of the
CH3CH,CH,0 at 250 °C (k' ~ 5 x 107 s’l) [28] is estimated to
be much faster than that of CH3CH,CH>O by reaction with O,
(K ~4 x 10*s~1) [29]. Another product, H>CO, in reaction (3)
is stable, but was not detected here.

Consequently, we discuss the characteristics of the mass spec-
tra of ethyl, n-propyl, n-butyl, and n-pentyl nitrates based on the
mass spectra obtained by subtracting reference acetonitrile spec-
tra from the sample spectra, because the thermal decomposition
of these alkyl nitrates may produce organic species and interfere
with the mass spectra. For the mass spectra of methyl, isopropyl,
and isobutyl nitrates, the mass spectra obtained merely by sub-
tracting the background mass spectra from the sample mass
spectra are used for discussion.

3.2. Mass spectrum of methyl nitrate

Mass spectra of methyl nitrate at three different E/N condi-
tions are shown in Fig. 3. Ion signals of the protonated methyl
nitrate (My,-H™) can be observed at m/z 78 at all E/N conditions.

CH30NO» +H30" — My,-HT +H0, AH® 4,
= —43kJmol~! (7a)

This peak is, however, very weak at each E/N ratio and the
strongest ion signals were observed at m/z 46, attributed to NO,*.
If NO,* is produced directly by the reaction of CH3ONO, with
H30%", the channel producing NO,*, CH30H, and H,O (reaction
(7b)) appears to be the lowest path energetically. This reaction is,
however, expected to be endothermic (AH®xy, =+40kJ mol_l)
[24].

CH30NO; + H30" — NO, " +CH30H + H,0 (7b)

Because the mean relative center-of-mass kinetic energies, KE,
[1], for the reactions of methyl nitrate with H3O* are esti-
mated to be 13, 20, and 27kIJmol~! at E/N=96, 122, and
147 Td, respectively, the direct formation of the NO," ions by
the two-body reaction (7b) would seem to be energetically unfa-
vorable. It has been proposed that the lowest energy form of
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Fig. 3. Mass spectra of methyl nitrate at three different E/N conditions.

the protonated methyl nitrate is a complex between CH3OH and
NO;", i.e. CH30H-NO,*, rather than CH;0ONO,-H* [30,31].
The binding energy (BE) of this complex was estimated to be
about 80kJ mol~! [30,32]. This BE is quite low, so that the
CH3;OH-NO,* formed would easily decompose to CH3OH and
NO,™" by collisions (collision-induced dissociation, CID).

CH30NO; + H3;0" — CH30H-NO, " + H,0 (72")

CH3;O0H-NO,™ — CH30H + NO,* 8)

Indeed, the fractional contribution of NO,* signals increases
and that of Mp,-H* decreases with the increasing E/N ratio, as
shown in Table 1.

Small ion signals observed at m/z 33 are assigned to
CH3OH-H*. The CH30H-H" ions are not formed by the PTR
ionization of methanol in the methyl nitrate sample as an
impurity, because the signal ratios of m/z 33 (CH3;OH-H*)
to m/z 46 (NOy*) decrease with increasing E/N ratio. The
CH3OH-H* could be produced along with HNO3 in the reaction
of CH30NO, with H3O%, for which the AH®x, is estimated to
be —34kJ mol~! [24].

CH3;0ONO, + H;0™ — CH3OH-H™ 4+ HNO3 (7¢)

However, this reaction could not compete with reaction (7a)
because reaction (7c) would require considerable rearrange-
ment, which proceeds via a high-energy transition state. Possible
processes for the formation of CH3OH-H™ involve reactions of
CH3;ONO; with H30*-(H,0),,= 1 2 clusters.

