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bstract

The dependence of the formation of negative core ions Y− and their hydrated cluster ions Y−(H2O)n on needle voltage has been examined by
sing atmospheric pressure corona discharge ionization mass spectrometry. An insect pin (200 �m in diameter, 20 mm in length, and ca. 1 �m in
he tip radius) was used as the corona needle. At the lowest effective needle voltage (−1.9 kV), water cluster ions OH−(H2O)n with a core ion OH−

ere observed. Furthermore there was a discontinuity between the abundances of OH−(H2O)3 at m/z 71 and OH−(H2O)4 at m/z 89, suggesting
hat the cluster OH−(H2O)3 is more stable than OH−(H2O)4. The ion OH−(H2O)3 which may be referred to as “the first hydrated shell” is formed
ia hydration of the core ion OH− in air. Various different core ions Y− appeared as the hydrated cluster ions Y−(H2O)n with increasing needle
oltage. At relatively low voltage (−2.3 kV), the dominant hydrated clusters observed were OH−(H2O)n and O2H−(H2O)n. At the highest corona

oltage (−3.5 kV), the well-known long-lived core ion NO3

− and its hydrated clusters NO3
−(H2O)n were mainly observed. The resulting negative

ore ions OH−, NO2
−, NO3

−, HNO3
−, CO3

−, and CO4
−, which are atmospherically important ions or stable terminal ion species in tropospheric

tmosphere, are discussed from the standpoint of ion evolution in air.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Tropospheric aerosols serve as cloud condensation nuclei,
eflect and absorb shortwave solar radiation and thereby influ-
nce the earth’s climate regulation and radiation budget. A
echanism of aerosol formation in the lower troposphere was

roposed by Yu and Turco, and is referred to as “ion-mediated
ucleation” [1,2]. The origin of the aerosols is stable core ions
hat have long lifetimes in air. The core ions are generated by
volution of primary ions through successive ion–molecule reac-
ions with common air constituents and play a central role in

erosol formation. A variety of aerosol formations are depen-
ent on the physical and chemical nature of the individual core
on. In view of their significance, the identification of terminal

Abbreviation: APCDI, atmospheric pressure corona discharge ionization
� This work was presented at the 54th ASMS Conference on Mass Spectrom-
try, Seattle, Washington, 2006.
∗ Corresponding author. Tel.: +81 45 787 2431; fax: +81 45 787 2317.
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ore ions in air and study of ion evolution have been believed to
e important for understanding aerosol formation in the tropo-
phere. There has been significant interest recently in negative
ir ions due to them having more influence on the earth’s envi-
onment than positive ions. However, there is relatively little
nformation about negative ion evolution in air.

Fehsenfeld and Ferguson performed kinetic studies on a
umber of negative ion–molecule reactions with various atmo-
pheric trace gases using a flowing afterglow system [3]. The
rst in situ mass spectrometric analysis of the negative ions in

he troposphere was performed by Heitmann and Arnold [4]
nd at ground level by Perkins and Eisele [5]. These studies
onfirmed that there were two hydrated negative ion families
ith core ions NO3

− and HSO4
−, i.e., NO3

−(HNO3)n(H2O)m

nd HSO4
−(HNO3)n(H2O)m in the troposphere [4] and only

O3
−(HNO3)n(H2O)m at the ground level [5]. Kawamoto and
gawa calculated the fractional abundances of negative ions in
he altitude range 0–15 km by simulating elementary processes
f negative ion evolution [6]. The computed result showed that
luster ions with the core ions NO3

−, HSO4
−, and CO3

− were

mailto:takayama@yokohama-cu.ac.jp
dx.doi.org/10.1016/j.ijms.2006.07.027
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ar larger in fractional abundance than other kinds of negative
ons. In other work, Luts calculated negative ion evolution up to
00 s by simulating the variations in the concentrations of neutral
ompounds [7]. He showed that neutral minor constituents such
s HNO3 and H2SO4 participate in the reactions after 0.1 s to
orm NO3

