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ABSTRACT: Excited-state CH2Cl2-induced associative ionization
(AI) is a newly developed ionization method that is very eﬀective
for oxygenated organics. However, this method is not widely known.
In this study, an unprecedented ionization eﬃciency and ultrafast
reaction rate of AI toward nitro compounds were observed. The
ionization eﬃciencies of o-nitrotoluene (o-NT), m-nitrotoluene (mNT), and nitrobenzene (NB) were as high as (28 ± 3)%, (27 ± 2)%,
and (13 ± 1)%, respectively (∼1−3 ions for every 10 molecules). The
measured reaction rate coeﬃcients of these nitroaromatics were (0.5−
1.3) × 10−7 molecule−1 cm3 s−1 (∼300 K). These unusual rate
coeﬃcients indicated strong long-range interactions between the two
neutral reactants, which was regarded as a key factor leading to the
ultrahigh ionization eﬃciency. The detection sensitivities of the
nitroaromatics, (1.01−2.16) × 104 counts pptv−1 in 10 s acquisition time, were obtained by an AI time-of-ﬂight mass
spectrometer (AI-TOFMS). These experimental results not only provide new insight into the AI reaction but also reveal an
excellent ionization method that can improve the detection sensitivity of nitroaromatics to an unprecedented degree.

T

is usually needed in the use of EI source-coupled MSs for trace
measurements.
Single photon ionization (SPI) is another conventional
gaseous ionization technique. SPI causes ionization by
illuminating the gaseous analyte with vacuum ultraviolet
(VUV) light under high vacuum. The eﬃciency of SPI
depends on the photon ﬂux of the VUV light, the photon
ionization cross section of the analyte (10−18−10−17 cm2
molecule−1),4 and the interaction time. Theoretically, the
eﬃciency of SPI can achieve 100% if the VUV light source is
powerful enough. In fact, the typical photon ﬂuxes of
commercially available VUV lamps are approximately 1011−
1013 photons cm−2 s−1,5 and the residence time of the analyte
under high-vacuum conditions is very short, which causes the
eﬃciency of conventional SPI sources to be extremely low.
Low-pressure photoionization is a photoionization method
performed under elevated pressure in the photoionization
region (102−103 Pa).5−7 With a remarkably increased
residence time of the analyte in the photoionization region,
the eﬃciency of low-pressure photoionization sources can be

he ion source is the core part of a mass spectrometer
(MS), and the eﬃciency of the ionization method used
limits the detection sensitivity of the MS.1 Although there are
numerous conﬁgurations of ion sources, basic ionization
methods are few. Major advances in ionization technology,
such as the invention of new ionization methods, usually
greatly promote the use of MSs in a speciﬁc ﬁeld. Currently,
the urgent need for real-time trace measurements in environmental analysis, security checks, disease diagnosis, etc. has led
to a demand for new high-eﬃciency ionization methods to
facilitate quick analyses and avoid time-consuming pretreatment procedures.
Gas-phase ionization technology is a fundamental ionization
technology that can be used to ionize gaseous species directly
or liquid/solid species via evaporation, nebulization, and laser
desorption.2 Electron ionization (EI) is a versatile conventional
gaseous ionization technique that is widely used in chemical
component analytical instruments, such as gas chromatograph−mass spectrometers (GC/MSs). EI ionizes molecules
by impacting the gaseous analyte with a 70 eV electron beam
(∼mA), which usually operates at <10−2 Pa. The ionization
eﬃciencies of typical EI ion sources are in the range of 10−6−
10−4 ion/molecule.3 As the process is limited by insuﬃcient
ionization eﬃciency, enrichment via a pretreatment procedure
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Figure 1. Schematic diagram of the calibration chamber and the AI ion source coupled with an orthogonal acceleration time-of-ﬂight mass
spectrometer.

