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The absolute photoionization cross-sections of 24 nitrogenous compounds were measured in the photon
energy range from their respective ionization thresholds to 11.5eV, including n-propylamine, iso-
propylamine, n-butylamine, 2-butylamine, iso-butylamine, tert-butylamine, diethylamine, dibutylamine,
triethylamine, aniline, benzylamine, n-methylaniline, cyclohexanamine, nitromethane, nitroethane,
nitropropane, nitrobenzene, pyrrole, pyridine, pyrrolidine, morpholine, N,N-dimethylethanolamine,
benzonitrile and benzeneacetonitrile. The experiments were performed by photoionization mass
spectrometry with tunable synchrotron vacuum ultraviolet (VUV) light as an ionization source. Binary-
liquid-mixtures of investigated and standard species were used in this measurement. As a good solvent,
benzene was chosen as a calibration standard, since its photoionization cross-section had been well know.
Moreover, photodissociative fragments were also presented.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

One of the important categories of nitrogenous compounds is
organically bound nitrogen, which can be found in coal, heavy oils
and almost all solid fuels from biomass to waste [1-3]. Combustion
of these fuels is a significant source of NOx emission, which can
lead to the formation of photochemical smog, ground level ozone,
acid rain and consequently has detrimental effects on the envi-
ronment and human healthy. Many studies have been carried out
to investigate the combustion of compounds containing nitrogen,
such as nitromethane, pyrrole, pyridine and morpholine with pho-
toionization mass spectrometry (PIMS) method [4-7]. To geta com-
prehensive understanding of the flame structure and mechanism,
quantification of combustion species is of great importance [8]. But
this quantification analysis is inaccessible when the photoioniza-
tion cross-sections of combustion intermediates are unknown.

Unfortunately, there has been only a few works reporting the
measurement of cross-sections for some small nitrogenous com-
pounds. Adam and Zimmermann determined the single photon
ionization cross-sections of NO at 10.5eV [9]. Shaw and Holland
measured the cross-sections of NO from its ionization threshold
to 21 eV with a double ion chamber and the monochromated syn-
chrotron radiation [10]. Masuoka and Kobayashi determined the
single and double photoionization cross-sections of NO, and the
ionic fragmentation of NO,* and NO,2* in the photon energy region
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of 37-125eV by use of the time-of-flight (TOF) mass spectrome-
ter (MS) and the photoion-photoion coincidence method together
with synchrotron radiation [11]. Xia et al. measured the pho-
toabsorption and photoionization cross-sections of NHs from its
ionization threshold to 1060 A using synchrotron radiation [12].
Suto and Lee [13] measured the cross-sections and quantum yields
of emissions from the photofragments of NH3 in the 106-200 nm
region with synchrotron radiation as well. Calculations of cross-
sections for some small gas phase nitrogen compounds, like NH3,
were reported by several groups and their results were in good
agreement with experimental data [14-16].

In this paper, we presented absolute photoionization cross-
sections for 24 nitrogenous compounds in the photon energy
range from respective IEs to 11.5 eV, including n-propylamine, iso-
propylamine, n-butylamine, 2-butylamine, iso-butylamine, tert-
butylamine, diethylamine, dibutylamine, triethylamine, aniline,
benzylamine, n-methylaniline, cyclohexanamine, nitromethane,
nitroethane, nitropropane, nitrobenzene, pyrrole, pyridine, pyrro-
lidine, morpholine, N,N-dimethylethanolamine, benzonitrile and
benzeneacetonitrile. The binary-liquid-mixture method was com-
bined with the VUV PIMS. Photodissociative fragments were also
presented in this work.

2. Experimental
2.1. Instrumentation

The experiments were carried out at National Synchrotron
Radiation Laboratory (NSRL) in Hefei, China. The beamline and
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the experimental apparatus were reported in our previous
reports [17-19]. In brief, synchrotron radiation from a bending
magnet beamline was dispersed by a 1m home-made Seya-
Namioka monochromator equipped with a grating coated with Au
(1200 grooves/mm). The energy resolution (E/AE) is about 500. A
LiF filter with 0.5 mm thickness was used to eliminate high-order
harmonic radiation at photon energies below 11.7 eV.