CH30ONO, + H3;0"-(H,0),, - 1.2

— CH3O0H-H' 4+ HNO3 +1nH,0 )
The decrease in the ratio of the signals at m/z 33 (CH3;OH-H*)
and m/z 46 (NO, ™) with increasing E/N ratio can be explained

by the decrease in the intensities of H3O0*-(H20), =12 clusters
relative to that of H3O%.
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Table 1
Summary of product ions and their fractional contribution to the total ion signals
obtained under three different E/N conditions

Alkyl nitrates Product ions mlz Relative intensity
96 Td 122 Td 147 Td
CH30NO; Mp,-H* 78 2.0 0.7 0.5
NOy* 46 90.6 98.6 99.1
CH3O0H-H* 33 74 0.7 0.4
C,HsONO; M.-H* 92 1.2 0.3 0.2
NO,* 46 72.1 92.9 96.6
CyHs0" 45 14.1 5.0 32
C,H5OH-H* 47 12.6 1.8 0.0
n-C3H7;0NO, M,,-H* 106 0.3 0.3 0.2
NO,* 46 20.5 29.5 42.7
C3Hy* 43 67.0 394 16.8
C3Hs* 41 7.7 16.2 14.0
C3;H,0* 59 4.5 14.6 5.5
C3Hs* 39 - - 19.7
C3H50" 57 - - 1.1
i-C3H70NO;, M,,;-H* 106 0.5 0.2 0.2
NO,* 46 2.9 8.2 11.9
CsH7* 43 83.1 65.2 27.0
C3Hs* 41 13.5 20.0 21.6
C3H;0" 59 ~0 6.4 2.7
C3Hs3* 39 - - 33.6
C3Hs0" 57 - - 3.0
n-C4HoONO, M,-H* 106 ~0 ~0 ~0
NO,* 46 6.8 7.2 8.4
C4Ho* 57 92.0 92.2 58.3
C4HyO" 73 1.2 0.6 0.9
C3Hs* 41 - - 10.3
CsHs* 39 - - 22.1
i-C4H9ONO, M,-H* 120 0.1 0.1 0.1
NO,* 46 0.9 3.9 8.5
C4Ho* 57 85.6 73.9 449
C4HoO" 73 3.5 12.3 18.3
C3H;0" 59 7.2 5.0 6.6
C3Hs* 41 2.7 4.8 9.5
C3Hs* 39 - - 12.1
n-CsHj1ONO, NO,* 46 33 34 8.5
CsHy 71 74.0 47.7 21.4
CsHo* 69 3.2 11.8 54
CyH50" 45 8.6 6.0 8.2
C3H;* 43 10.9 24.5 11.4
C3Hs* 41 - 6.6 13.1
C3H3* 39 - - 32.0

3.3. Mass spectrum of ethyl nitrate

Mass spectra of ethyl nitrate are shown in Fig. 4. Like the
mass spectra of methyl nitrate, ion signals of protonated ethyl
nitrate (Me-H*), NO,*, and C,HsOH-H* are observed at m/z
92, 46, and 47, respectively, and the strongest peak is that of
NO,™*. Because the dependence of the fractional contributions
of Me-H*, NO,*, and CoH5OH-H" on the E/N ratios is similar to
that in the case of the methyl nitrate (Table 1), the mechanisms of
formation of NO,* and C;HsOH-H™ ions are probably the same
as those of the corresponding ions in the case of methyl nitrate.
Indeed, the BE of C;HsOH-NO;,* complex has been reported
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Fig. 4. Mass spectra of ethyl nitrate at three different E/N conditions.

to be 93 &+ 8 kI mol—!, which is similar to that of CH3;0H-NO,*
complex [25].

C,Hs0NO; +H30T — M.-H" +H,0 (10)
C,Hs0NO; + H;0T — C,H50H-NO, ™ + H,O (10a)
C,Hs0H-NO,* — C,HsOH + NO,™ (11a)
C,H50NO, + H30+-(H20)n =12

— C,HsOH-H' +HNO3 +nH,0 (12)

In addition to these ion peaks, a peak was identified at
mlz 45 and assigned to CoHsO". The C;HsO™ fragment was
observed by the collisionally activated dissociation spectrome-
try of CoHsOH-NO, " and was assigned not to the ethoxy cation,
but to CH3CHOH™ formed via a cyclic transition state [25].

C>H50H-NO,™ — CH3CHOH™ + HONO (11b)

The heat of formation of CH3CHOH?* has been reported to be
<609 kJmol~! [33], so that the reaction (11b) is an exother-
mic reaction with AH, < —97 kJ mol~!. However, reaction
(11b) may involve a higher energy barrier than the BE of
C,HsOH-NO;,", because the production of CH3;CHOH?" is
minor compared with that of NO,*.