− and HSO4
− ions. According to the directly observed

nd simultaneous measurement results, the negative core ions
Ox

− and SOx
−, which are well-known air pollutants, have

een shown to exist as stable terminal core ions in air.
Mass spectrometric analysis using corona discharge is the

ost efficient method in the laboratory for the fundamental study
f ion evolution in air. A variety of negative core ion species
− have been identified by some research groups using corona
ischarge [8–14] and these are O−, O2

−, O3
−, CO3

−, CO4
−,

O2
−, and NO3

− and their hydrated clusters Y−(H2O)n, while
n the case of positive ion, H3O+(H2O)n is the dominant water
luster ion series under any conditions. The negative ion studies
hat have been performed have involved different experimental
onditions with respect to the discharge pressure [8–11,13], rel-
tive humidity [8,10,12], concentration of gases such as ozone
nd nitrogen oxide [10], discharge current (which depends on
he corona needle voltage) [10,11], and ageing time [12]. Skalny
t al. remarked in the conclusions of their report [10] that careful
ontrol of the gas preparation and input into corona discharge
as necessary if reproducible results were to be obtained. The

nfluence of needle voltage on the negative ion formation has
een examined by de Vries et al. [14]. They found that the size
f water cluster ions decreased with increasing discharge cur-
ent. Skalny et al. [10] also described that increasing electric field
trength led to destruction of cluster ions through collisions with
eutral gas due to acceleration of negative cluster ions.

In contrast, the corona current which depends on the nee-
le voltage contributes to the abundances of the discharge
y-products such as O3, NOx, and radicals [12,15]. It can be

resumed that the corona current or needle voltage affect the for-
ation of the primary ions, as well as the neutral by-products.
urther, it is important to note that the electric field strength
n a tip of needle depends on the radius, shape, and/or materi-

b
(
t
a

Fig. 1. Schematic illustration of th
l of Mass Spectrometry 261 (2007) 38–44 39

ls of needle tip, because kinetic energy of resulting electrons
n the tip may be affecting the formation of primary ions and
y-products. When the point tip has the radius of curvature R,
he field strength can be expressed by 2V/R log(4d/R) [16]. The
ariables V and d represent the needle voltage and the discharge
ap between the tip and orifice plate, respectively. Here we used
n insect pin made of stainless steel as the negative corona nee-
le with radius of ca. 1 �m, while Skalny et al. have used a tip
ade of Pt wire with radius of 100 �m [10]. Although it will

e seen that the results of different two experiments are difficult
o compare to each other, here we describe the influence of the
eedle voltage on the formation of negative core ions in ambient
ir, by using atmospheric pressure corona discharge ionization
ass spectrometry (APCDI MS). The use of the insect pin as

he needle for negative corona discharge successfully led to reg-
lar and reproducible generation of various different negative
ore ions Y− and their hydrated cluster ions Y−(H2O)n. In the
ork described here we concentrate on the formation of core

ons OH−, NOx
−, and COx

−.

. Experimental

Mass spectra were acquired on a JMS-LCmate reversed
eometry double-focusing mass spectrometer (JEOL, Tokyo,
apan), under ambient air with relative humidity of 25% at 24 ◦C.
he relative humidity was adjusted with an automatic humid-

ty controlled cabinet Dry-Cabi TS-81B-HU (Tolihan Corp.,
okyo, Japan). The ion source was covered with the cabinet.

schematic illustration of the ion source is shown in Fig. 1.
he ion source contained a discharge needle made of stainless
teel with a diameter of 200 �m and 20 mm in length. The nee-
le used was an insect pin with headless named Bishin (Shiga,
okyo, Japan). The needle tip with glossy surface as a point
lectrode was ca. 1 �m in the radius of curvature. The distance

etween the needle tip and the orifice plate was 3 mm. The orifice
130 �m in i.d. and 5 mm in length) was formed by a stainless
ube. Discharge voltages over the range −1.9 to −3.6 kV were
pplied to the needle relative to the orifice plate. The ions formed

e ion-source in APCDI MS.
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ig. 2. Negative ion APCDI mass spectrum at a needle voltage of −1.9 kV in
mbient air with relative humidity of 25% at 24 ◦C.