mass spectrometry. Sulimenkov et al.14 and Verenchikov et
al.15 utilized high-density metastable Ar* atoms produced by
glow discharge to ionize a neutral analyte, achieving absolute
ionization eﬃciencies of 10−5 ion/molecule and 10−3 ion/
molecule, respectively.
Complex ionization methods such as atmospheric pressure
chemical ionization (APCI),16−21 dielectric-barrier discharge
ionization (DBDI),22−25 and glow discharge26,27 are also
common ionization technologies that have been developed for
the direct sensitive detection of volatile organic or inorganic
compounds. In the process of complex ionization, all or parts
of EI, SPI, CI, and Penning ionization may co-occur in the
ionization region. Wolf et al. developed an active capillary
DBDI MS for the direct measurement of chemical warfare
agents, achieving a maximum sensitivity of 500 counts per
second (cps)/pptv−1.25 The eﬃciency of this ionization
method was roughly estimated to be ∼10−4 ion/molecule by
assuming that the instrumental detection eﬃciency of the MS
was ∼10−3.
Associative ionization (AI) is a gas-phase ionizing reaction
that results from collisions between two neutral species
(excited or not) and involves the formation of new bonds.
Though AI occurs commonly in ﬂames and plasma-based
ionization processes,2,28 it has rarely been used as an
independent ionization source for mass spectrometry. In a
recent study, a novel VUV-excited CH2Cl2-induced AI reaction
was reported.29 In this reaction, the gaseous CH2Cl2 molecule
absorbs VUV light and forms excited ion-pair species, which
then induce proton transfer from H2O molecules to the analyte
molecules with the aid of the reorganization energy released
from the formation of CH2O and HCl. The AI process is
fundamentally diﬀerent from dopant-assisted APPI and CI
because both CH2Cl2 (IE, 11.3 eV) and H2O (IE, 12.6 eV)
cannot be ionized directly by the VUV light with photon
energies of 10.0 and 10.6 eV. The ionization pathway involves
neither direct photoionization nor an ion−molecule reaction.
The new method presented an excellent ability to protonate
oxygenated organics. The ionization eﬃciency toward oxygenated organics reached ∼10−3 ion/molecule. However, the
intrinsic processes of AI were not well revealed.