3.4. Mass spectra of n-propyl and isopropyl nitrates

Mass spectra of n-propyl and isopropyl nitrates are shown
in Figs. 5 and 6, respectively. In both cases, ions of the proto-
nated propyl nitrate (Mp,-H"), NO>*, and C3H;0™ are detected
at m/z 106, 46, and 59, respectively. The NO,*, and C3H;0*
are probably formed by the same mechanisms as in the case of
ethyl nitrate.

C3H70NO; +H30" — M,-H' + H,0 (13)

C3H70NO; + H30" — C3H70H:-NO, ™ + H,0 (13a)
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Fig. 5. Mass spectra of n-propyl nitrate at three different E/N conditions.

C3H;0H-NO," — C3H;0H + NO,™ (14a)

C3H,0H-NO,* — C3H;0" + HONO (14b)

These peaks are relatively weak compared with the ion signals
at m/z 43 at the low E/N condition. The peak at m/z 43 is assigned
to C3H7*. Several mechanisms for the formation of C3H7" are
possible. One of these involves the possible formation of C3H7™*
by elimination of HyO from C3H7OH-H* [34], generated by the
reaction of C3H70NO; with H30*-(H,0),, = 1 » clusters, but this
should be a minor process.

C3H70NO; +H30"-(H20), = 1 2

— C3H;OH-H' 4+ HNO3 +nH,0 (15)
C3H,0H-H" — C3H;T +H,0 (16)
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Fig. 6. Mass spectra of isopropyl nitrate at three different E/N conditions.

Another possible mechanism is the reaction of protonated
propyl nitrate with H,O in the drift tube to produce C3H7;OH-H*,
which eliminates H>O [34].

Mp-HT +H,0 — C3H7;0H-HT + HNO;3 (17)
C3;H;0H-HT - C3H7;T + H,O (16)

The reaction (17) is likely to be exothermic: the AH°, for
the reaction (17) is estimated to be >—11 for n-propyl nitrate
and >—15kJ mol~! for isopropyl nitrate, assuming that the PAs
of propyl nitrates are higher than that of ethyl nitrate [24,25].
In the estimation, the heats of formation used for n-propyl and
isopropyl nitrates were —178 and —197 kJ mol !, respectively;
these values were calculated by Benson’s group additivity meth-
ods [35]. Reactions similar to reaction (17) have been proposed
in the case of peroxyacy nitrates from selected ion flow drift tube
(SIFDT) experiments by Hansel and Wisthaler [17]. The direct
formation of C3H7* by the CID of protonated propyl nitrates
may be possible, since ionization potentials of n-propyl and iso-
propyl radicals are markedly lower than those of NO;, n- and
i-C3H70H, and HNO3 [24].

C3H70NO; + H30" — M,,-H' + H,0 (13)

Mp-HT — C3H; ' + HNO; (14¢)

The AH°x, for reaction (14c¢) is estimated to be >142 for n-
propyl nitrate and >80kJmol~! for isopropyl nitrate, which
may be close to the BE of C3H7;OH:-NO,™.

C3Hs* ions at m/z 41 may be formed by the elimination of
two hydrogen atoms from C3H5™* as a result of collisions, even
at the low E/N condition.

C3H;T — C3HsT +H, (18)

At E/N = 147 Td, the signals from C3H3* at m/z 39 and C3H50™
ions at m/z 57, which are probably formed by the elimination
of two hydrogen atoms from C3Hs* and C3H;0™, respectively,
become stronger.

3.5. Mass spectra of n-butyl and isobutyl nitrates

Mass spectra of n-butyl and isobutyl nitrates are shown in
Figs. 7 and 8, respectively. Like the cases of propyl nitrates, ion
signals of the protonated butyl nitrate (My-H*), NO,*, C4Hyo O™,
and C4Ho* are observed at m/z 120, 46, 73, and 57, respectively,
although the protonated n-butyl nitrate is not clearly detected
compared with the protonated isobutyl nitrate. Ion signals of
C4Ho* are the most intense among the ion peaks in the mass
spectra of both butyl nitrates under all E/N conditions.

