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Abstract. Nitrogen can be an inexpensive alternative to helium used by direct
analysis in real time (DART), especially in consideration of the looming helium
shortage. Therefore, the ionization mechanism of positive-ion No DART has been
systematically investigated. Our experiments suggest that a range of metastable
nitrogen species with a variety of internal energies existed and all of them were less
energetic than metastable helium atoms. However, compounds with ionization ener-
gies (IE) equal to or lower than 10.2 eV (all organic compounds except the extremely
small ones) can be efficiently ionized. Because N, DART was unable to efficiently
ionize ambient moisture and common organic solvents such as methanol and ace-

tonitrile, the most important ionization mechanism was direct Penning ionization
followed by self-protonation of polar compounds generating [M+H]" ions. On the other hand, N, DART was able
to efficiently ionize ammonia, which was beneficial in the ionization of hydrogen-bonding compounds with proton
affinities (PA) weaker than ammonia generating [M+NH,4]* ions and large PAHs generating [M+H]" ions through
proton transfer. N, DART was also able to efficiently ionize NO, which led to the ionization of nonpolar
compounds such as alkanes and small aromatics generating [M—(2m+1)H]* (m=0,1...) ions. Lastly, metastable
nitrogen species was also able to produce oxygen atoms, which resulted in increased oxygen adducts as the
polarity of organic compounds decreased. In comparison with He DART, No DART was approximately one order
of magnitude less sensitive in generating [M+H]* ions, but could be more sensitive in generating [M+NH,4]" ions.
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Introduction

D irect analysis in real time mass spectrometry (DART-MS)
enables rapid and noncontact analysis of samples in forms
of gas, liquid, and solid at ambient condition with little sample
preparation and without chromatographic separation. Since its
introduction in 2005 [1], DART-MS has been progressed into
an established analytical technique for rapid identification of
numerous types of samples [2—10]. It has been utilized in
biological studies, chemical reaction monitoring, clinical mea-
surements, environmental analysis, food quality testing, foren-
sic drug analysis, medical diagnostics, pharmaceutical analysis,
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and warfare agent detection [2-9]. Specifically, the determina-
tion of drugs and drug-like compounds in different samples
with DART-MS was summarized by Chernetsova and
Morlock in 2011 [2]. Forensic drug analysis with DART-MS
was reviewed by Lesiak and Shepard in 2014 [7]. The entire set
of applications of DART-MS were described by Gross in 2014
[6]. More recent applications of DART-MS in bioanalytical
sciences can be found in a review article published by Smoluch
et al. in 2016 [9].

In order to deal with a wide variety of samples including
different sizes and shapes, multiple configurations of the
DART ion source have been developed [6, 10, 11]. The orig-
inal DART ion source, i.e., DART-100, was designed for the
JEOL AccuTOF mass spectrometer to be directly mounted in
front of its orifice. However, the coupling of a DART ion
source with other brands of mass spectrometers, the so-called
Vapur interface, an additional compact membrane pumping
stage, was used to avoid compromise of vacuum by DART
discharge gas flowing directly into the orifice of the mass
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spectrometers. The recent DART ion source, i.e., DART-SVP
(simplified voltage and pressure model), comes with a
redesigned DART controller to fix the gas flow rate and pres-
sure in order to improve lab-to-lab reproducibility. The DART-
SVP also comes with an optional surface desorption mode and
a transmission mode. The surface desorption mode is well
suited for the analysis of tablets, leaves, clothes, planar plates
of high performance thin layer chromatography (HPTLC), and
melting point capillaries carrying liquid, powder, or deposited
film. In this mode, the DART-SVP can work at an angle up to
45° relative to the sampling surface. The transmission mode is
achieved with a porous surface, e.g., mosquito bed-netting
[12], foam swabs [13], and wire mesh [11], where samples
are either collected or deposited. With this mode, good quan-
titative results have been reported for the analysis of select few
fungicides and carbendazim, in a variety of orange juice prod-
ucts [11].

Despite multiple configurations, the inside of the DART ion
source has remained basically the same. It consists of two
chambers through which the DART discharge gas flows [,
10]. In the first region, the DART discharge gas is exposed to a
DC point-to-plane glow discharge, generating a plasma con-
taining a variety of transient highly energetic species such as
ions, electrons, and metastable species. In the second region, a
gas heater permits heating of the DART discharge gas. The exit
electrode is biased to a positive potential for operation in
positive-ion mode or to a negative potential for operation in
negative-ion mode. At the exit, a ceramic insulator cap is used
to protect the operator from accidental contact with the exit
electrode. However, there is a minor difference between
DART-100 and DART-SVP. The intermediate electrode in
the original DART-100 was thought to remove ions and elec-
trons from the DART gas stream, but this electrode was deter-
mined to be unnecessary and removed from later generations of
the DART ion source. Nevertheless, it is believed that both
DART-100 and DART-SVP prevent the majority of ionic
species from exiting the ion source and reaching the ionization
region by plasma-ion filtering through negative bias applied to
the discharge needle and various electrodes [1, 5, 6, 10].