improved relative to that of EI sources for some compounds,
such as benzene and its derivatives. In addition, atmospheric
pressure photoionization (APPI) is a unique photoionization
technique developed for liquid chromatography−mass spectrometry (LC-MS) to detect molecules with lower polarity and
volatility. The dominant ionization pathway of APPI involves
the direct photoionization of a dopant or solvent (with
ionization energy (IE) below the photon energy) to produce
primary ions followed by charge exchange with the analyte.8,9
The APPI process can be generally regarded as a chemical
ionization (CI) process; thus, the overall ionization eﬃciency
of APPI is likely similar to that of CI.
CI is a type of indirect ionization technique that ionizes a
neutral analyte through a gas-phase ion−molecule reaction
with an ionic reagent prepared in advance. The ionic reagent
can be positive ions or negative ions, and CI is classiﬁed into
positive chemical ionization (PCI) and negative chemical
ionization (NCI) on the basis of the diﬀerent ionic reagent
involved. CI’s ionization eﬃciency depends on the ion−
molecule reaction rate, the concentration of reagent ions, and
the reaction time. The rate constants of ion−molecule
reactions are generally on the order of ∼10−9 molecule−1
cm3 s−1.10 The ionization eﬃciency of a typical CI ion source is
approximately ∼10−5 ion/molecule. Though the ionization
eﬃciency of CI is not much higher than those of EI and SPI,
the instrumental sensitivity of CI MS is greatly increased and
beneﬁts from the higher sample ﬂow rates and longer reaction
times. Moreover, resonance electron capture (REC) is an
eﬃcient negative ion formation pathway that is distinguished
from the mechanism of NCI but may occur in an NCI ion
source.11,12 REC is a highly selective ionization method with
particular sensitivity to the compounds containing electronegative elements. The rate constants of REC may reach 10−7
molecule−1 cm−3 s−1 for polyhalogenated compounds and 10−8
molecule−1 cm−3 s−1 for nitroaromatics at 125 °C.11,13 These
rate constants correspond to a sensitivity increase of 10−100
times in comparison with CI.
Penning ionization usually refers to the ionization of a target
particle via collision with an excited atom/molecule and has
been developed as an independent ion source technique for
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components were coaxially connected through a MgF2 lens,
which was applied to focus VUV light into the ionization zone.
VUV light was generated via the excitation of a mixed rare gas
(5% krypton in helium) at ∼350 Pa using a 13.56 MHz radio
frequency (rf) power supply running at 60 W. The output of
the VUV lamp was ∼2 × 1014 photons cm−2 s−1 with energies
of 10.0 eV (80%) and 10.6 eV (20%). The pressure of the
ionization zone was ∼1300 Pa when the sample ﬂow rate was
2.8 cm3 s−1. The mixture of gas-phase CH2Cl2 and the analyte
in the calibration chamber was sampled into the ionization
zone and underwent an AI ionization reaction under the
excitation of VUV light. The mechanism of the AI reaction was
introduced in detail in a previous study.29 CH2Cl2 was selected
as a dopant to induce the AI reaction because CH2Cl2 cannot
be ionized directly by the VUV light and fewer nontarget ions
are produced in the ion source. Furthermore, CH2Cl2 has a
more signiﬁcant enhancing eﬀect on the ion formation in
comparison to some other chlorohydrocarbons. The gas-phase
H2O in the system was derived from water impurities in the
high-purity N2 and residual H2O desorbed from the walls of
the system. The concentration of gaseous H2O inside the
system was estimated to be 380 ppmv on the basis of the
concentration calibrated by H218O.29 In the experiment
performed to determine the ionization eﬃciency of the analyte,
the ion current generated from the ion source was measured by
a picoammeter (Keithley, Model 6485) with a gold-electroplated copper plate serving as the ion collector electrode,
placed facing the outlet of the ionization zone. The ionizer was
biased with an 8 V positive dc source to extract cations.
Mass Spectrometer. A detailed description of the MS has
been given elsewhere.7 Brieﬂy, the ions ejected from the ion
source were focused by a group of electrostatic ion lenses that
were orthogonally connected to a V-shaped TOFMS with a
ﬂight distance of 460 mm. The mass resolution (m/Δm) of the
TOFMS was ∼300 at m/z 78, and the acquisition time for
each mass spectrum was 10 s. To protect the detector from
waste, the signal intensity was reduced by setting a slit (0.2 mm
× 1 mm) at the entry oriﬁce of the TOF cavity and adjusting
the voltages of the ion-migration lens assembly. Each method
was performed three times to ensure the reproducibility of the
signal reduction. The signal intensities shown in the paper have
been corrected using the normal ion detection eﬃciency of the
MS.

Nitro-organic compounds are important environmental
pollutants mainly derived from anthropogenic activities.30
Many of these substances, especially nitroaromatics, have
adverse human health eﬀects, such as direct mutagenic activity
and carcinogenicity.31 In addition, nitroaromatics and nitroamines are well-known reactive components of prevalent
explosives that may cause a serious threat to public security.32
The marked increase in international terror incidents in recent
years has given rise to increased research into explosive
detection as well as the further exploration of new analytical
techniques to enable faster, sensitive, and onsite determinations of nitro-organic compounds.33−36 Nonetheless, the
detection of nitroaromatic compounds in air is still one of the
greatest remaining challenges due to the very low vapor
pressures of such compounds.37
In the present study, the AI process of a series of nitroorganic compounds, including o-nitrotoluene (o-NT), mnitrotoluene (m-NT), nitrobenzene (NB), nitromethane
(NM), nitroethane (NE), and nitropropane (NP), in gaseous
samples was investigated using AI coupled with a time-of-ﬁght
mass spectrometer (AI-TOFMS). The mass spectra, ionization
eﬃciencies, and detection sensitivities of the nitro compounds
were measured and analyzed. The ultrahigh ionization
eﬃciencies of AI toward nitroaromatics were determined to
be far greater than those obtained for the above-mentioned
ionization methods.