nter the orifice and expand together with air in the intermedi-
te region between orifice and skimmer, which was maintained
t 0.27 kPa. The ions were focused onto the skimmer opening
1 mm in diameter) by the ring lens and were transported into
he focus lenses region via the ion guide. The voltage applied to
he skimmer and ring lens were 25 and 50 V, respectively. The
pplied voltage on the ion guide was 2.56 kV. The transported
ons were accelerated to 2.5 kV at the focusing lens electrode
nd separated by the reversed geometry double-focusing mass
pectrometer. The scan speed was 5 s/scan. The reproducibility
f mass spectral patterns was confirmed. Gases in the laboratory
nd ambient air were used without any preparation.

. Results and discussion

.1. Water cluster ions with the core ion OH−

At voltages that produce effective corona discharge (−1.9 kV
r above), stable distribution mass spectra consisting of water
luster ions Y−(H2O)n with core ions Y− were obtained. At volt-
ges below −1.9 kV, ion peaks were not observed. The “core ion
−” refers to the origin of the water cluster ions Y−(H2O)n, that

s, the lowest mass peak in the series of water cluster ions cor-
esponds to the core ion, although the peak of core ions Y− is
ot always observed. The mass spectrum obtained at the lowest
orona voltage (−1.9 kV) in ambient air with relative humidity
f 25% at 24 ◦C showed water cluster ion peaks of OH−(H2O)n

n = 1–13) with a core ion OH−, as shown in Fig. 2. In higher
umidity (50%), a core ion peak at m/z 17 was observed as shown
n Fig. 3. The dominance of hydrated cluster ions OH−(H2O)n at
he lowest voltage was independent of relative humidity condi-

ions. Nagato et al. [12] also observed this ion series with an ion
eaction time of 10−3 s using purified air. They described that
he relative abundance of the cluster ions OH−(H2O)n increased
ith increasing concentration of H2O vapor.

I
o
g
(

Fig. 3. Negative ion APCDI mass spectrum at a needle voltage of −
l of Mass Spectrometry 261 (2007) 38–44

In the distribution of OH−(H2O)n, a reproducible disconti-
uity from OH−(H2O)3 at m/z 71 to OH−(H2O)4 at m/z 89 was
bserved in both mass spectra obtained under different relative
umidity. This anomalous distribution is similar to that between
he well-known positive ion magic cluster H3O+(H2O)20 and

3O+(H2O)21 which indicates that H3O+(H2O)20 is more sta-
le than H3O+(H2O)21 [17]. Thus our results indicate that the
H−(H2O)3 ion is more stable than OH−(H2O)4 ion. This is
irect mass spectrometric evidence for the Eigen postulation
hat OH−(H2O)3 (m/z 71) in negative ion is corresponding
o H3O+(H2O)3 (m/z 73) in positive ion which is a particu-
arly stable form consisting of “secondary hydration shell” he
alled [18]. These stable ions may be called the “first hydrated
hell” and are formed by the core ions OH− and H3O+ becom-
ng hydrated with water vapor in air. The higher stability of
rst hydrated shells H3O+(H2O)3 and OH−(H2O)4 compared to
ther size water cluster ions was first confirmed by discontinuity
n the van’t Hoff plots for the H3O+(H2O)n [19] and OH−(H2O)n

20], respectively. Robertson et al. [21] reported the vibrational
pectroscopic confirmation of the OH−(H2O)3 and OH−(H2O)4
lusters selected with a tandem time-of-flight mass spectrom-
ter. On the basis of the spectroscopic data, they displayed
tructures of OH−(H2O)3 and OH−(H2O)4 clusters having a C3
ymmetry or pyramidal conformation, by using ab initio calcu-
ation. In the latest report, Pickard et al. [22] have demonstrated
ood comparison of the four ab initio calculations for hydrated
hells H3O+(H2O)n (n = 1–3) and OH−(H2O)n (n = 1–4) with
xperimental data of �H◦ and �G◦. The GAUSSIAN 2 and
AUSSIAN 3 calculations for OH−(H2O)n (n = 1–4) clusters
ave successfully predicted the discontinuity from OH−(H2O)3
o OH−(H2O)4.