So far, helium has been predominantly utilized as the DART
discharge gas in numerous DART-MS applications. The ioni-
zation mechanism of He DART has been described in great
detail in a few publications [1, 14-17]. It is generally recog-
nized that the ionization mechanism of He DART is closely
related to the gas phase ion-molecule reactions in atmospheric
pressure chemical ionization (APCI). However, it differs from
other forms of APCI in the initial ion formation step, i.e.,
Penning ionization. The electric glow discharge of helium
primarily produces long-lived (“metastable”) helium 2°S elec-
tronic excited state atoms with an internal energy of 19.8 eV,
higher than any other metastable species, and an extremely
long predicted unimolecular lifetime of approximately 8000 s
[18]. Consequently, metastable helium atoms are able to ionize
all components of ambient gases such as nitrogen, oxygen,
ambient moisture, and ammonia with extremely high efficiency
to generate reagent ions. Following the initial Penning
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ionization, a cascade of gas-phase ion-molecule reactions pro-
ceed in the vicinity of the sample surface subject to analysis,
which virtually ionize all organic compounds due to their lower
ionization energy (IE) than metastable helium atoms and/or
stronger proton affinity (PA) than protonated water clusters,
generating [M+H]", M™" , [M—H]", and/or [M+NH,]" ions in
the positive-ion mode.

Because nitrogen is inexpensive and readily available, it has
been used in all the configurations of DART ion source to
replace helium when they are put in standby mode for im-
proved cost efficiency. However, nitrogen has been only used
as the DART discharge gas occasionally [19-25]. The inven-
tors of DART did suggest nitrogen as an alternative to helium
as the DART discharge gas, but little data was published to
promote the application of N, DART [1, 14]. Theoretically, N,
DART should have lower ionization efficiency, but less in-
source fragmentation than He DART because internal energy
of metastable helium atoms is the highest among all possible
metastable species. This has been confirmed by three compar-
ative studies by Borges et al. [19], Nah et al. [23], and Jorabchi
et al. [24]. Additionally, a more recent article by Dumlao et al.
[26] reported that the use of He DART resulted in significantly
more internal energy deposition on benzylammonium ther-
mometer ions than the use of dielectric barrier discharge ioni-
zation (DBDI). On the other hand, N, DART has also been
successfully used in applications where He DART was inap-
propriate by Fernandez and coworkers [20-22]. On one occa-
sion, DART was successfully coupled with a drift tube ion
mobility spectrometer (DTIMS) in which the instrument used
nitrogen as both the DART discharge gas and DTIMS drift gas,
allowing for a high electric field to be used for ion separation
while keeping cost-of-use low [20, 22]. On another occasion, a
proof-of-principle electro-thermal vaporizer was coupled to
DART-MS for water contaminant analysis during space mis-
sions in which the instrument used nitrogen as the DART
discharge gas because neither the low molecular weight of
the analytes (30 to 94 Da) nor the gas availability constraints
on board the International Space Station (ISS) permits the use
of helium as the DART discharge gas.

At present, the ionization mechanism of N, DART has not
been systematically studied. In consideration of the looming
helium shortage over the past 10 years [27], N, DART is
especially attractive. It is therefore anticipated that the utiliza-
tion of N, DART may become widely used by a systematic
investigation of its ionization mechanism.

Experimental
Materials and Reagents

All solvents, including acetonitrile, methanol, ethanol, 2-
propanol, ethyl acetate, acetone, tetrahydrofuran (THF), N,N-
dimethylformamide (DMF), dimethyl sulfoxide (DMSO),
methylene chloride, cyclohexane, hexanes, heptane, isooctane,
toluene, and chlorobenzene were either HPLC grade or Certi-
fied A.C.S. grade, purchased from Fisher Scientific (Pittsburgh,
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PA, USA). Most of the other organic compounds, including
phenethylamine, benzophenone, diethyl phthalate,
metolachlor, progesterone, reserpine, propylamine,
isopropalamine, tert-butylamine, acetaldehyde, D-(+)-glucose,
glyceryl trioctanoate, n-hexadecane, anisole, naphthalene,
fluorene, anthracene, 9-methylanthracene, pyrene,
benzo(a)pyrene, and dibenzo(ah)anthracene were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Sulfometuron
methyl ester was purchased from AK Scientific Inc. (Union
City, CA, USA). PEG 200 was purchased from Alfa Aesar
(Ward Hill, MA, USA). High purity/high pressure helium
(minimum purity 99.997%), high purity/high pressure nitrogen
(minimum purity 99.998%), and BIP technology nitrogen
(minimum purity 99.9999%) were purchased from Airgas
Inc. (Radnor Township, PA, USA). A comparison study be-
tween high purity/high pressure and BIP technology nitrogen
did not show any difference in N, DART-MS analysis.