■

EXPERIMENTAL SECTION
Chemicals and Gases. In this study, dichloromethane
(99.9%, J&K), o-nitrotoluene (≥99.5%, Aladdin), m-nitrotoluene (99.0%, Aladdin), nitrobenzene (≥99.8%, Aladdin),
nitropropane (98+%, Adamas), nitroethane (99%, Alfa), and
nitromethane (98+%, Alfa) were used. High-purity nitrogen
(>99.999%) was purchased from Beijing Haike Yuanchang Gas
Co., Ltd. Krypton (5%, v/v) with helium as the balance gas
was purchased from Beijing Huayuan Gas Co., Ltd.
Sample Preparation. A 60 L calibration chamber was
used to generate deﬁned gas-phase analyte concentrations, as
shown in Figure 1. The calibration chamber was an open-head
stainless-steel drum covered with a thin Tedlar bag (custombuilt) to maintain a pressure of 1 atm. A magnetically driven
fan was set at the bottom of the chamber to mix the gas species
suﬃciently. The inner temperature of the calibration chamber
was maintained at ∼30 °C by two thermal radiation heaters
outside the chamber. Before each experiment, the calibration
chamber was ﬁlled with high-purity N2 as a buﬀer gas. Then, 5
mL of pure CH2Cl2 liquid was injected into the calibration
chamber, resulting in an equivalent gaseous concentration of
2.9 × 104 ppmv after evaporation. Similarly, gaseous samples
were obtained by the volatilization of a certain amount of
nitro-compound solution in the calibration chamber. To obtain
a large range of gas-phase analyte concentrations (0.1−500
ppbv), three concentrations of sample solution (0.27, 2.7, and
27 mmol L−1) with CH2Cl2 as a solvent were prepared. For
each experiment, the total amount of solution injected into the
chamber was less than 60 μL; hence, the inﬂuence of the
solvent CH2Cl2 on the signal intensity of the analyte was
ignored. The gaseous analyte was sampled by means of a
stainless-steel tube, which was heated to ∼60 °C to minimize
vapor loss.
Associative Ionization Source. The AI source was mainly
composed of a VUV lamp and a cylindrical cavity (6 mm i.d.,
30 mm long), which served as an ionization zone. The two

■

RESULTS AND DISCUSSION
AI Mass Spectra of Nitro Compounds. Excited CH2Cl2induced AI is a new soft ionization technique with several
unique mass spectrometric characteristics. As seen in Figure 2,
which shows the AI mass spectra of 1 ppbv o-NT, m-NT, and
NB, protonated molecular ions dominate the AI mass spectra,
revealing high proton transfer eﬃciencies. The protonated
molecular ions mainly include the protonated analyte (MH+)
and hydronium ions as well as the hydronium water clusters
(H3O+, (H2O)2H+, (H2O)3H+, and (H2O)4H+, with m/z
values of 19, 37, 55, and 73, respectively). H3O+ was derived
from the AI of residual H2O in the ionization region, and its
water clusters ((H2O)nH+) mainly formed during the gas
expansion process at the exit of the ion source. In addition, AI
is inclined to produce more fragment ions in contrast to H3O+induced PTR, partially due to its relatively excessive heat of
reaction. The energetic calculation for NM, NE, and NB is
shown in the Supporting Information. For the nitro
compounds investigated, the major fragment ions were (M −
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where I is the total ion current measured by a picoammeter
(A), e is the elementary charge (1.6 × 10−19 C), nA is the
gaseous concentration of analyte in the calibration chamber
(molecules cm−3), and q is the sampling ﬂow rate of the
instrument (2.8 cm3 s−1). RA is the relative abundance of the
analyte ions, which was calculated from the relative peak areas
shown in the mass spectra and corrected by the relative
transmission and detection eﬃciencies of individual m/z
values. The correction method is shown in the Supporting
Information. Parts A and B of Figure 3 respectively show the

Figure 2. AI mass spectra of 1 ppbv o-NT (A), m-NT (B), and NB
(C) in nitrogen.