C4HoONO, +H30" — My-H" +H,0 (19)
C4H9ONO; +H;0" — C4H9OH-NO," +H,0 (19a)
C4H9OH-NO,™ — C4H9OH + NO,™ (20a)
C4HyOH-NO, " — C4HyO™ + HONO (20b)

Mp-H" +H,0 — C4HoOH-HT +HNO3 — C4Ho™  (21)
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Fig. 7. Mass spectra of n-butyl nitrate at three different E/N conditions.

and/or

Mb'H+ — C4H9+ + HNO3 (20c¢)

At E/N=147Td, the signals from C3Hs" and C3H3" ions
at m/z 41 and 39, respectively, are strongly observed; these are
probably fragment ions of C4Ho™. Ion signals observed at m/z
59 for isobutyl nitrate (Fig. 8) but not for n-butyl nitrate (Fig. 7)
increased with increasing E/N ratio, so that these probably orig-
inate from some C3H;0™" fragment.

3.6. Mass spectrum of n-pentyl nitrate

Mass spectra of n-pentyl nitrate are shown in Fig. 9. We did
not observe ion signals of the protonated pentyl nitrate (Mpe-H*),
at m/z 134, as shown in the mass spectra inserted in Fig. 9. Only
n-CsHyi* (m/z 71) is observed as a strong peak under all E/N
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Fig. 8. Mass spectra of isobutyl nitrate at three different E/N conditions.
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Fig. 9. Mass spectra of n-pentyl nitrate at three different E/N conditions.

conditions. NO,* (m/z 46) and other organic fragment ions such
as C5H9+ (m/z 69), C2H50+ (m/Z 45), C3H7+ (m/z 43), C3H5+
(m/z 41), and C3Hs* (m/z 39) are weakly detected at the lower
E/N values, and the intensities of these peaks increase at higher
E/N values (see Table 1). The formation mechanism of n-CsHj;*
is probably:

n-CsH;1ONO; + H30" — Mpe-H" +H,0 (22)
Mpe-HY + H,0 — n-CsH;jOH-H" + HNO3 — n-CsH;; 7(23)

and/or

Mpe Ht — n-CsHy T + HNO; (24)
For NO,*,

n-CsH; ONO, + H30" — n-CsH;;OH-NO, " + H,0  (22a)
n-CsH;1OH-NO, T — n-CsH{;OH + NO,™ (25)

4. Discussion

The product ions and their fractional contribution to the total
ion signals at the PTR ionization for seven C;—Cs alkyl nitrates
(RONO7, M) are summarized in Table 1. The ion signals of
protonated alkyl nitrates, M-H™, are observed for C;—Cy4 alkyl
nitrates. However, the signal intensities for these M-H* ions are,
at most, a few percent of those of the total ion signals in the
E/N range examined (100-150 Td). This suggests that consider-
able fragmentation occurs, even at E/N=100Td. As shown in
Table 1, the ion signals of M-H* decrease and the contribution
of the ion signals from fragment ions increases with increasing
E/N ratio. Fragment ions such as NO,* and RO* are probably
produced by the CID of protonated alkyl nitrates (ROH-NO;)*,
where the protonation occurs at the RO group of RONO,. For
C3—Cj5 alkyl nitrates, R ions may be produced by the reactions
of M-H* with H,O followed by the elimination of H,O from
the resulting ROH-H™ ions and/or directly by the CID of M-H*.
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For C;—C, alkyl nitrates, small signals of ROH-H* ions were
observed, which were probably produced by the reactions of
alkyl nitrates with H3O"-(H20),, =1 2 clusters. Processes for the
formation of these fragment ions are summarized as follows:

RONO; + H3;0" - M-H' + H,0 (26)
RONO; + H30" — ROH-NO," +H,O (26a)
ROH:-NO," — ROH + NO," (27a)
ROH-NO,* — RO™ +HONO (27b)
M-H" +H, O — ROH-H' 4+ HNO3

— RT +H,0 + HNO3 (28)
M-H" — R* +HNO; (29)

RONO; +H30"-(H,0),, =12 — ROH-H' +HNO;3 + nH,0
(30)

For C|—C, alkyl nitrates, the ion signals of NO,* predominate,
whereas the ion signals of R* predominate for C3—Cs alkyl
nitrates. At high E/N conditions (147 Td), the mass spectrum of
alkyl nitrates becomes more complicated because of the increas-
ing complexity of fragmentation processes that form [R — 2H]*,
[R —4H]*, [RO — 2H]*, etc., particularly in the case of higher
alkyl nitrates.