Instrument and Method

All experiments were performed using a JEOL (Peabody, MA,
USA) JMS-T100LC (AccuTOF) orthogonal time-of-flight
(TOF) mass spectrometer with an IonSense (Danvers, MA,
USA) DART-100 ion source. The distance between the outlet
of the DART discharge gas and the inlet of the orifice 1 of the
AccuTOF was about 1 cm.

For the analysis of solvents and similar volatile organic
compounds, including anisole, acetaldehyde, and n-
hexadecane by both N, and He DART-MS, sampling was
easily achieved by dipping the closed end of a melting point
capillary into the neat compound so that a droplet of the sample
(~1 pL) adhered to the end of the melting point capillary.
Afterwards, sample introduction was accomplished by moving
the closed end of the melting point capillary across the gas
stream between the DART ion source and the orifice 1 of the
AccuTOF. Propylamine, isopropylamine, and tert-butylamine
were analyzed similarly, but with their 1% (v/v) solution in
methylene chloride. All other less volatile compounds were
analyzed as 10 pg/mL solution in methylene chloride, metha-
nol, or acetonitrile by N, DART-MS or as 1 pg/mL solution in
methylene chloride, methanol, or acetonitrile by He DART-
MS. In addition, between sampling and sample introduction,
the droplet from a solution at the closed end of the melting
point capillary was air-dried for approximately 1 min for meth-
ylene chloride or 2 min for methanol and acetonitrile as the
solvent. However, this air-drying process was unnecessary for
calibration with the 10% (v/v) PEG 200 solution in methylene
chloride.

The AccuTOF parameters were tuned to a resolving power
of 6000 (full width at half maximum) with a 100 pg/mL
reserpine solution in methanol using electrospray ionization
(ESI). The parameters of the DART-100 ion source and the
interface between the DART-100 ion source and the AccuTOF
were optimized by analyzing the 100 pg/mL reserpine solution
in methanol with He DART-MS to achieve the best signal.
Detailed settings of the parameters of the DART ion source and
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the interface between the DART ion source and the AccuTOF
were as follows: gas flow control for He DART-MS. 3.5; gas
flow control for N, DART-MS, 5; gas temperature control, 300
°C; needle voltage, 3500 V; electrode #1 voltage, 250 V;
electrode #2 voltage, 60 V; orifice 2 voltage, 3 V; ring lens
voltage, 10 V; and orifice 1 temperature, 100 °C. It is noted that
N, DART-MS used the maximum gas flow allowed by the
DART controller. In addition, the orifice 1 voltage was varied
between 5 to 150 V because it had a significant effect on the
ionization products. Finally, the mass acquisition range was
m/z 10-400 and the spectra recording interval was 0.5 s for all
samples.

Calibration was accomplished with the 10% (v/v) PEG 200
solution in methylene chloride. Its ionization products by N,
DART-MS were examined carefully at different orifice 1 volt-
ages, i.e., 5, 10, 30, 50, 80, 100, 120, and 150 V. At low orifice
1 voltages, [M+NH,]" ions were predominant. As the orifice 1
voltage increased, [M+H]" and then [M+H—-H,O]" ions were
predominant. At very high orifice 1 voltages, the fragmental
[CH,O+H]" ion of PEG 200 and the [M—H]" and [M—CI] *
ions of methylene chloride were observed. Therefore, accurate
calibration was able to be performed down to m/z 31. The ions
generated, their elemental composition, and theoretically cal-
culated monoisotopic masses are summarized in Supplementa-
ry Table S1.

Results and Discussion
lonization of Ambient Gases

Cody et al. [1] indicated that N, DART primarily produces
vibronically excited state nitrogen molecules. The lowest meta-
stable state of N, is at 6.2 eV, not high enough to ionize most
molecules [28]. Although there are higher electronic and vi-
brational states, up to the E3Zg+state at 11.88 eV, they are
dissociative at even moderate vibronic levels [28] and short-
lived in comparison with the helium 2°S electronic excited state
atoms, approximately 10 us [29]. It is known that both ground
state N(*S) atoms and metastable N(*D) and N(*P) atoms, 2.38
and 3.58 eV up, respectively, from the ground state atoms, are
produced in N, discharges [30, 31]. These may recombine to
produce a range of excited N in states with at least 9.8 eV and
up to approximately 12.3 eV in excess energy. The ionization
energies (IE) of ambient gases, including nitrogen, water, ox-
ygen, ammonia, and nitric oxide are 15.6, 12.6, 12.1, 10.0, and
9.3 eV, respectively [32]. Consequently, water cluster ions may
not be in the background mass spectra of N, DART-MS, but
formation of O,", NH4", and NO" ions may be possible. It is
noted that water cluster ions, NH," and NO" are commonly
observed in the background mass spectra of He DART-MS,
simply because metastable helium atoms have an internal en-
ergy of 19.8 eV [1, 14]. However, the O," ion was only
reported in atypical conditions [1, 14].