NO2)+, indicating that the fragmentation pattern of AI is
analogous to that of VUV photoionization. Most importantly,
in contrast to many complex ionization methods, such as APCI
and plasma-based ionization techniques, AI is a single
ionization method involving only one ionization mechanism.
Some of the greatest advantages of this ionization mode are
substantially fewer background ions and fewer nontarget ions,
which improve the detection limit and present a clear and
concise mass spectrum for mixture analysis. AI mass spectra of
the three nitroaliphatic compounds (NM, NE, and NP) are
shown in Figure S1 of the Supporting Information, showing
mass spectrum patterns similar to those of nitroaromatic
compounds. These results reveal that AI is a promising
ionization mode for application in mass spectrometry to
directly characterize nitro-organic compounds in a gaseous
matrix.
Ionization Eﬃciency of AI. Excited-state CH2Cl2-induced
AI is a new ionization process, and the ionization eﬃciencies of
common organics in this process have not yet been
investigated and documented. Previous studies revealed that,
in comparison with hydrocarbons, only oxygenated organics
can be ionized eﬃciently by excited-state CH2Cl2-induced AI.
Nitro compounds, which contain a NO2 group via the C−N
bond, belong to a special class of organics rather than the
common oxygenated organics. In this paper, the absolute
ionization eﬃciency of AI toward the nitro compounds, which
was deﬁned as the ratio of the ﬂux of analyte ions emitted from
the ion source (IA, ions s−1) to the ﬂux of neutral molecules
introduced (FA, molecules s−1), was determined using the
equation

Figure 3. Dependence of the total ion intensity (A) and the relative
abundance of analyte ions (B) on the partial ﬂow rate of aromatic
nitro compounds at a concentration of 0.1−1 ppbv in the calibration
chamber.

total ion intensity (I/e) and the relative abundance of the
analyte ions (RA) versus the partial ﬂow rate of the
nitroaromatic compounds (FA) in a concentration range of
0.1−1 ppbv. As shown in Figure 3, the total ion intensity
showed little change, while the relative abundance of the
analyte ions increased almost linearly with an increased
number of analyte molecules, indicating a near-constant
ionization eﬃciency for each compound within the calibration
range. By using eq E1, the average ionization eﬃciencies of the
six nitro-organic compounds were calculated, and they are
shown in Table 1. The ionization eﬃciencies of o-NT, m-NT,
and NB were measured to be (28 ± 3)%, (27 ± 2)%, and (13
± 1)%, respectively. In other words, the ion source generated
∼107 ions pptv−1 s−1 toward these compounds. The observed
ultrahigh eﬃciency of AI toward nitroaromatics indicates a

I

RA
I
ionization efficiency = A = e
FA
nA q

(E1)
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Table 1. AI Eﬃciencies and Reaction Rate Coeﬃcients of
the Nitro Compounds Investigateda
compound
o-NT
m-NT
NB
NP
NE
NM

ionization
eﬃciency (%)
28
27
13
1.3
0.86
0.24

±
±
±
±
±
±

3
2
1
0.2
0.09
0.03

concentration
range (ppbv)

k H2O[H 2O] ln

reaction rate coeﬃcient, k
(molecules−1 cm3 s−1)

0.1−1
0.1−1
0.1−1
0.5−10
0.5−10
10−30

1.3
1.2
5.0
5.9
3.6
7.5

×
×
×
×
×
×

[A]0
+ kA[AH+]
[A]0 − [AH+]

= kA(k1[CH 2Cl 2] − k −1[CH 2Cl 2*])t

(E6)