The experimental setup consists of a source chamber with a gas
feeding system, a differentially pumped chamber and a photoion-
ization chamber with a home-made reflection time-of-flight (RTOF)
mass spectrometer. The sampled species formed a molecular beam
through a quartz nozzle with a 0.3 mm diameter orifice and a
nickel skimmer with a 1.25mm diameter aperture, and passed
into the photoionization chamber, where the molecular beam was
intersected and ionized by the tunable VUV light. Photoions were
propelled into the flight tube by a pulse extraction field triggered
by a pulse generator (DG 535, Stanford Research Systems, Inc. Sun-
nyvale, CA, USA), and then ions were reflected to a microchannel
plate (MCP) detector. After amplified by a VT120C preamplifier (EG
& G, ORTEC, Oak Ridge, TN, USA), the ion signal was recorded by a
P7888 multiscaler (FAST Comtec, Oberhaching, Germany). A silicon
photodiode SXUV-100 (International Radiation Detectors Inc., CA,
USA) was employed to monitor the photon flux for normalizing the
ion signals considering the quantum efficiency of the photodiode.

2.2. Measurement procedure

Binary-liquid-mixture method was applied in this study. The
absolute photoionization cross-sections of benzene measured by
Rennie et al. [20] were used as the calibration standard in our
measurement [17-19]. When the mole ratio of target to stan-
dard molecules in the binary mixture equals one, the ratio of
target to standard ion signal can be expressed by the equa-
tion:

s~ [om] %]

(1)

Here the subscript T and S denote the target and standard
molecules. o(E) is the photoionization cross-section at the photon
energy of E; R is a mass-dependent response factor that accounts
for different sampling and detection efficiencies, which has been
reported in our previous work [17]. S is the integrated inten-
sity of ion signal, which has been normalized by the photon flux
and plotted as a function of the photon energy, yielding the pho-
toionization efficiency (PIE) spectra. Over the energy range from
9.24 eV (the IE of benzene) to 11.5eV, the absolute photoioniza-
tion cross-sections of target molecules were obtained by Eq. (1).
For species with IEs lower than 9.24 eV, the absolute photoioniza-
tion cross-sections were obtained by extrapolating their PIE curves
to the ionization thresholds. The interference of isotope was also
excluded from corresponding ions in the calculation process dis-
cussed above.

The binary mixture of benzene and target species at the mole
ratio of 1:1 was pumped into the vaporizer with the flow controlled
by a high performance liquid chromatograph pump (Fuli Analytical
Instrument Co., Ltd., Zhejiang, China). The vaporized mixture was
then diluted by argon, the flow rate of which was kept at 0.25 SLM
(standard liters per minute) by a MKS mass flow controller. Subse-
quently, the gas consisting of 5% vaporized mixture and 95% argon
was fed into the source chamber through a stainless steel tube,
which was heated to avoid being condensing. The distance between
the exit of the stainless steel tube and the sampling quartz nozzle
was 10 mm. The pressure of the source chamber was kept at 5 Torr,
controlled by a MKS throttle valve (MKS Instruments, Andover, MA,
USA). No cluster was observed in the experiments.
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Fig. 1. Absolute photoionization cross-sections of n-propylamine. The error bars
denote standard deviations of three replicates with separately prepared binary mix-
tures. The inserted figure displays the photoionization mass spectrum at the photon
energy of 10.5eV.

Iso-Butylamine (=98%, Fluka) was purchased from
Sigma-Aldrich Inc. 2-Butylamine (98%), nitropropane (98%)
and pyrrolidine (=299%) were purchased from Alfa Aesar Inc. N,N-
Dimethylethanolamine (GR) was purchased from Aladdin Reagent
Database, Inc. (Shanghai, China). Triethylamine (AR), pyridine
(AR) and the others (CP) were all purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). All chemicals were
used without further purification.

3. Results

Figs. 1-24 show the measured photoionization cross-sections
of 24 nitrogenous compounds in this work. The inserted plots
in the figures are partial photoionization mass spectra mea-
sured at the photon energy of 10.5eV except for nitromethane,
nitroethane and nitropropane at 11.5eV. The error bars in the fig-
ures are standard deviations of 2-4 independent measurements
with separately prepared binary mixtures. For most compounds,
a reasonable uncertainty of about £25% is assigned to the exper-
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Fig. 2. Absolute photoionization cross-sections of iso-propylamine. The error bars
denote standard deviations of two replicates with separately prepared binary mix-
tures. The inserted figure displays the photoionization mass spectrum at the photon
energy of 10.5eV.



