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The novel application of a quadrupole ion trap mass spectrometer (QITMS) to permanent gas analysis was recently prese
aboratory. The quantitative performance of the QITMS equaled or surpassed that of other mass analyzers evaluated; however,
aised as to the impact of ion-molecule reactions observed within the ion trap. Hydrogen, helium, oxygen, and argon, four perma
urrently monitored during Space Shuttle launch preparations by the National Aeronautics and Space Administration, were ex
heir reactions with common atmospheric and mass spectrometer background components. Rapid charge-exchange and protona
ccurred. Greater than 99.8% of hydrogen and 98% of helium ions trapped are lost during a scan cycle predominately through rea
ackground nitrogen. The neutralization rate of argon ions varied with water concentration, while increased concentrations of all t

nflated the oxygen ion signal intensity through charge-exchange. Although such dramatic effects challenge the analytical sen
obustness of QITMS for permanent gas analysis, through proper understanding and control of relevant experimental conditions
an still function in monitoring applications.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The National Aeronautics and Space Administration
NASA) has used mass spectrometers to detect cryogenic fuel
eaks since the start of the Space Shuttle program in 1981[1].

ass spectrometers offer low detection limits, stable read-
ngs, with fast analyses, and were effective in detecting cryo-
enic fuel leaks on numerous occasions throughout the years
STS6 in 1985, STS35 and STS38 in 1989, and STS93 in
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2000)[1,2]. However, due to fragility and bulkiness, NAS
has historically been limited to using only two remotely
cated systems[3], which precludes real-time simultaneo
monitoring of all Space Shuttle compartments and excl
leak detection during the last critical minute prior to laun
Recognizing these limitations, NASA sought a new c
pact, rugged, and less costly mass spectrometer so tha
tiple systems could be situated up-close to the Space
tle providing rapid monitoring of all internal compartme
throughout pre-launch until lift-off. The advanced hazard
gas detection (AHGD) project was initiated to meet this
rective. As part of this work, a compact quadrupole ion
mass spectrometer (QITMS) was designed, fulfilling NAS
performance requirements for monitoring hydrogen, hel
oxygen, and argon in a nitrogen purged atmosphere[4,5].

387-3806/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Fig. 1. Mass spectrum of lightweight gases analyzed by the QITMS gas
analyzer developed at the University of Florida. Ion signals atm/z3 (H3

+),
19 (H3O+), and 29 (N2H+) show that ion-molecule reactions are occurring
within the ion trap, affecting QITMS quantitative performance.

QITMS mass spectra, as in the case ofFig. 1, showed unex-
pected ion signals atm/z3, 19, and 29 which were not readily
observed on other non-trapping mass analyzers evaluated for
the AHGD project. These peaks represented (M+ H)+ ions of
hydrogen, water, and nitrogen, respectively. The proton trans-
fer reactions leading to these ions have been characterized by
mass spectrometry since 1916 when the H3

+ ion at m/z 3
was first isolated[6]. In the 1950s, improved mass spectrom-
etry technology and the advent of chemical ionization (CI)
prompted further study of ion-molecule reactions. Three in-
strument configurations were commonly used: (1) tandem-in-
space mass spectrometry (e.g., sector and triple quadrupole)
(2) drift tube methods with either spectroscopic or mass spec-
trometric detection; and (3) tandem-in-time mass spectrom-
eters (e.g., Fourier-transform ion cyclotron resonance and
QITMS) [7]. Using tandem-in-space mass spectrometry, re-
actions were controlled by adjusting the gas pressure in the
collision cell, while drift tube methods (e.g., selected ion flow
tube, SIFT) monitored reaction in time. Tandem-in-time in-
struments were advantageous in that reactions could be con-
trolled with respect to time and pressure[8,9].

Table 1
Energy values associated with ion-molecule reactions for ions and neutrals
of interest

Ions/neutrals of interest REa (eV) IEb (eV) PAc (eV)

H2
•+ H2 16.4–17.4 15.4 4.377

H3
+ 9.2

He•+ He 24.6 24.6 1.843
H2O•+ H2O 12.4 12.6 7.16
H3O+ 6.4
N2

•+ N2 15.3 15.6 5.118
N2H+ 8.5
O2

•+ O2 11.2–11.3 12.1 4.36
Ar•+ Ar 15.8 15.8 3.827

a Recombination energy (RE)[6,15,16].
b Ionization energy (IE) of neutral[17].
c Proton affinity (PA) of neutral[18].

The concept of the quadrupole ion store or QUISTOR,
first proposed by Lawson and Todd[10,11], was used explic-
itly for reaction studies, leading to the development of the
low pressure CI source, where time (not pressure) was used
to provide a sufficient number of collisions. Unwanted reac-
tions in this process would affect quantitative performance by
changing analyte ion signals and adding chemical noise such
that even before its commercialization, QITMS was known
to be affected by gas phase reactions.