The formation mechanism of OH−(H2O)n can be explained
n the basis of the kinetic study by Fehsenfeld and Ferguson
3]. According to their study, the ion–molecule reactions which
orm OH−(H2O)n can be described as below. Generally, corona
ischarge produces O2

•+ and N2
•+ in ambient air, i.e.,

2 + e− → N2
•+ + 2e− (1-1)

2 + e− → O2
•+ + 2e− (1-2)

The resulting electrons have a distribution of kinetic energy.

n the case of low energetic electrons, electron attachment occurs
n O2 (reaction b in Fig. 6) and the attachment of high ener-
etic electrons brings about a dissociative attachment reaction
reaction a in Fig. 6) as expressed by the reactions (2) and (3),

1.9 kV in ambient air with relative humidity of 50% at 24 ◦C.
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espectively.

2 + e− → O2
− (2)

2 + e− → O2
−∗ → O− + O (3)

If abundant H2O molecules are present in air, another disso-
iative attachment reaction may occur on H2O to produce OH−
8] (reaction e in Fig. 6).

2O + e− → OH− + H (4)

he products O2
− and O− are known as the primary ions for the

egative ion evolution in air. The ion O− is the primary ion for the
ormation of OH−(H2O)n. The following three-body reactions
5) and (6) and binary reaction (7) of O− produce O−(H2O),
O3

−, and OH− competitively.

− + H2O + O2 → O−(H2O) + O2 (5)

− + CO2 + O2 → CO3
− + O2 (6)

− + H2O → OH− + OH (7)

he rate constants of reactions (5)–(7) are
(5) = 1.3 × 10−28 cm6/s, k(6) = 3.1 × 10−28 cm6/s, and
(7) < 6 × 10−13 cm6/s, respectively [3]. Taking into account the
ir constituents, the three-body reactions with O2 as the third
ody do occur, though the probability of three-body reactions
s negligibly small compared to binary reactions. The product
on of reaction (5), O−(H2O), is better described as OH−(OH)
hich is a lower energy form. Since atmospheric ambient air

ontains abundant O2 and trace amount of CO2, O−(H2O) is
ikely to be produced more than the product ions of reaction (6)
O3

−. The ion O−(H2O) was efficiently converted via the fast
inary reaction (8) to form a hydrate OH−(H2O). Following
ydration, reactions of OH− and OH−(H2O), produced by
eactions (4), (7), and (8), to form the “first hydrated shell” may
ccur in air.

−(H2O) + H2O → OH−(H2O) + OH (8)

H− + n(H2O) → OH−(H2O)n (n ≤ 3) (9)

H−(H2O) + n(H2O) → OH−(H2O)n+1 (n ≤ 2) (9′)

fter the ion species resulting from the ion evolution were intro-
uced into the vacuum region, the further clustering reaction
ith H2O may occur successively by adiabatic expansion as

ollows.

H−(H2O)n+1 + m(H2O) → OH−(H2O)n+m+1 (10)

.2. The influence of needle voltage on the formation of
egative core ions

Negative water cluster ions Y−(H2O)n varied considerably in
attern with increasing needle voltage. The various different core
ons or their hydrates appeared successively and the abundances

f those ions changed with an increase in voltage from −1.9
o −3.5 kV, while the positive cluster ions H3O+(H2O)n were
nvariant with change in voltage. At a voltage of −3.6 kV, the
orona discharge discontinuously transferred to the discharge

r
d
a
−

ig. 4. Negative ion APCDI mass spectra at needle voltages of (a) −2.3, (b)
2.7, and (c) −3.0 kV in ambient air with relative humidity of 25% at 24 ◦C.