M. Xie et al. / International Journal of Mass Spectrometry 303 (2011) 137-146 139

45 ———————————— ]

40 F —0—miz73 ]
I F /\/\NHQ —0—miz 44 ]
= 3F —A—miz 30 B
o F —— Total 3
S 30F L 3
] C ]
D K T ]
W 25 30 g
o C ]
8 L 4
s :
c C ]
2 15 E
[ o =
N 5 ]
§ 10 1
S ]
2 st E
o s ]

0 7 .-'.ﬂ!‘ntnnn«n

Photon Energy (eV)

Fig. 3. Absolute photoionization cross-sections of n-butylamine. The error bars
denote standard deviations of two replicates with separately prepared binary mix-
tures. The inserted figure displays the photoionization mass spectrum at the photon
energy of 10.5eV.
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Fig. 4. Absolute photoionization cross-sections of 2-butylamine. The error bars
denote standard deviations of three replicates with separately prepared binary mix-
tures. The inserted figure displays the photoionization mass spectrum at the photon
energy of 10.5eV.
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Fig. 5. Absolute photoionization cross-sections of iso-butylamine. The error bars
denote standard deviations of two replicates with separately prepared binary mix-
tures. The inserted figure displays the photoionization mass spectrum at the photon
energy of 10.5eV.
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Fig. 6. Absolute photoionization cross-sections of tert-butanol. The error bars
denote standard deviations of two replicates with separately prepared binary mix-
tures. The inserted figure displays the photoionization mass spectrum at the photon
energy of 10.5eV.
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Fig. 7. Absolute photoionization cross-sections of diethylamine. The error bars
denote standard deviations of two replicates with separately prepared binary mix-
tures. The inserted figure displays the photoionization mass spectrum at the photon

energy of 10.5eV.
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Fig. 8. Absolute photoionization cross-sections of dibutylamine. The error bars
denote standard deviations of two replicates with separately prepared binary mix-
tures. The inserted figure displays the photoionization mass spectrum at the photon
energy of 10.5eV.
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Fig. 9. Absolute photoionization cross-sections of triethylamine. The error bars
denote standard deviations of two replicates with separately prepared binary mix-
tures. The inserted figure displays the photoionization mass spectrum at the photon
energy of 10.5eV.

imental data considering the reproducibility of cross-sections by
+5%, the purity of chemicals, the uncertainty of the cross-section
of benzene by +15%, and the errors of mass discrimination fac-
tors by &+ 15%. The tabulated data are provided as supplementary
material of this paper. The detailed description on the investi-
gated molecules is provided below. Ionization energies (IEs) of 24
investigated molecules were extensively measured previously, but
the data of their absolute photoionization cross-sections are not
available yet.

3.1. n-Propylamine and iso-propylamine

Figs. 1 and 2 display the absolute photoionization cross-sections
of n-propylamine and iso-propylamine in the photon energy range
from their respective IEs to 11.5eV. As shown in Fig. 1, the pho-
toionization cross-sections of n-propylamine (m/z 59) rise slowly
from its ionization threshold to a plateau of 6-8 Mb (10~18 cm?2)
near 9.60 eV. [E of n-propylamine is 8.76 eV, which is in good agree-
ment with the value (8.78 +£0.02 eV) measured by Watanabe et
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Fig. 11. Absolute photoionization cross-sections of benzylamine. The error bars
denote standard deviations of three replicates with separately prepared binary mix-
tures. The inserted figure displays the photoionization mass spectrum at the photon
energy of 10.5eV.

al. [21]. The main photodissociative fragment from n-propylamine
is CH,NH,* (m/z 30) by oC-BC bond cleavage. Its appearance
energy (AE) is 9.55 +£0.05 eV, which accords with literature value
(9.54 eV) reported by Chupka [22]. The fragment CH,CH,NH,* (m/z
44) producing by demethylation reaction of n-propylamine is also
observed in this work, but makes little contribution to the total
cross-sections.