The approximate relative intensities of product ions from
alkyl nitrates with reference to the intensity of CH3CN-H* at
m/z 42, obtained when pure acetonitrile was injected, are listed
in Table 2. These values correspond to the relative detection
sensitivity of ions referenced to acetonitrile. The normalized
detection sensitivity of acetonitrile was approximately 90 [nor-
malized counts (ncounts)]/[part per billion by volume (ppbv)]
normalized to the total H30"-(H0),=0,12 intensity of 10°
counts under all E/N conditions. The m/z of protonated alkyl
nitrates is useful in easily discriminating C;—C4 alkyl nitrates
from other VOCs; however, the detection sensitivity of those
ion peaks is at least three orders of magnitude less than that of
acetonitrile. For C;—C, alkyl nitrates, the most intense peak is
that of NO,*, for which the detection sensitivity significantly
increases with increasing E/N ratio. The ion intensity of NO,*
for methyl nitrate become comparable to that of acetonitrile
at E/N=122 and 147 Td, whereas the ion intensity of NO,*
for ethyl nitrate is 5- to 25-fold less than that of acetonitrile.
Because most organic nitrates would give NO,* ions (Table 1),
the detection of the NO,* ions is not selective for C;—C; alkyl
nitrates. For C3—Cs alkyl nitrates, the detection sensitivity of R*
ions, the signals of which are among the more intense of those
of detected ions, is 5- to 20-fold less than that of acetonitrile
at E/N=96Td.

The product ions, M-H*, R*, ROH-H*, and RO*, obtained
in the present work are equivalent to MH*, [MH — HNO3]*,
[MH + H,0 — HNOs3]*, and [MH — HNO;]", respectively, for
n-propyl and n-butyl nitrates reported by D’Anna et al. [12],

Table 2
Estimated relative ion intensities of product ions referenced to acetonitrile
M-H* NOy* RO* R* ROH-H* Other product ions Total

Acetonitrile 100 100

E/N=96Td (CH3CN-H*: 4.5 x 10° ncounts)?

RONO,
R=CHj3; 0.5 21 - - 2 24
CyHs <0.1 3 0.7 - 0.6 4
n-C3Hy <0.1 4 0.8 13 - 1 (C3Hs%) 19
i-C3Hy 0.1 0.4 0.1 12 - 2 (C3Hs%) 15
n-C4Hog <0.1 1 0.2 17 - 18
i-C4H9 <0.1 0.1 0.6 14 - 1 (C3H70+) 16
n-CsHy - 0.2 - 6 - 0.3 (CsHg™) 7

E/N=122Td (CH;CN-H*: 4.6 x 10° ncounts)?
R=CHj3 0.6 80 - - 0.6 81
CyHs <0.1 15 0.9 - 0.3 16
n-C3Hy <0.1 3 2 5 - 2 (C3Hs) 12
i-C3Hy 0.1 2 2 19 - 0.1 (C3H5") 23
n-C4Ho <0.1 1 0.1 18 - 19
i-C4H9 <0.1 0.9 3 17 - 1 (C3H70+) 22
n-CsHy - 0.2 - 4 - 1 (CsHo"*) 5

E/N=147Td (CH;CN-H*: 4.2 x 10° ncounts)?
R=CHj3; 0.7 126 - - 0.5 127
CyHs <0.1 22 0.9 - - 23
n-C3Hy <0.1 15 2 6 - 5 (C3Hs*), 7 (C3H3*), 0.5 (C3H50™) 36
i-C3Hy 0.1 5 2 12 - 9 (C3Hs"), 15 (C3H3'), 1 (C3H50%) 44
n-C4Hog <0.1 1 0.1 - 1 (C3HsY) 9
i-C4H9 <0.1 2 5 11 - 2 (C3H70+), 2 (C3H5+) 22
n-CsHyy - 0.5 - 1 - 0.8 (C3Hs™), 2 (C3H3™), 0.5 (C,H50%), 0.4 (CsHg™) 5