y an arc. Negative ion APCDI mass spectra obtained at needle
oltages of −2.3, −2.7, and −3.0 kV are shown in Fig. 4(a–c),
espectively. The ion peaks at m/z 33, 44, and 46 appeared in
he mass spectrum at −2.3 kV and can be assigned as the core
ons or hydrate O2H−, N2O− or CN−(H2O), and NO2

−, respec-
ively. The formation of a core ion CO2

− (m/z 44) has not been
bserved thus far. The mass spectrum shows the ions of the dom-
nant series OH−(H2O)n and O2H−(H2O)n and the minor cluster

2O−(H2O)n or CN−(H2O)n. At a medium voltage of −2.7 kV,
n abundant ion at m/z 62 and a minor peak at m/z 27 (HCN−)
ppeared in the low-mass region. The ion at m/z 62 could cor-
espond to hydrates CN−(H2O)2 or N2O−(H2O), or a core ion
O3

−. Considering that NO3
− is a well-known stable terminal

on in air [12,13], it is likely that the dominant core ion and its
ydrated cluster observed in the mass spectrum at −2.7 kV is the
O3

− and NO3
−(H2O)n, respectively. The outstanding peak at

/z 94 observed in Fig. 4(c) could not be assigned.
In order to estimate the change in the appearance and

bundance of typical core ions with varying needle voltages, the
eaks at m/z 35, 46, 62, 63, 78, and 112, which correspond to
he well-known core ions or hydrated ions OH−(H2O), NO2

−,
O3

−, HNO3
−, CO3

−(H2O), and CO4
−(H2O)2 respectively,

ere concentrated on. These core ions have been reported in
revious studies using corona discharge [8–13]. Fig. 5 shows the
nfluence of needle voltage on the absolute abundances of those
egative core or hydrated ions. Negative core or hydrated ions
sed here to make Fig. 5 are listed in Table 1 together with cor-

esponding m/z values. The water cluster ions OH−(H2O)n were
ominant from the lowest voltage of −1.9 up to −2.3 kV. The
bundance of the cluster ions OH−(H2O)n started to decrease at
2.3 kV and had disappeared by −2.6 kV. Instead, the cluster
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Table 2
Elementary processes for the formation of negative core ions OH−, NO2

−,
NO3

−, HNO3
−, CO3

−, and CO4
− in air and the rate constant for each process

a: O2 + e− → O2
−* → O− + O

a-1: O− + H2O + O2 → O−(H2O) + O2 1.3 × 10−28 cm6/s
O−(H2O) + H2O → OH−(H2O) + OH 1 × 10−11 cm3/s
OH−(H2O)n + H2O → OH−(H2O)n+1 Clustering reaction