Iso-Propylamine is an important fine chemical intermediate in
organic synthesis of coating materials, plastics, pesticides, rub-
ber chemicals, pharmaceuticals and others [23-25]. In Fig. 2, the
cross-section curve of iso-propylamine shows the similar trend as
n-propylamine. IE (8.73 £ 0.05eV) measured in this work agrees
well with the reference value (8.72 4+ 0.03 eV) reported by Watan-
abe et al. [21]. Two photodissociative fragments CH3CHNH,* (m/z
44) and CH3(CH3)CNH,* (m/z 58) were observed in this work. The
CH3CHNH,"* ion is a major fragment via demethylation reaction,
with the AE of 8.95+0.05eV, which is 0.09eV higher than the
data reported by Solka and Russell [26] and 0.17 eV lower than
the value measured by Lossing et al. [27]. The other fragment
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Fig. 10. Absolute photoionization cross-sections of aniline. The error bars denote
standard deviations of two replicates with separately prepared binary mixtures. The
inserted figure displays the photoionization mass spectrum at the photon energy of
10.5eV.
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Fig. 12. Absolute photoionization cross-sections of n-methylaniline. The error bars
denote standard deviations of two replicates with separately prepared binary mix-
tures. The inserted figure displays the photoionization mass spectrum at the photon
energy of 10.5eV.
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Fig.13. Absolute photoionization cross-sections of cyclohexanamine. The error bars
denote standard deviations of two replicates with separately prepared binary mix-
tures. The inserted figure displays the photoionization mass spectrum at the photon
energy of 10.5eV.

CH3C(CH3)NH,* via dehydrogenation of «C makes minor contribu-
tion to the total cross-section with the AE of 9.64 4+ 0.1 eV, which is
much higher than the value (9.2 eV) measured by Lossing et al. [27].
The uncertainty of photoionization cross-section measurement for
n-propylamine and iso-propylamine is less than +25%.

3.2. n-Butylamine, 2-butylamine, iso-butylamine and
tert-butylamine

These four isomeric butylamines all can be used as ingredients
in the manufacture of pesticides, pharmaceuticals and emulsifiers
[28-31]. The absolute photoionization cross-sections of four buty-
lamines are displayed in Figs. 3-6. For n-butylamine (Fig. 3), the
cross-sections of parent molecule rise slowly up to a plateau of
7-12MDb from its IE (8.73 £0.05eV), which is in good agreement
with the value (8.71 4 0.03 eV) measured by Watanabe et al. [21].
The major fragment is CH,NH;* (m/z 30) formed by aC-3C bond
cleavage, with the AE of 9.47 +0.05 eV, which is lower than the
value (9.62 eV) by the electron impact (EI) method [32]. The minor
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Fig. 14. Absolute photoionization cross-sections of nitromethane. The error bars
denote standard deviations of two replicates with separately prepared binary mix-
tures. The inserted figure displays the photoionization mass spectrum at the photon
energy of 11.5eV.

10 |- -
] —&—miz 29

Photoionization Cross Sections (Mb)

T - : - - -
10.6 108 11.0 11.2 114
Photon Energy (eV)

Fig. 15. Absolute photoionization cross-sections of nitroethane. The error bars
denote standard deviations of two replicates with separately prepared binary mix-
tures. The inserted figure displays the photoionization mass spectrum at the photon
energy of 11.5eV.

fragment CH,CH,NH,* (m/z44) is formed via BC-yCbond cleavage
reaction of n-butylamine. And it is observed in this work with AE of
9.18 £ 0.1 eV, which is also lower than the value 9.49 +0.09eV by
El method [26].

Fig. 4 shows the photoionization and photodissociation cross-
sections of 2-butylamine. The cross-sections of parent molecule rise
up to a plateau from its IE (8.60+0.1eV), which is 0.1 eV higher
than the value by the photoelectron spectroscopy (PE) method [33]
and 0.1eV lower than the value (8.70eV) measured by Watan-
abe et al. [21]. The fragment CH3CHNH,* (m/z 44) coming from
the ethyl radical elimination reaction makes major contribution
to the total cross-sections from the AE (8.85 =+ 0.05eV), which is
0.06 eV lower than the value (9.10eV) by El method [32]. The frag-
ment CH3CH,CHNH,* (m/z 58) via elimination of the branch chain
methyl radical is minor, with AE of 8.89 +0.1 eV, which is lower
than the value (9.12eV) by EI method [27]. The minor fragment
CH3CH,C(CH3)NH,* (m/z 72) via dehydrogenation of «-C is also
observed in this work.
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Fig. 16. Absolute photoionization cross-sections of nitropropane. The error bars
denote standard deviations of two replicates with separately prepared binary mix-
tures. The inserted figure displays the photoionization mass spectrum at the photon
energy of 11.5eV.
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Fig. 17. Absolute photoionization cross-sections of n-nitrobenzene. The error bars
denote standard deviations of two replicates with separately prepared binary mix-
tures. The inserted figure displays the photoionization mass spectrum at the photon
energy of 10.5eV.