+

−7

where [A]0 and [AH ] are the initial concentration of analyte
A and the produced ion concentration of AH+, respectively,
which are calculated from FA and IA divided by the gas ﬂow
rate inside the ion source (218 cm3 s−1, estimated with the
pressure of ion source (PI, 1300 Pa), the sample ﬂow rate of
the instrument (q, 2.8 cm3 s−1), and one atmospheric pressure
(PA, 101325 Pa) using the formulation q × PA/PI), t is the
ionization reaction time, i.e., the residence time of the analyte
(3.9 × 10−3 s), k1[CH2Cl2] − k−1[CH2Cl2*], which represents
the net generation rate of reactive CH2Cl2*, is determined to
be 1.7 × 1011 molecules cm−3 s−1, and the value of k H2O[H 2O]
is considered to be larger than 256 s−1 (the derivation of the
last two parameters can be seen in the Supporting
Information). Thus, by ﬁtting the data points of [AH+] versus
[A]0 with eq E6, as shown in Figure 4, the AI reaction rate

10
10−7
10−8
10−9
10−9
10−10

a

The uncertainty shown in Table 1 was obtained from three parallel
experiments.

potential unprecedented advance in detection technology in
certain ﬁelds.
Reaction Rate Coeﬃcient of AI. To interpret the
ultrahigh ionization eﬃciency obtained, the rate coeﬃcients
of the AI reaction toward these nitro-organic compounds were
investigated. The relevant reactions in the ion source are
k1

CH 2Cl 2 XooY CH 2Cl 2*
k −1

(R1)

k2
CH 2Cl 2 * + H 2O → RC

(R2)

kA
RC + A → AH+ + CH 2O + HCl + Cl−

(R3)

k H 2O
RC + H 2O ⎯⎯⎯⎯⎯→ H3O+ + CH 2O + HCl + Cl−

(R4)

where RC represents the reaction complex [H2O−CH2Cl+−
Cl−], which is regarded as the reactant that interacts with the
analyte to perform the AI reaction. Since CH2Cl2* and RC are
unstable intermediates, under the steady-state approximation,
their rate equations can be expressed as
d[CH 2Cl 2*]
= k1[CH 2Cl 2] − k −1[CH 2Cl 2*]
dt
− k 2[CH 2Cl 2*][H 2O] = 0

(E2)

d[RC ]
= k 2[CH 2Cl 2*][H 2O] − k H2O[RC][H 2O]
dt
− kA[RC][A] = 0

(E3)

From eqs E2 and E3, we can obtain [RC] from
[RC] =

k1[CH 2Cl 2] − k −1[CH 2Cl 2*]
k H2O[H 2O] + kA[A]

(E4)
+

Figure 4. Dependence of ion concentration on the molecular
concentration of aromatic nitro compounds (A) and aliphatic nitro
compounds (B) in the ionization region.

Then, the rate equation of the analyte ion (AH ) is
described by
d[AH+]
= kA[RC][A]
dt
k [A](k1[CH 2Cl 2] − k −1[CH 2Cl 2*])
= A
k H2O[H 2O] + kA[A]

coeﬃcient for the analyte, kA, was obtained. Nonlinear curve
ﬁtting and regression were performed with the software
1stopt1.5 using the Levenberg−Marquardt algorithms. The
corresponding rate coeﬃcients for the nitro compounds
investigated ranged from 7.5 × 10−10 to 1.3 × 10−7 molecule−1
cm3 s−1, as shown in Table 1. It should be noted that the

(E5)