a-2: O− + CO2 + O2 → O−(CO2) + O2 3.1 × 10−28 cm6/s
CO3

−(H2O)n + H2O → CO3
−(H2O)n+1 Clustering reaction

a-1-2:
OH−(H2O)n + NO2 → NO2

−(H2O)n−1 + OH + H2O
1.5 × 10−11 cm3/s

a-2-1: CO3
−(H2O)n + NO → NO2

−(H2O)n + CO2

CO3
−(H2O) + NO → NO2

−(H2O) + CO2 ∼7 × 10−12 cm3/s
NO2

−(H2O)n + H2O → NO2
−(H2O)n+1 Clustering reaction

a-2-2: CO3
−(H2O)n + NO2 → NO3

−(H2O)n + CO2

CO3
− + NO2 → NO3

− + CO2 2 × 10−10 cm3/s
NO3

−(H2O)n + H2O → NO3
−(H2O)n+1 Clustering reaction

b: O2 + e− → O2
−

b-1: O2
−(H2O)n + H2O → O2

−(H2O)n+1 Clustering reaction
b-2: O2

− + CO2 + O2 → O2
−(CO2) + O2 4.7 × 10−29 cm6/s

CO4
−(H2O)n + H2O → CO4

−(H2O)n+1 Clustering reaction

b-1-1: O2
−(H2O)n + NO → NO3

−(H2O)n

O2
−(H2O) + NO → O2

−(NO) + H2O 3.1 × 10−10 cm3/s
NO3

−(H2O)n + H2O → NO3
−(H2O)n+1 Clustering reaction

b-1-2: O2
−(H2O)n + NO2 → NO2

−(H2O)n + O2

O2
− + NO2 → NO2

− + O2 1.2 × 10−9 cm3/s
NO2

−(H2O)n + H2O → NO2
−(H2O)n+1 Clustering reaction

b-2-1: CO4
−(H2O)n + NO → NO3

−(H2O)n + CO2

CO4
− + NO → O−(ONO) + CO2 4.8 × 10−10 cm3/s

NO3
−(H2O)n + H2O → NO3

−(H2O)n+1 Clustering reaction

c: NO2
−(H2O)n + NO2 → NO3

−(H2O)n + NO 4 × 10−12 cm3/s
NO2

− + NO2 → NO3
− + NO

NO3
−(H2O)n + H2O → NO3

−(H2O)n+1 Clustering reaction

d-1: NO2 + OH + M → HNO3 + M (M: a third body)
d-2: HNO3 + e− → HNO3

−

d-3: HNO3 + NO2
−(H2O)n → NO3

−(H2O)n + HNO2

NO2
− + HNO3 → NO3

− + HNO2 1.6 × 10−9 cm3/s
NO3

−(H2O)n + H2O → NO3
−(H2O)n+1 Clustering reaction

e

ig. 5. (a) Influence of the needle voltage on the absolute abundance of the
ifferent negative core ions OH−, NO2

−, NO3
−, HNO3

−, CO3
−, and CO4

−
nd (b) an enlargement in the vertical axis.

ons CO3
−(H2O)n and CO4

−(H2O)n with other core ions CO3
−

nd CO4
− appeared at −2.6 kV and increased continuously

p to the highest corona voltage (−3.5 kV). Furthermore, the
lternative series cluster ions NO2

−(H2O)n, and NO3
−(H2O)n

ppeared at −2.1 kV with the absolute abundances increasing

ver the range −2.1 to −2.7 kV, with a remarkable increase at
2.6 kV. The abundances of NO2

−(H2O)n and NO3
−(H2O)n

ere constant from −2.7 to −3.5 kV and −3.0 kV, respectively.
he ions HNO3

− and NO3
−(H2O)n started to increase in abun-

able 1
bserved negative core or hydrated ions used to make Fig. 5 and corresponding
/z values

ore or hydrated ions m/z value

H− 17
CN− 27

2H− 33

2O− 44
O2

− 46
O3

− 62
NO3

− 63
O3

−(H2O) 78
O4

−(H2O)2 112

d
N
t
s

i
i
i
s
c
o
w
a
t
n
t

: H2O + e− → OH− + H
OH−(H2O)n + H2O → OH−(H2O)n+1 Clustering reaction

ance considerably at −3.0 kV. At voltages above −2.5 kV,
O3

−(H2O)n was the dominant series. With the exception of
he cluster ions OH−(H2O)n, the ion abundance of all the ion
pecies increased dramatically at −2.6 kV.

According to the results obtained here and in previous stud-
es [3,8,10,12,23,25], the sequence of ion–molecule reactions
nvolving all cluster ions Y−(H2O)n described above can be
llustrated as shown in Fig. 6. Elementary processes and corre-
ponding rate constants for the ion evolution listed in Table 2
an be estimated from the results presented here and in previ-
us studies [3,8,10,12,23–25]. It is postulated that growth of the
ater clusters with different core ions in the hydration reactions
-1, b-1, and b-2 may occurs via adiabatic expansion. It is likely
hat sequential progress of the reactions would be regulated by
eedle voltage. At the lowest voltage (−1.9 kV), it was presumed
hat CO3

−(H2O)n, CO4
−(H2O)n, and O2

−(H2O)n formed in
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ddition to OH−(H2O)n, although those ion series were not
bserved here. In Fig. 6, reactions a-2 and b-2 which produce
O3