As shown in Fig. 5, the cross-section curve of iso-butylamine
increases to a plateau from its IE (8.70 £ 0.05 eV), which is in good
agreement with the literature value (8.70 eV) measured by Watan-
abe et al. [21]. The major fragment is CH,NH,* (m/z 30) by aC-3C
bond cleavage, the AE of which is 9.35+0.05eV, lower than the
value (9.52 eV) by EI method [32]. The fragment CH3CHCH,NH,*
(m/z 58) via demethylation is also observed in this work, but makes
minor contribution to the total cross-sections.

For tert-butylamine (Fig. 6), the total cross-sections are almost
attributed to the major fragment CH3C(CH3)NH,* (m/z 58) via
demethylation with AE at 8.58 + 0.05 eV, much lower than the value
(8.89eV)by Elmethod [27].IE(8.58 + 0.1 eV) of C4H11 N agrees well
with the literature value (8.64 eV) measured by Watanabe et al. [21]
within the permissible error range. The uncertainty for photoion-
ization cross-section measurement of n-butylamine, 2-butylamine,
iso-butylamine and tert-butylamine is less than £25%.
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Fig. 18. Absolute photoionization cross-sections of pyrrole. The error bars denote
standard deviations of two replicates with separately prepared binary mixtures. The
inserted figure displays the photoionization mass spectrum at the photon energy of
10.5eV.
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Fig. 19. Absolute photoionization cross-sections of pyridine. The error bars denote
standard deviations of two replicates with separately prepared binary mixtures. The
inserted figure displays the photoionization mass spectrum at the photon energy of
10.5eV.
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Fig. 20. Absolute photoionization cross-sections of pyrrolidine. The inserted figure
displays the photoionization mass spectrum at the photon energy of 10.5eV.
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Fig. 21. Absolute photoionization cross-sections of morpholine. The inserted figure
displays the photoionization mass spectrum at the photon energy of 10.5eV.
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Fig.22. Absolute photoionization cross-sections of N,N-dimethylethanolamine. The
inserted figure displays the photoionization mass spectrum at the photon energy of
10.5eV.
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Fig. 23. Absolute photoionization cross-sections of benzonitrile. The error bars
denote standard deviations of two replicates with separately prepared binary mix-
tures. The inserted figure displays the photoionization mass spectrum at the photon
energy of 10.5eV.
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Fig. 24. Absolute photoionization cross-sections of benzeneacetonitrile. The error
bars denote standard deviations of two replicates with separately prepared binary
mixtures. The inserted figure displays the photoionization mass spectrum at the
photon energy of 10.5eV.

3.3. Diethylamine, dibutylamine and triethylamine

Figs. 7-9 display the absolute photoionization cross-sections
of diethylamine, dibutylamine and triethylamine, respectively.
Diethylamine is used as a corrosion inhibitor and in the produc-
tion of rubber, resins, dyes and pharmaceuticals [34-38]. As shown
in Fig. 7, IE (8.03 £0.05eV) of C4;H11N is in good agreement with
the literature value (8.01+£0.01 eV) measured by Watanabe et al.
[21]. The AE of the major fragment CH3CH,NHCH,* (m/z 58) via
demethylation is 8.79 & 0.05 eV. It is lower than the value (8.92 eV)
reported by Lossing et al. [27] and much lower than the value
(9.55 +£0.05 eV) measured by Collin and Franskin [39], but both pre-
vious studies using EI method. The fragment CH3CHNHCH,CH3*
(m/z 72) via dehydrogenation of aC and CH3CH,NH* (m/z 44) by
C-N bond cleavage are also observed in this work but with minor
contribution to the total cross-sections.

Dibutylamine is also used as a corrosion inhibitor, in the man-
ufacture of emulsifiers, and as a flotation agent [40]. In Fig. 8,
the total cross-sections of dibutylamine are mainly attributed
to the parent ion CgH{gN* (m/z 129) and the major fragment
CH3CH,CH,CH;NHCH,* (m/z 86) by aC—-BC bond cleavage. IE of
dibutylamine is 7.70 + 0.05 eV, which is in good agreement with the
literature value (7.69 £+ 0.03 eV) measured by Watanabe et al. [21].
Minor fragment CH3CH,CH, CHNHCH,CH,CH,CH3* (m/z 128) via
dehydrogenation of aC and CH3NHCH,* (m/z 44) via elimination
of propylene (C3Hg) from CH3CH,CH,CH,NHCH,* and H-transfer
are also observed in this work.