 The ncounts (normalized counts) show ion counts normalized to the total H3O*-(H,0),=¢,1 2 intensity of 10° counts.
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who used a commercial PTR-MS instrument operated at
E/N = 80Td. The product ions, their relative signal abundances,
and their sensitivity were reported in the case of n-butyl nitrate.
Ion signals at m/z 29, 57, and 75 were observed with relative
intensities of 13:100:10, and the normalized sensitivity was
24.4 [normalized counts per second (ncps)]/ppbv normalized
to a total H30"-(H0),, =012 intensity of 10° cps. The ion sig-
nals predominantly observed at m/z 57 should be attributed to
n-C4Ho™, which is consistent with the results obtained in the
present work. The ion signals at m/z 75 might be assigned to
n-C4HyOH-H*, which were not observed under the lowest E/N
condition (96 Td) used in the present work. The difference is
probably a result of the different E/N conditions. The ion sig-
nals at m/z 29 were not observed, even at a higher E/N condition
(147 Td) in the present work, suggesting that the product that
D’Anna et al. synthesized included some impurities that pro-
duced CoHs5" and/or HCO® at a significant level. Here, the
values of normalized sensitivity obtained by the PTR-TOFMS
(ncounts/ppbv) were directly compared with those obtained by
PTR-MS (ncps/ppbv), assuming that the duty cycle of TOFMS
was constant in the m/z range of interest. The present normalized
sensitivity of n-butyl nitrate was estimated to be 15 ncounts/ppbv
at E/N=96Td by using the peak at n-C4Ho™, which is compa-
rable to the normalized sensitivity of 20 ncps/ppbv estimated
by D’Anna et al. using the same peak. However, the relative
sensitivity of n-butyl nitrate referenced to typical VOCs such
as acetonitrile and acetone, is different from the present one
[15 ncounts/ppbv versus 90 ncounts/ppbv (for acetonitrile)]
and from the result by D’Anna et al. [20 ncps/ppbv versus
38 ncps/ppbv (for acetone)], although the normalized sensitiv-
ities of acetonitrile and acetone were similar [7,15]. This is
probably caused by differences in the amount of water vapor
in the drift tube. Since the PAs of alkyl nitrates are expected
to be close to that of H,O, the detection sensitivities could be
influenced considerably by the amount of water vapor in the drift
tube [21].

Mass spectra of methyl, ethyl, n-pentyl, and isopentyl
nitrates obtained by chemical ionization mass spectrome-
try using methane (CHy) as the reagent gas have been
reported [36-38]. The reagent ions produced in an ion
source were mainly CHs™ and C,Hs*. The ion signals of
the protonated methyl and ethyl nitrates formed by PTR
jonization from CHs* [PA(CH4)=544kImol~!] and CoHs*
[PA(CH4) =681 kI mol—!] [24] were strong compared with
those of fragment ions such as NO,*. Ratios of ion signals
of RONO,-H* to those of NO,* are approximately 10:1 and
2:1 for methyl and ethyl nitrates [36], respectively, resulting in
mass spectral patterns that are quite different to the present ones
(Figs. 3 and 4). This is mainly the result of differences in the
kinetic energies in the ionization region: the presence of H>O in
the ionization region would also have some effect on the mass
patterns of alkyl nitrates. Ion signals of protonated n-pentyl and
isopentyl nitrates were not observed when detecting n-pentyl
and isopentyl nitrates [36]. The fragment ions were observed
only at m/z 46, 57, 69, 71, 72, 85, 87, and 132. The ion signals
at m/z 71 were the most intense, which is consistent with the
present findings for n-pentyl nitrate.

5. Concluding remarks

Mass spectra of C1—Cjs alkyl nitrates (RONO» ) were recorded
by using a custom-built PTR-TOFMS instrument. PTR-MS
detection of alkyl nitrates has the potential for detecting the
protonated parent molecules in the case of smaller C1—Cy4 alkyl
nitrates, but their ion counts are quite small and fragmentation
processes, which produce, NO,*, RO*, R*, and ROH-H* ions,
occur to a considerable extent following PTR ionization of the
alkyl nitrates. For larger alkyl nitrates, the detection of the pro-
tonated alkyl nitrates is not possible, as a result of fragmentation
reactions; ion signals of R* are, however, detected. The detec-
tion sensitivity is estimated to be 5- to 20-fold less than that of
acetonitrile, a typical VOC, on the basis of the abundance of R*
ions. This suggests that these fragment ions sometimes overlap
with protonated alkenes in PTR ionization, and that attention
should be paid to the ion signals of protonated alkenes, par-
ticularly when VOCs and RONO; are mixed. Measurements
of thermally decomposed air samples help to identify the ori-
gins of the product ion signals and permit protonated alkenes
(alkene-H™) to be distinguished from R* fragments from alkyl
nitrates.
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