−(H2O)n and CO4
−(H2O)n are likely to be less dominant

han reactions a-1 and b-1 which produce OH−(H2O)n and
2
−(H2O)n at the low voltage, because ambient air has a lower

bundance of CO2 than of H2O. The cluster ion O2
−(H2O)n

as not observed at any voltage. Nagato et al. [12] described
hat O2

−(H2O)n were the terminal ions formed in a time shorter
han 10−5 s and that OH−(H2O)n was observed at a reaction
ime of 10−3 s. Skalny et al. [10] observed trace amounts of the
on series O2

−(H2O)n at a pressure of 27 kPa in wet air with a
elative humidity 40–55%. The ion transport time between the
lectrodes in their experiments was of the order of 10−5 s. The
bove reports by Nagato et al. [12] and Skalny et al. [10] indicate
hat the life time of the O2

−(H2O)n ion is shorter than that of
he OH−(H2O)n ion. It is suggested from these reports that the
xperimental conditions described here are suitable for detecting
he core ions formed in a reaction time greater than 10−3 s.

The neutral species NOx are involved in all reactions to form
O2

−(H2O)n and NO3
−(H2O)n. Sufficient abundance of NOx

n air is absolutely necessary to observe these cluster ion series
n mass spectra. NOx are produced as one of the by-products of
ischarge. The neutral NO is formed from nitrogen and oxygen
toms produced by electron impact dissociation in the corona
ischarge [10]. The NO formation can be attributed to the elec-
ron kinetic energy which depends on electric field strength on
he tip of the needle. The neutral NO2 is produced by oxida-
ion of NO. The appearance of the cluster ions NO2

−(H2O)n

nd NO3
−(H2O)n at −2.1 kV suggests that the kinetic energy of

lectrons at a needle voltage of −2.1 kV reaches the threshold

ufficient to generate NOx. Electron affinities of NO2 (2.04 eV)
nd NO3 (3.93 eV) are generally greater than those of other neu-
ral species in air. These ions are apt to become stable negative
ons via charge transfer reactions with other negative ions. The

g
T
i
t

sters Y−(H2O)n with different negative core ions OH−, NO2
−, CO3

−, NO3
−,

luster ions NO3
−(H2O)n have been regarded as the most sta-

le negative ions among atmospheric species. Nagato et al. [12]
eported that the production of NO3

− proceeded with increasing
on reaction time in air. It is evident that NO3

− is the longest-
ived negative ion species in air.

The absolute abundances of NO2
−(H2O)n and NO3

−(H2O)n

ncreased as that of OH−(H2O)n simultaneously decreased, as
hown in Fig. 5(b). This fact suggests that the charge transfer
eaction a-1-2 of OH− with NO2 may easily occur, because
he electron affinity of OH (1.83 kV) is lower than that of NO2.
nother charge transfer reaction, namely b-1-2 of O2

− with NO2
ay take place due to lower electron affinity of O2 (0.48 eV)

ompared to that of NO2, although both O2
− and its hydrate

2
−(H2O)n were not observed here. The ions NO2

−(H2O)n

nd NO3
−(H2O)n have also been observed in other experi-

ents using corona discharge [8,10,12,13]. Skalny et al. [10]
bserved the NO3

−(H2O)n growth with time at a pressure of
7 kPa under static conditions, in which air flow was stopped.

concomitant increase with time in the concentrations of by-
roducts produced in the static discharge was observed. The
on series was not observed in an air flowing regime. Shahin
8] reported that NO2

−(H2O)n and NO3
−(H2O)n were detected

redominantly at lower pressure in the discharge tube. This
bservation was explained by the fact that relative concentra-
ion of NO2 produced by discharge increased with decreasing the
ressure.