Triethylamine is mainly used in the production of quater-
nary ammonium compounds for textile auxiliaries and quaternary
ammonium salts of dyes [41], which is also employed as an
intermediate for manufacturing medicines, pesticides and other
chemicals [42,43]. The photoionization and photodissociation
cross-sections of triethylamine are shown in Fig. 9. The par-
ent ion CgHysN* (m/z 101) rises up to a plateau from its
molecular IE (7.45+0.05eV), which is close to the literature
value (7.50+£0.02eV) measured by Watanabe et al. [21]. The
major fragment (CH3CH,);NCH,* (m/z 86) via demethylation is
observed at the AE 8.44+0.05eV, which is much lower than
the value (11.48eV) by EI method [44]. The minor fragment
(CH3CH,);NCHCH3* (m/z 100) via dehydrogenation of aC of is
also observed in this work. The uncertainty for photoionization
cross-section measurement of diethylamine, dibutylamine and tri-
ethylamine is less than +25%.

3.4. Aniline, benzylamine, n-methylaniline and cyclohexanamine

Aniline is a precursor to many industrial chemicals, the main
usage of which is in the manufacture of precursors to polyurethane
[45]. The photoionization cross-section of aniline is shown in
Fig. 10. Only the parent ion is observed in this work from
its IE at 7.69+0.05eV, which agrees with the reference data
(7.720+0.002 eV by Hager et al. [46], 7.70 £ 0.1 eV by Potapov and
Iskakov [47] and 7.67 4 0.03 eV by Akopyan and Vilesov [48]).

Benzylamine is used as a masked source of ammonia [49]. As
shown in Fig. 11, the cross-sections rise up to a plateau from the
ionization threshold (8.58 4 0.05 eV), which agrees with the refer-
ence data(8.64 £+ 0.05 eV)reported by Vilesov and Terenin [50]. The
major fragment observed in this work is C¢HsCHNH,* (m/z 106)
via dehydrogenation of a-C with the AE at 9.14 4+ 0.05 eV, which is
close to the literature value (9.21 £ 0.07 eV) measured by Akopyan
et al. [51]. The minor fragment CH,NH,* (m/z 30) by C-C single
bond cleavage and CgHg* (m/z 78) via H-transfer from NH, group
are also observed, but only makes little contribution to the total
cross-sections.

As an isomer of toluidine, n-methylaniline is mainly used in the
production of dyes [52]. Fig. 12 shows the photoionization and pho-
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todissociation cross-sections of n-methylaniline. The IE of C;HgN is
7.344+0.05 eV, whichis in good agreement with the literature value
7.34+£0.02 eV reported by Vilesov and Terenin [50] and in accord
with the data7.30 £ 0.05 eV measured by Akopyan and Vilesov [48].
The major fragment is CgHsNHCH,* (m/z 106) via dehydrogena-
tion from methy group with the AE at ~10.5eV. Minor fragment
CeHg* (m/z 78) by C-N bond cleavage and H-transfer from CHs
group is also observed in this work. In the process of analyzing both
toluidine and n-methylaniline samples, the interference of peak of
CgHg* (m/z 78) is considered for the same mass charge ratio with
the standard species. Pure sample was tested in the same photon
energy range and the interference of CgHg* (m/z 78) was deduced
from the signal of benzene (the standard species).
Cyclohexylamine is used as an intermediate in synthesis of some
herbicides, antioxidants, accelerators for vulcanization, pharma-
ceuticals, corrosion inhibitors, some sweeteners, etc. [53-56]. The
photoionization and photodissociation cross-sections of cyclohex-
anamine are displayed in Fig. 13. The IE of CgH13N is 8.40+0.1 eV,
which agrees with the literature value (8.4+0.1eV) by the pho-
toelectron spectroscopy (PE) method [33]. The main fragments
may be CH,CH,CH,CHNH* (m/z 70) and CH,CH,CHNH* (m/z 56)
via a ring-open and H-transfer process with elimination of an
ethyl radical and a propyl radical, with appearance energies at
9.38 and 9.49 +0.05eV, respectively. The uncertainties for pho-
toionization cross-section measurements of aniline, benzylamine,
n-methylaniline and cyclohexanamine are all less than +25%.