Our experiments showed noteworthy differences between
N, and He DART. First, the background mass spectra of N,
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DART-MS were typically two orders of magnitude weaker in
ion intensity than helium DART. Secondly, most of the ions
observed varied in mass from day to day. Our identification of
the ions originated from the ambient gases in the background
mass spectra of N, DART-MS was achieved after a careful
examination of the mass spectra of the calibrant, i.e., the PEG
200 10% (v/v) solution in methylene chloride, and a total
understanding of its ionization products at different orifice 1
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voltages, i.e., 5, 10, 30, 50, 80, 100, 120, and 150 V. Figure 1
shows the mass spectra of the calibrant and the background at
orifice 1 voltage of 120, 30, and 5 V.

The calibration started at 120 V orifice 1 voltage because the
identifiable ion from the calibrant had the lowest m/z value, i.e.,
31.0184 (Figure la). Subsequently, O, and NO" ions were
identified with 0.8 and 0.0 mDa mass error (Supplementary
Table S2), respectively, because their m/z values were very

(b)

5000 31.9890
O,* . .
Ambient air
4000
>
=
» 3000 29.9980
c © NO*
[0} &6
-— o
< EE
2000 © -8
& 8
S °s
()
1000 I
0 b M! ‘|H| M\ u‘i. N TR TR Y L
20 80 140 200
m/z
13 ~C4HgNO
74.0624 _ )
Ambient air
[s2]
(SR
—
X
P
“h N
2 §
L s g
E -
17.9960
NH,*
| "
Ly mi ul H‘NH. TR TR AINA YT il bl
20 80 140 200
m/z
+ ar |O O
3200 8T |28|2%
3, gg S'a fgag Ambient air
. o —
ST 8z z,
- + ©
23
2 2200 £5
‘@ &)
C 186.2216
(0]
=
k= . -
1200 | 2Z
o1 1181088
8%
200 \‘ ‘ ML i”t
20 80 140 200
m/z

Mass spectra of the calibrant, i.e., the PEG 200 10% (v/v) solution in methylene chloride, and the background of N, DART-

MS at orifice 1 voltage of: (a) and (b) 120 V; (c) and (d), 30 V; (e) and (f) 5 V
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close or within the calibration range (Figure 1b). The
[H,O+H]" ion was identified with 5.2 mDa mass error
(Supplementary Table S2) because its m/z value , i.e.,
19.0184, was approximately 12 Da lower than the calibration
range (Figure 1b). The calibration proceeded at 30 V orifice 1
voltage and the identifiable ion from the calibrant had the
lowest m/z value at 45.0340 (Figure lc). The ion at m/z
17.9960 in Figure 1d was identified as NH, ‘with 38.4 mDa
mass error (Supplementary Table S2) because its m/z value was
approximately 27 Da lower than the calibration range
(Figure 1d). It was not identified as H,O"" because of the
identification of the [H,O+H]" ion in Figure 1b, in addition
to the identification of the [HO(CH,CH,O);H+NH,]" ion in
Figure lc with 0.2 mDa mass error. Finally, the calibration
range at 5 V orifice 1 voltage was down to 18.0344 due to the
identified NH," ion (Figure le). Subsequently, [NH;+NH,]"
and [H,O+NH,]" ions were identified with 0.4 and 0.9 mDa
mass errors, respectively (Figure 1f and Supplementary
Table S2). It is noted that previously peaks at 18.02 and
36.03 Da were identified as H,O™ and 2H,O™ at the back-
ground mass spectrum of N, DART-MS, but mass errors of up
to 10 mDa were observed for m/z values lower than 150 Da
[21]. We believe that these ions are theoretically unlikely for
N, DART-MS due to their loss via self-protonation reaction.
Other ions identified in the background mass spectra of N,
DART-MS included hydrocarbon ions at high orifice 1 voltage
and their N and/or O adducts at low orifice 1 voltage, which
was consistent with the results obtained in the analysis of
nonpolar solvents as described later.

The background mass spectra of He DART-MS was ac-
quired under identical conditions (Supplementary Figure S1).
The same process of mass calibration and ion identification was
also performed with mass errors listed in Supplementary
Table S3. While the identification of [NH5+H]", [H,O+H]",
[CH;0H+H]", [2H,0+H]", [CH;CN+H]", and
[CH;COCH5+H]" at 5 and 30 V orifice 1 voltage was not a
surprise (Supplementary Figure Sla and S1b) [14], the identi-
fication of highly abundant O," and NO" ions at 120 V orifice
1 voltage was interesting (Supplementary Figure Slc). It is
noted that these ions were unlikely to be mainly generated by
in-source fragmentation of other ions at lower orifice voltage
such as the NH4', [H,O+H]", [CH;0H+H]", [2H,0+H]",
[CH;CN+H]", [CH;COCH;+H]" because with N, DART-
MS the abundance of [CH;O0H+H]', [CH;CN+H]", and
[CH3CH,OH+H]" ions was also much higher at orifice 1
voltage of 120 V than 30 V (Figure 2).