The abundances of the cluster ions NO2
−(H2O)n,

O3
−(H2O)n, CO3

−(H2O)n, and CO4
−(H2O)n increased

rastically at −2.6 kV (Fig. 5(b)). This observation suggests
hat all the reactions mentioned above were promoted due to the

reat enhancement of the production of primary ions at −2.6 kV.
he reason why the abundance of OH−(H2O)n alone does not

ncrease at −2.6 kV is that OH−(H2O)n is converted completely
o NO2

−(H2O)n via charge transfer reaction a-1-2. It was
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xpected that the abundance of all ion species would increase
ontinuously at voltages above −2.6 kV. However, the increase
f NO2

−(H2O)n and NO3
−(H2O)n stopped at −2.7 kV, while

he abundance of CO3
−(H2O)n and CO4

−(H2O)n increased
ontinuously. This fact highlights two considerations. First, the
inary reactions a-2-1, a-2-2, and b-2-1 of COx

−(H2O)n to form
Ox

−(H2O)n seem to occur infrequently. Therefore, the charge
ransfer reactions a-1-2 and b-1-2 might be the main reactions
hich form NOx

−(H2O)n in air. Second, the association
eactions a-2 and b-2 of the primary ions with CO2 are likely
o proceed more frequently than reactions a-1 and b-1 with

2O, when there is sufficient abundance of the primary ions in
ir. Thus the reactions a-1 and b-1 may become the source of
Ox

−(H2O)n ion formation. The reason for the dominance of
eaction a-2 over a-1 is that the bond strength between O− and
O2 is stronger than that between O− and H2O [3]. Therefore

he product ion of reaction a-2, CO3
−(H2O)n, would exist more

tably in air than the product ion of reaction a-1, OH−(H2O)n. It
as been pointed out, in fact, that trace amounts of CO2 in air is
mportant for negative ion formation. Shahin [8], Gardiner et al.
9], Skalny et al. [10], and Skalny [11] observed the dominance
f the CO3

− ion at pressures from 6.7 up to 101 kPa, from
.3 up to 4 kPa, from 5 up to 20 kPa, and from 5 up to 20 kPa,
espectively.

Finally, the formation of a neutral by-product HNO3 was
onfirmed at voltages above −3.0 kV (Fig. 5). The ion HNO3

−
orms via reaction d-1 where NO2 reacts with an OH radical
ollowed by an electron attachment reaction (d-2 in Fig. 6) [12].
he radical species OH is most likely to be produced as one of the
y-products of discharge and via the charge transfer reaction a-
-2 of OH− to NO2. It has been described [12] that negative ions
n air efficiently converted to NO3

− through any reaction with
NO3, as shown in the reaction d-3 in Fig. 6. This is suggested

rom the fact that the abundances of HNO3
− and NO3

−(H2O)n

ncreased simultaneously at a voltage of −3.0 kV.

. Conclusions

Here we have reported the influence of needle voltage in
he corona discharge on the formation of negative core ions
− and their hydrated clusters Y−(H2O)n using APCDI MS
ith an insect pin as the corona needle. The use of APCDI MS

n ambient air led to the finding of the “first hydrated shell”
H−(H2O)3 (m/z 71) corresponding to H3O+(H2O)3 (m/z 73)
hich is a particularly stable form postulated by Eigen [18]. Var-
ous different core ions or their hydrates appeared according to
he voltage applied on the needle for negative corona discharge.
he use of the lowest and highest voltages in corona discharge

esulted in the formation predominantly of hydrated cluster
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ons OH−(H2O)n and NO3
−(H2O)n, respectively. The fact that

2
−(H2O)n was not observed, but OH−(H2O)n appeared at the

owest voltage suggested that the experimental conditions here
ere suitable for detecting the core ions formed in a reaction

ime longer than 10−3 s. It is interesting that NO3
− which is

he longest-lived negative core ion [12] appeared at the highest
eedle voltage. This may suggest that the needle voltage or the
lectric field strength on the needle tip is related to the ion ageing
ime, although this could not be readily proved. Further study
f the influence of electric field strength on the ion–molecule
eactions relating to the production of primary ions, core ions,
ydrated ions, and ion evolution, experimentally and theoret-
cally is necessary. Especially, it is necessary to have more
ptimized conditions with respect to the discharge gap, the nee-
le angle on the orifice plate, and the orifice size in i.d. and
ength. Such a study will help in the understanding the role of
eedle voltage in the formation of various different negative core
ons and their hydrated clusters.
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