3.5. Nitromethane, nitroethane, n-nitropropane and nitrobenzene

The principal use of nitromethane is as a stabilizer for chlori-
nated solvents, which is used in dry cleaning, semiconductor and
degreasing [57]. It is also used most effectively as a solvent or
dissolving agent for acrylate monomers, such as cyanoacrylates
[58]. As shown in Fig. 14, only the parent ion CH3NO,* (m/z 61)
is observed in this work with its molecular IE at 11.05+0.05eV,
whichisin good agreement with the literature value (11.1 £ 0.05 eV
by Lifshitz et al. [59] and 11.08 +0.03 eV by Watanabe et al. [21]).

Nitroethane is used as a fuel additive and a precursor to
explosives [60]. It is also a useful solvent for polymers such as
polystyrene and is particularly useful for dissolving cyanoacrylate
adhesives [61]. Fig. 15 displays the photodissociation cross-section
of nitroethane. The total cross-sections of nitroethane are almost
attributed to the fragment C;Hs* (m/z 29) via elimination of NO,
group with the AE at 10.81 +0.05 eV, which is slightly lower than
the value (11.0eV) by EI method [62].

N-Nitropropane has wide applications in organic synthesis,
rocket fuel and resin coating [63,64]. Itis also used as a good solvent
[65]. The photoionization cross-section of n-nitropropane is shown
inFig. 16. The fragment C3H;* (m/z43)via elimination of NO, group
makes major contribution to the total cross-sections with the AE at
10.67 +0.05 eV, which is close to the value (10.6 eV) by EI method
[62].

Approximately 95% of nitrobenzene is consumed in the pro-
duction of aniline [66]. In Fig. 17, the total cross-sections of
nitrobenzene are mainly attributed to the parent ion CgHsNO,*
(m/z 123) with its IE at 9.7940.05eV, which is slightly lower
than the literature values, i.e., 9.87 + 0.05 eV by Matyuk et al. [67];
9.85+0.03 eV by Kotov and Potapov [68] and 9.92 eV by Watan-
abe et al. [21]. The fragments CgH50" (m/z 93), CgHs* (m/z 77),
NO* (m/z 30) and cyclopentadienyl radical cation ion (CsHs*, m/z
65) are observed in this work, but make little contribution to the
total cross-sections. The fragment CgHs™* is formed directly via C-N
bond cleavage, while the fragment CgH50" and NO* are produced
accompanied with an O-transfer process. The fragment CsHs* may
be formed via some complicated ring-open and ring-close steps.
The AE of CgH50" (m/z 93) is 10.86 £+ 0.1 eV, which agrees with the

literature value (10.95 £ 0.05 eV) by Matyuk et al. [67] For fragment
CgHs* (m/z77), the AE in this work is 9.32 4+ 0.15 eV, which is lower
than the literature value (9.46 +0.05 eV) by Matyuk et al. [67]. The
AE (10.9+0.1eV) of NO* (mm/z 30) in this work is in good agree-
ment with the value 10.89 4 0.04 eV by the photoion-photoelectron
coincidence spectroscopy (PIPECO) method [69]. The uncertainties
for photoionization cross-section measurement of nitromethane,
nitroethane, n-nitropropane and nitrobenzen are all less than +25%.

3.6. Pyrrole, pyridine, pyrrolidine and morpholine

Pyrrole is mainly used as a standard species in chromatogram
analysis [70]. Pyridine is an important solvent and reagent in
organic synthesis [71]. For pyrrole (Fig. 18) and pyridine (Fig. 19),
only the parent ions C4HsN* (m/z 67) and CsHsN* (m/z 79) are
observed, respectively. The IE of pyrrole is 8.2140.05eV, which
agrees with the literature value by PI method (8.207 4+ 0.003 eV
by Cooper et al. [72]; 8.208 +0.005 eV by Williamson et al. [73];
8.20+0.01 eV by Potapov and Yuzhakova [74] and 8.20+0.01eV
by Watanabe et al. [21]). The IE of pyridine is 9.24 + 0.05 eV, which
agrees with the reference value by PI method as well (9.25eV
by Eland et al. [75]; 9.304+0.01eV by Potapov and Yuzhakova
[74]; 9.20 £ 0.05 eV by Akopyan and Vilesov [48]; 9.23 £ 0.03 eV by
Watanabe [76]).