lonization of Polar Solvents

Although [H,O+H]", 0,", NO", and NH," ions were identified
in the background mass spectra of N, DART-MS, their inten-
sities were low. In order to further test the ionization ability of
N, DART, polar solvents, including acetonitrile, methanol,
ethanol, 2-propanol, ethyl acetate, acetone, THF, DMF and
DMSO, were analyzed. Their mass spectra at orifice 1 voltages
of 5, 10, 30, 50, 80, 100, 120, and 150 V were acquired and
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Figure 2. Comparison of ionization products of polar solvents
by N, DART at orifice 1 voltage of: (@) 5 V; (b) 30 V; and (c) 120 V

carefully examined. It was found that at 5 V orifice 1 voltage,
[M+NH,]" ions were predominant for all the polar solvents
except DMSO and DMF (Figure 2a). As the orifice 1 voltage
increased to 30 V, [2M+H]" and/or [M+H]" ions became
predominant (Figure 2b). Highly abundant [2M+H]" and/or
[M+H]" ions were even observed at very high orifice 1 volt-
ages, e.g., 120 V (Figure 2c). Water loss from the [2M+H]"
ions by methanol, ethanol, 2-propanol, and THF were also
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Scheme 1. Generation of [M+H]" ions by N, DART through Penning ionization followed by self-protonation, which is typical for

polar compounds
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Figure 4. N, DART-MS spectrum of acetaldehyde at 15 V
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observed at higher orifice 1 voltages. The mass spectra of THF
and 2-propanol were much more complicated by fragment ions
than those of other polar solvents. The hydride abstraction ions
of THF (Supplementary Figure S2), which were observed not
only at 120 and 30, i.e., [M+H-H,]", but also at 5 V orifice 1
voltage, i.e., [M+NH4-H,]", was interesting; and the corre-
sponding reaction that led to its formation will be described
later. It is noted that all the ions identified were within £2 mDa
mass error (Supplementary Table S4).

Generation of [M+H]" Ions

In Figure 2b and c, the polar solvents along the x-axis, i.e.,
acetonitrile, methanol, ethanol, 2-propanol, ethyl acetate, ace-
tone, THF, DMSO, and DMF, are ordered by decreasing IEs,
ie., 12.2, 10.8, 10.5, 10.2, 10.0, 9.7, 9.4, 9.1, and 9.1 eV,
respectively. Therefore, Figure 2b and c indicate that metasta-
ble nitrogen species of N» DART were able to efficiently ionize
compounds with IEs of 10.2 eV (IE of 2-propanol) and lower.
While the metastable nitrogen species of N, DART were also
able to ionize compounds with IEs higher than 10.2 eV, up to
12.6 eV (IE of water), the intensities of the resultant ions were
much lower, indicating a much lower population of the meta-
stable nitrogen species with internal energy higher than 10.2
eV. It is noted that the low abundant NH, " and NO™ ions in the
background mass spectra of N, DART-MS were probably due
to low concentration of their corresponding neutrals in the
source, even though the IEs of NH3 and NO are 10.0 and 9.3
eV, respectively [17].

Because all organic compounds, except for the extremely
small ones such as methane, methanol and acetonitrile, have
IEs lower than 10.2 eV, it is concluded that they should be
efficiently ionized by N, DART. However, for best sensitivity
it is believed that they should be analyzed in solid form because
N, DART is unable to ionize common solvents such as water,
methanol, and acetonitrile. In our experiments, the solid state
was achieved by simply preparing them in a solution with a
solvent, sampling approximately 1 puL by dipping the closed
end of a melting point capillary into the solution, then air-
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Figure 5. N, DART-MS spectra of: (a) D-(+)-glucose; and (b)
glyceryl trioctanoate at orifice 1 voltage of 5 V. Samples were
prepared as a 10 pg/mL solution using methanol and methylene
chloride as solvent, respectively, then sampled with a melting
point capillary and air dried for approximately 2 and 1 min,
respectively, before DART ionization

drying for approximately 1 min for methylene chloride as the
solvent or 2 min for methanol and acetonitrile as the solvent
before DART ionization.