Given [A] = [A]0 − [AH+], the deﬁnite integral of the rate
formula E5 can be written as
5609
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To obtain the directly measured LODs of nitroaromatic
compounds, a pulsed microchannel plate detector was used to
screen high-ﬂux H3O+ and its cluster ions. The technical
method and the schematic diagram of the experimental device
are shown in the Supporting Information. Figure S3 shows the
enlarged mass spectra of the ions generated from 10 pptv oNT, 10 pptv m-NT, and 20 pptv NB, indicating that the
directly measured LODs of nitroaromatics under the present
experimental conditions are roughly at the 10 pptv level. The
measured LOD is equivalent to ∼1.7 picograms (pg) for NT in
10 s acquisition time, calculated with the sample ﬂow fate (2.8
cm3/s−1), the sample time (10 s), and the concentration of
nitroaromatics (10 pptv).
At present, negative chemical ionization (NCI) and APPI
ion sources are usually applied in GC-MS and LC-MS,
respectively, for the oﬀ-line analysis of nitroaromatic samples,
with LODs at a few picograms to hundreds of picograms.56−59
In contrast, the directly measured LODs in this experiment are
not greatly superior to those obtained by NCI and APPI,
though the ionization eﬃciency of the AI method is much
higher than those of NCI and APPI. The main reason for this
result is that the present MS system (a simple V-shaped TOF)
lacks a mass-selected function. Large amounts of H3O+ and its
cluster ions swarming into the ion migration and detection
region lead to a signiﬁcant increase in background signals. In
comparison, commercial NCI and APPI are usually equipped
with quadrupole (Q) or QTOF mass spectrometers, which can
selectively detect target ions and eﬀectively reduce detection
limits. On the basis of the AI eﬃciencies and reaction rate
constants measured, we believe that the LOD of the proposed
method would be more remarkable with an improvement in
the mass spectrometer.
Applicability Discussion. Every gaseous ionization
method has its corresponding applicable analytical ﬁeld.
Because almost all neutral analytes can be ionized by highenergy electrons (70 eV) or form positive ions through ion−
molecule reactions, EI and PCI are considered to be universal
ionization techniques. Traditional SPI is capable of ionizing the
substances with IEs below the photon energy (usually ∼10
eV), and APPI applied in LC-MS is often used to detect
hydrocarbons and organics with higher molecular weight. By
comparison, NCI is a more selective ionization technique,
which can be used for the analysis of compounds containing
acidic groups or electronegative elements (especially halogens). The present AI method has been proved to be sensitive
to common oxygenated organics and anilines.29,60 On the basis
of our experimental results, the reactivity of the AI reaction
generally shows positive correlations with the polarizability,
permanent dipole moment, and molar weight of the analyte,61
which is consistent with the properties of long-range ion−
molecule reactions.62 Therefore, we speculate that the present
ionization approach may have excellent performance for
compounds with higher polarizabilities, permanent dipole
moments, and molar weights, especially for polar organics with
a delocalized system enhanced by electron-attracting/-donating functional groups, such as nitroaromatics, organophosphates, sulfonates, etc. Since most of these compounds are
environmental contaminants, pesticides, explosives, and
chemical warfare agents, this AI method may have great
application prospects in the analysis of environmental and
security-related samples. In addition, this AI phenomenon was
just observed a few years ago, and its practicality remains to be
explored by more researchers.

reaction rate coeﬃcients obtained in this study may be
underestimated to a certain degree due to the underestimation
of the value of k H2O[H 2O].
The obtained AI reaction rates of nitroaromatics ((0.5−1.3)
× 10−7 molecule−1 cm3 s−1) are substantially faster than the
barrierless neutral−neutral reaction limit described by the
notional hard sphere model and are 2 orders of magnitude
higher than those of long-range ion−molecule reactions
(∼10−10−10−9 molecule−1 cm3 s−1).10 Thus, the obtained AI
reaction rate constants indicate an unusual long-range dipole−
dipole attractive force between the reactants. These rate
constants imply that, with a mean relative velocity of 350 m s−1
at 300 K, the eﬀective collision radius between reactants would
be 68−109 Å. This feature is very similar to some other AI
reactions available in the literature. The rate constants of fast
AI reactions have been reported on the order of ∼10−10−10−9
molecule−1 cm3 s−1 at ∼300 K,38−41 and the rate constants of
certain AI reactions, e.g., highly excited Na atoms with the
electronegative molecule SF6, can achieve 10−7 molecule−1 cm3
s−1 at room temperature.42 Notably, these AI reactions are
initiated by the eﬀects of excited-state noble gases or metallic
atoms.43−46 As far as we know, excited-state organic-induced
AI reactions have never been reported, with the exception of
the newfound excited-state CH2Cl2-induced ionization reaction.29 Further investigations into the dynamic mechanism of
this AI reaction are necessary for understanding this valuable
chemical process.
Sensitivity and LODs of AI-TOFMS. The detection
sensitivities of the present AI-TOFMS were determined by
linear ﬁtting of the signal intensities of the protonated
molecular ion responses to varying concentrations of analyte,
as shown in Figure S2. Error bars were calculated from three
parallel experiments. The ﬁtting results for the data points are
shown in Table 2. Good linear relationships were obtained
Table 2. Sensitivities of the Nitro Compounds Investigated
compound
o-NT
m-NT
NB
NP
NE
NM