Pyrrolidine is used for producing pharmaceuticals, pesticides
and antiseptics [77]. Morpholine is a good solvent for resin,
olefin, shell-lac and also used as a reagent for analysis [78,79].
Figs. 20 and 21 display the photoionization and photodissocia-
tion cross-sections of pyrrolidine and morpholine, respectively.
The total cross-sections of pyrrolidine are mainly attributed to the
parent ion C4HgN* (m/z 71) and fragment ions C4HgN* (m/z 70)
via dehydrogenation of aC and CH,CHNH,* (m/z 43) via elimi-
nation of C;H4 and H-transfer. The IE of pyrrolidine in this work
is 8.27 £0.05eV, lower than the literature value (8.41eV) by PE
method [80]. The AEs of fragment ions C4HgN* (m/z 70) and
CH,CHNH,* (m/z 43) are 9.154+0.05 eV and 9.92 +0.05 eV, respec-
tively, lower than the literature value by EI method (11.04+0.2eV
and 12.3+0.2eV by Gallegos and Kiser [81]). The total cross-
sections of morpholine are mainly attributed to the parent ion
C4HgNO* (m/z 87) and fragment ions C4HgNO* (m/z 86) via dehy-
drogenation of «C and NHCHCHO" (m/z 57) via elimination of an
ethyl radical. The IE of morpholine is 8.24 4+ 0.05eV, much lower
than the value by PE method (8.88 +0.05eV by Domelsmith and
Houk [82] and 8.9140.03 eV by Colonna et al. [83]). The AEs of
fragment ions C4HgNO* (m/z 86) and NHCHCHO* (m/z 57) are
8.924+0.1eV and 9.54 +0.05 eV, respectively. The uncertainties for
photoionization cross-section measurement of pyrrole, pyridine,
pyrrolidine and morpholine are all less than +25%.

3.7. N,N-Dimethylethanolamine

N,N-Dimethylethanolamine, also known as DMAE, is used
in the synthesis of dyestuffs, textile auxiliaries, pharmaceuti-
cals, emulsifiers and corrosion inhibitors [84-87]. The absolute
photoionization and photodissociation cross-sections of N,N-
dimethylethanolamine are shown in Fig. 22. The parent ion
C4H11NO" (m/z 89) rises slowly up to a plateau of about 3 Mb from
its [E at 8.03 £+ 0.1 eV, which is much lower than the literature value
(8.80eV by Ohno et al. [88]; 8.82eV by Wieczorek et al. [89] and
8.85+0.04 eV by Leavell et al. [90]) by PE method. Only the frag-
ment (CH3);NCH,* (m/z 58) by C-C bond cleavage is observed in
this work with the AE at 8.55 +0.05 eV, which is a little lower than
the value (8.68 eV) by El method [27]. The uncertainty for photoion-
ization cross-section measurement of N,N-dimethylethanolamine
is less than +25%.



M. Xie et al. / International Journal of Mass Spectrometry 303 (2011) 137-146 145

3.8. Benzonitrile and benzeneacetonitrile

Benzonitrile is a useful solvent and a versatile precursor for
many derivatives [91]. Benzeneacetonitrile is used for the pro-
duction of pharmaceuticals and intermediates of pesticides [92].
As shown in Figs. 23 and 24, only parent ions of benzonitrile
and benzeneacetonitrile are observed in this work. The IE of ben-
zonitrile is 9.67 +0.05 eV, which agrees with the literature value
(9.71£0.01 eV) by Watanabe et al. [21]. The IE of benzeneace-
tonitrile is 9.32 £ 0.05eV, which is in good agreement with the
value (9.32 +£0.05 eV) by El method [93]. Considering the relatively
large fluctuation of signals in the higher photon energy range for
the repeated measurements, the uncertainties for photoionization
cross-section measurement of benzonitrile and benzeneacetoni-
trile are both estimated in the region of +25-35%.

4. Conclusion

Experimental determination of absolute photoionization cross-
sections for 24 nitrogenous compounds was performed over the
energy range of 7.2-11.5eV with tunable synchrotron VUV pho-
toionization and molecular-beam mass spectrometry. All of these
data are useful for quantitative analysis of these compounds
involving photoionization process. In special, it is important for
calculating the concentrations of some nitric combustion interme-
diates, which are essential for kinetic modeling study in relevant
combustion chemistry. The binary-liquid-mixture method used
in this experiment has been proved to be feasible and reliable
for species that can form solution. But the method is limited
when it is extended to determine the photoionization cross-
sections of solid compound with higher boiling point and lower
stability.

Supporting information

Tabulated photoionization cross-sections for the species mea-
sured in the present work are available in the online version of this
article.
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