A group of representative polar compounds, including
phenethylamine, benzophenone, diethyl phthalate,
metolachlor, progesterone, and sulfometuron methyl ester,
which are significant in either forensic, food, drug, or environ-
mental analysis, and also possess different functional groups
such as amine, amide, ketone, and ester, was subsequently
selected to estimate the limit of detection (LOD) of N, versus
He DART-MS. They were prepared at 0.1, 1, 10, and 100 pg/
mL concentration. The LOD was estimated to be the lowest
concentration when the experimentally measured monoisoto-
pic mass was within +2 mDa of the theoretically calculated
monoisotopic mass of all the representative polar compounds
with a minimum of triplicate measurements (Supplementary
Table S5). The LOD of N, and He DART-MS was estimated to
be approximately 10 and 1 pg/mL, respectively. Figure 3 and
Supplementary Figure S3 illustrate N, and He DART-MS
spectra of the representative polar compounds, respectively.
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No*/N* + NHz — No/N + NH3*" + e~
NH3*" + H,O — HO® + NH4*

M + NHs"— [M+NH4]*
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as No'/N* >IE(NH3) 3)
as PA(HO)>PA(HO °) 4)
If PA(M)<PA(NH3) 35

Scheme 2. Generation of [M+NH,]" ions by N> DART, which is typical for hydrogen-bonding polar compounds with PA lower than

NHa, i.e., 854 kd/mol

The oxygen adduct ions of N, DART-MS were interesting
(Figure 3a and e); and the reaction that led to their formation
will be described later. In addition, it can be seen that N, DART
caused less in-source fragmentation of diethyl phthalate and
progesterone than He DART (Supplementary Figure S3c and
S3e), which can be attributed to the lower internal energy of
metastable nitrogen species than helium atoms.

Scheme 1 shows the generation of the [M+H]" ions that are
observed in the N, DART-MS spectra, without any dopant
present. The initial step of N, DART is Penning ionization
[33] in which a metastable nitrogen species (including nitrogen
atoms at both ground doublet state and excited quartet state),
ie., Ny or N*, transfers energy to molecule M (Reaction 1),
resulting in the formation of a molecular ion M and an
electron e . This reaction will occur for the majority of organic
molecules because their [Es are lower than the internal energy
of metastable nitrogen species, i.e., N,* or N*. The M* ions of
most polar compounds then yield [M+H]" ions through self-
protonation (Reaction 2), because their PAs, i.e., PA(M), are
stronger than that of their deprotonated radical, e.g., PA([M-
HJ) [17].

Generation of [M + NH,] " Ions

The [M+18]" ions were previously observed by N, DART-MS
and assigned as water adducts [21]. In our experiments, they
were identified as [M+NH,]" ions through accurate mass mea-
surements within +2 mDa errors. For some compounds, e.g.,
PEG 200 (Figure 1c) and THF (Supplementary Figure 2Sb),
relevant ammonium adducts coexisted with commonly recog-
nizable [M+H]" and [M+H-H,O]" ions, which were used as
calibrant so that their identity could not be mistaken. Four ions
of acetaldehyde at m/z 115, 132, 150, and 194 were previously
assigned as [M"+3H,0+NH;], [M"+3H,0+2NH;],
[M"+4H,0+NH;], and [2M"+4H,0+2NHj;], respectively
[21]. In our experiments, acetaldehyde was especially selected
and analyzed by N, DART-MS at orifice 1 voltages of 5, 10,
15, 20, and 30 V to look for relevant ions. Figure 4 shows a N,
DART-MS spectrum of acetaldehyde after calibration with the

No*/N*+NO — No/N+NO" + ¢

M+NO" - [M=(2m+1)H]" + HNO + mH,

[M—2m+1)H]" + nO - [M—(2m+1)H+n0O]"

use of the calibrant, i.e., PEG 200 10% (v/v) solution in
methylene chloride, at 15 V orifice 1 voltage. The four ions
at m/z 115, 132, 150, and 194 were identified as [3M+H-
H,O7", [3M+NH,-H,0]", [3M+NH,4]", and [4M+NH,]" with
mass errors of 0.5, 0.2, 0.3, and 0.1 mDa, respectively, after
accurate mass measurement (Supplementary Table S6).

In Figure 2a, the polar solvents along the x-axis, i.e., meth-
anol, ethanol, acetonitrile, 2-propanol, acetone, THF, ethyl
acetate, DMSO, and DMF, are ordered by increasing PAs,
i.e., 754,776, 779, 793, 812, 822, 836, 884, and 888 klJ/mol,
respectively [32]. Therefore, Figure 2a indicates that as the PA
of the polar solvents increased and approached the PA of
ammonia, i.e., 854 kJ/mol, more and more [M+NH,]" ions
were generated. These polar solvents included methanol, etha-
nol, acetonitrile, 2-propanol, acetone, THF, and ethyl acetate.
They were unable to deprotonate NH, " due to their weaker PA
values than ammonia, but their functional groups were able to
form hydrogen bonds with ammonia. On the other hand,
DMSO and DMF were able to deprotonate NH, " due to their
stronger PA values than ammonia; therefore [2M+H]" and/or
[M+H]" ions, instead of [M+NH,]" ions, were observed. In
addition, it should be noted that abundant [M+NH,]" ions of
methanol, ethanol, acetonitrile, 2-propanol, acetone, THF, and
ethyl acetate were not observed under identical conditions with
He DART-MS (Supplementary Figure S1c).