sensitivity
(counts/pptv)
(2.15 ± 0.02)
(2.16 ± 0.05)
(1.01 ± 0.02)
(1.15 ± 0.01)
(8.43 ± 0.01)
92.6 ± 4.5

×
×
×
×
×

104
104
104
103
102

correlation
coeﬃcient (R2)

concentration
range (ppbv)

0.9995
0.9947
0.9969
0.9984
0.9988
0.9882

0.1−1
0.1−1
0.1−1
2−100
2−100
10−100

with correlation coeﬃcients (R2) ranging from 0.9882 to
0.9995 within the calibrated range. The slopes of the ﬁtted
lines were deﬁned as the detection sensitivities, which ranged
from 92.6 ± 4.5 to (2.16 ± 0.05) × 104 counts pptv−1 in a 10 s
acquisition time. It is reported that the proton transfer
reaction−mass spectrometer (PTR-MS), which is one type of
commercial CI MS used for the real-time measurement of trace
volatile organics,47−52 has a maximum sensitivity of 4.7 cps/
pptv at a sample rate of 8.3 cm3 s−1.47 In addition, the reported
sensitivities of typical high-sensitivity CI MS can reach dozens
to hundreds of cps pptv−1 when the gas pressure of the ion
source is ∼104−105 Pa and the sample rate is increased to
∼102−103 cm3 s−1.53−55 In this experiment, the sensitivities of
AI-TOFMS toward nitroaromatic compounds achieved
thousands of cps pptv−1 at a low sample rate of only 2.8 cm3
s−1.
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CONCLUSIONS
In this study, the ultrahigh ionization eﬃciency of a novel AI
ion source toward organic nitro compounds was investigated
with an AI-TOFMS. The reaction rate constants (7.5 × 10−10
to 1.3 × 10−7 molecule−1 cm3 s−1) of AI toward organic nitro
compounds were obtained by analyzing the ion intensities and
ion abundances. To the best of our knowledge, this is the ﬁrst
time that an excited-state organic-molecule-induced AI
reaction rate has been measured and reported, especially
such a high reaction rate (∼10−7 molecule−1 cm3 s−1). The
ultrahigh rate constant indicates a long-range attractive force
between the reactants and a new chemical behavior of the
excited-state organics. The intrinsic physical and chemical
interactions of this AI reaction remain to be explored. With the
aid of the eﬃcient AI reaction, ultrahigh ionization eﬃciencies
of nitroaromatic compounds were observed, with values of (28
± 3)%, (27 ± 2)%, and (13 ± 1)% for o-NT, m-NT, and NB,
respectively. The ionization eﬃciencies of AI toward these
nitroaromatic compounds are ∼104 times higher than those of
CI. The ∼104 gain in ionization eﬃciency can be roughly
attributed to an ∼102 contribution from the fast reaction rates
of AI and an ∼102 contribution from the high-concentration
neutral reactant (excited-state CH2Cl2). In addition, the
homogeneous mixing at the molecular level between excitedstate CH2Cl2 and analytes in the ionization region is regarded
as another important factor that may contribute to the
ultrahigh ionization eﬃciency. When the photon ﬂux of the
VUV lamp is enhanced or the gas pressure of the ion source is
increased, a 100% ionization eﬃciency of AI can be expected.
The results of this investigation will hopefully prompt a
tremendous advance in detection technology in related ﬁelds.
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(44) Klucharev, A. N.; Vujnović, V. Phys. Rep. 1990, 185, 55−81.
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