Analytes for which ammonium adducts are observed are
compounds that do not contain strongly basic amine groups,
but usually contain O atoms in the form of carbonyl, ester,
ether, and/or hydroxyl functional groups [34]. In the analysis of
1% (v/v) solution of propylamine, isopropylamine, and tert-
butylamine in methylene chloride by N, DART-MS, no
[M+NH,]" ions were observed at 5 V orifice 1 voltage (data
not shown). In the analysis of 10 pg/mL solution of D-(+)-
glucose in methanol by N, DART-MS, not only [M+NH,]" but
also ammonium adducts of dehydrated fragments were ob-
served (Figure 5a). In comparison, in the analysis of 1 pg/mL
solution of D-(+)-glucose in methanol by He DART-MS, no
relevant ions of D-(+)-glucose can be found, though proton
adducts of small dehydrated fragments were observed in the

as No*/N*>IE(NO) (6)
(m=0,1,...) 7
n=1.2,...) (8)

Scheme 3. Generation of [M-(2m+1)H]* (m = 0,1...) ions and oxygen adducts by N, DART, which is typical for alkanes
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Figure 6. N, DART-MS spectrum of pyrene at orifice 1 voltage
of 30 V. The sample was prepared as a 10 ug/mL solution using
methylene chloride as solvent, then sampled with a melting
point capillary and air dried for approximately 1 min before
ionization

analysis of a saturated solution of D-(+)-glucose in methanol
by He DART-MS without deliberately introducing ammonia
into the DART ion source [17]. In the analysis of 10 pg/mL
solution of glyceryl trioctanoate in methylene chloride by N,
DART-MS, highly abundant [M+NH,]" ion relative to the
fragment [M+H-CH;(CH,)¢COOH ]" ion was observed
(Figure 5b). In comparison, in the analysis of 1 pg/mL solution
of glyceryl trioctanoate in methylene chloride by He DART-
MS, highly abundant [M+H-CH;(CH,)COOH ]" ion relative
to the [M+NH,4]" ion was observed (Supplementary Figure S4).
It is noted that all the ions in Figures 4 and 5 were identified
within £2 mDa mass error, except for the [M+NH,]" ion of
glyceryl trioctanoate, which was identified with 9.8 mDa mass
error (Supplementary Table S6) because the m/z value of the
largest detectable ion from the calibrant, i.e.,
[HO(C,H40)oH+NH,4]", was 432.2809, approximately 56 Da
lower. Finally, it should be indicated that while the abundance
of the [M+NH,]" ions of He DART-MS could be enhanced by
opening a bottle of dilute ammonium hydroxide or holding a
cotton swab wetted with dilute ammonium hydroxide aqueous
solution near the DART ion source, the same was not observed
for N, DART-MS.

Scheme 2 shows the generation of [M+NH,]" ions by N,
DART-MS. First, a metastable nitrogen species transfers ener-
gy to NH; (Reaction 3), resulting in the formation of NH; "~ and
an electron e . Then, ionized ammonia yields ammonium
through reaction with H,O because H,O has a PA value
stronger than that of HO™ (Reaction 4). Finally, ammonium is
attached to hydrogen-bonding polar compounds with PA lower
than NH; through hydrogen bond.

M + NHs* = [M+H]* + NH;

[M+H]* + nO = [M+H+nO]*

L. Song et al.: lonization Mechanism of N, DART

lonization of Nonpolar Compounds

The ionization ability of N, DART towards nonpolar com-
pounds was first tested by analyzing alkanes, including cyclo-
hexane, hexanes, heptane, isooctane, and n-hexadecane at orifice
1 voltages of 5, 10, 30, 50, 80, 100, 120, and 150 V. It was found
that the N, DART-MS spectra of alkanes were characterized
with oxygen adducts at 30 V orifice 1 voltage, a normal condi-
tion for He DART. The oxygen adducts of alkanes would
hydrogen-bond with ammonia at low orifice 1 voltage such as
5V, but fragment to generate [M—(2m+1)H]" (m = 0,1...) and
other hydrocarbon ions at moderately high orifice 1 voltage such
as 80 V. Specifically in the N, DART-MS spectra of n-
hexadecane, [M-H-2H+O]" and [M-H+20]" ions were predom-
inant at orifice 1 voltage of 30 V (Supplementary Figure S5a),
while [M—H]" and other hydrocarbon ions such as C;H;;",
CsHy", C4H-+, and C3H;s " were predominant at orifice 1 voltage
of 80 V (Supplementary Figure S5b). In contrast, the He DART-
MS spectra of n-hexadecane was predominant by [M-H]" and
other hydrocarbon ions at orifice 1 voltage of 20 V [14]. It is
noted that hydride abstraction ions were also observed in N,
DART-MS spectra of polar compounds with hydrocarbon
chains, e.g. THF (Supplementary Figure S2b).

Scheme 3 shows the generation of [M—(2m+1)H]" (m =
0,1...) ions and oxygen adducts by N, DART-MS, which is
typical for alkanes. First, a metastable nitrogen species transfers
energy to NO (Reaction 6), resulting in the formation of NO".
The generation of NO" is significant due to its high reactivity,
causing a variety of ion-molecule reactions, including charge
exchange, hydrogen abstraction, and hydride abstraction (Re-
action 7) [17, 35]. It is suspected that NO" may arise by
ionization of neutral NO, produced in a neutral atom reaction
involving O atoms produced by metastable nitrogen species
[17]. Similar ion-neutral atom reaction can further result in the
formation of oxygen adducts (Reaction 8).

The ionization ability of N, DART towards nonpolar com-
pounds was further tested by analyzing benzene and substituted
benzenes, including toluene, anisole, and chlorobenzene at or-
ifice 1 voltages of 5, 10, 30, 50, 80, 100, 120, and 150 V. It was
found that the N, DART-MS spectra of benzene and substituted
benzenes was dominated by oxygen adducts of their monomers,
dimers, and hydrocarbon fragments at 30 V orifice 1 voltage
(Supplementary Figure S6a for toluene). These oxygen adducts
were able to fragment and generate [M+H]", M", [M-H]", and
other hydrocarbon ions at high orifice 1 voltage such as 100 V
(Supplementary Figure S6b for toluene). The ionization mech-
anism appeared to be a mix of Schemes 1 and 3. In contrast, the
He DART-MS spectrum of toluene was predominated by M
and [M-H]" ions at orifice 1 voltage of 30 V [16].

If PA(M)>PA(NH3) ©

(n=1,2...) (10)

Scheme4. Generation of [M+H]" and [M+H+nQO]* (n=1,2,...) ions by N, DART-MS through proton transfer, which is typical for large

PAHSs
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Finally, the ionization ability of N, DART towards nonpolar
compounds was tested by analyzing polycyclic aromatic hy-
drocarbons (PAHs) at orifice 1 voltages of 5, 10, 30, 50, 80,
100, 120, and 150 V. It was found that the N, DART-MS
spectra of small PAHs such as naphthalene, fluorene, anthra-
cene, and 9-methylanthracene were similar to benzene and
substituted benzenes. However, the N, DART-MS spectra of
large PAHs such as pyrene, benzo(a)pyrene, and
dibenzo(ah)anthracene were dominated by [M+H]" ions and
their oxygen adducts. Figure 6 shows N, DART-MS spectra of
10 pg/mL pyrene in methylene chloride at orifice 1 voltage of
30 V where [M+H]", [M+H+0]", and [M+H+20]" ions were
predominating. In contrast, the He DART-MS spectrum of 1
pg/mL pyrene in methylene chloride was dominated by only
[M+H]" ions at orifice 1 voltage of 30 V, without any oxygen
adducts (Supplementary Figure S7). It is noted that oxygen
adducts was also observed in N DART-MS spectra of polar
compounds with aromatic rings, as shown in Figure 3.

Scheme 4 shows the generation of [M+H]" and
[M+H+nO]" (n = 1,2,...) ions by N, DART-MS, which is
typical for large PAHs. The ionization requires the presence
of ammonium, and its generation is described in Scheme 2
(Reactions 3 and 4). Large PAHs are able to deprotonate
ammonium because they possess stronger PAs than ammonia
(Reaction 9). Then, ion-neutral atom reaction can further result
in the formation of oxygen adducts (Reaction 10).

Conclusions

N, DART-MS appears to be able to efficiently ionize all polar
organic compounds, except for a few extremely small ones
such as methanol and acetonitrile, to generate either [M+H]"
ions through Penning ionization followed by self-protonation
or [M+NH,]" ions through hydrogen bonding, in which it may
find good applications. N, DART-MS generally caused less in-
source fragmentation and could achieve lower LOD in gener-
ating [M+NH,]" ions than He DART-MS. However, our ex-
periments generally suggest that N, DART-MS had an order of
magnitude higher LOD than He DART-MS in generating
[M+H]" ions. The LOD of N, DART-MS may be improved
by using higher nitrogen flow as the maximum set by the
DART-100 controller was used in our experiments. Our exper-
iments also showed lower desorption capability of N, com-
pared with He DART-MS, which may be improved to achieve
better LOD. Nevertheless, in consideration of the looming
helium shortage over the past 10 years [27], N, DART-MS
would be a good alternative to He DART-MS in the analysis of
polar compounds when needed. Especially, N, DART-MS
should be more appropriate for the analysis of low molecular
weight polar compounds than He DART-MS because of typ-
ically two orders magnitude weaker background mass spectra.
N, DART-MS should be also more appropriate than He
DART-MS when helium is not readily available, e.g., during
space mission [21] and other onsite analysis with portable mass
spectrometers.
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