1.1. Ion-molecule reactions

The average velocity of an ion inside the ion trap with
qz = 0.25 is 7 m/ms (see equation in[12]), and at an ambi-
ent ion trap pressure of 7× 10−6 Torr the mean free path
is 7 m. These parameters result in a collision every ms, al-
lowing for numerous reactions within a 10–20 ms analysis
time. There are three possible ion-molecule reaction path-
ways: charge-exchange, proton transfer, and hydrogen-atom
transfer. Charge-exchange involves transfer of an electron
from the ambient neutral to the analyte ion radical[6,13–16].
The reaction is exothermic when the recombination energy
(RE) of the ion radical is greater than the ionization energy
(IE) of the neutral (RE and IE values of interest are listed
in Table 1). Brønsted acid ions, such as H3

+, are formed by
p igher
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roton transfer when the conjugate neutral base has a h
roton affinity (PA)[6,18] (seeTable 1for PA converted to
V from Table 1 of[18]). Self-protonation also occurs sin

he PA value of a neutral gas phase acid is greater tha
f its conjugate ion. The third less understood reaction
olves the transfer of a hydrogen atom from a molecu
n ion radical[6,19–24], the energetics of which are si

lar to proton transfer, but the exact mechanism is sti
ispute.

.2. Kinetics of ion-molecule reactions

Ions will react within a QITMS given exothermic co
itions and time. Studying reactions between analytes
esident neutrals is required to determine QITMS ef
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tiveness for gas monitoring applications. Kinetics of ion-
molecule reactions can be explored conveniently inside the
ion trap by adjusting ion storage time[12,25]. Rate constants
(k) can be determined assuming pseudo-first-order reactions
where [A+] � [B]. The rate constant can be expressed as the
rate equation

k = −ln
[A+]t
[A+]0

1

t[B]
(1)

where the ratio between the initial concentration, [A+]0, and
final concentration, [A+]t, is replaced by a ratio of initial and
final ion signal intensities. The significance of a reaction on
QITMS performance increases with reaction rate, which can
be approximated by the magnitude of the rate constant, where
values on the order of 10−9 cm3/s molecule are typical for fast
reactions[24,26].

Rate constants can be approximated using ion-induced
dipole collisional rate theory by Eq.(2) [6,27]:

kL = vσc(v) = 2πq

(
α

µ

)1/2

(2)

The Langevin rate constant,kL, is related to the relative veloc-
ity (v), and collisional cross-section (σc), or the ions charge
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2. Equipment and methods

Pure gas standards were used for hydrogen, helium, and
argon. Oxygen ions were studied from the mass spectrometer
background. The following sections discuss the gas delivery
method, the calculation of neutral gas density, and a descrip-
tion of QITMS operational parameters.

2.1. Gas delivery setup

All gas standards were produced by BOC Gases (Mur-
ray Hill, NJ) to a purity of 99.999%. Two-stage stainless
steel cylinder regulators (Matheson, Montgomeryville, PA)
provided a constant 20 psig output pressure configured with
Swagelok (Solon, OH) QC series quick-disconnect fittings to
allow rapid switching of gas lines (1/8 in. OD stainless steel).

One gas stream was admitted by the main inlet of the
QITMS through a 0.001 in. inlet orifice. A Granville-Phillips
(Hudson, NH) 203 leak valve regulated the gas flow passing
through the inlet orifice, evacuated to mTorr pressures by a
Varian (Lexington, MA) SH-100 scroll pump. Gas sampled
through the inlet orifice exhausted between the ring elec-
trode and the exit endcap directly into the ion trap. A low
flow of gas into the ion trap was effectively achieved by this
method.

A second gas stream was admitted through an auxiliary
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q), the neutrals polarizability (α), and the reduced mass (µ)
f the ion–neutral pair. This approximation is accurate
on-polar neutrals (most permanent gases), but not for
hich has a significant dipole (µD) increasing the collisiona
ross-section. Dipole moments are accounted for in ave
ipole orientation (ADO) theory, where the rate consta
pproximated as

ADO(T ) =
(

2πq√
µ

) [
√

α + CµD

(
2

πkT

)1/2
]

(3)

hich is dependent on the absolute temperatureT in K (k is
he Boltzmann’s constant). The valueC is a dipole-locking
onstant that is dependent on the valueµD/

√
α, which for

ater is 0.25 at 300 K (Fig. 3 on p. 12 of[6], with dipole
oment and polarizability values from[17]) [6,27,28]. The
pproximatekvalues of these two theories provide a refere
oint for evaluating the accuracy of our measured rea
ates.

.3. Overview

In this study we explore ion-molecule reactions involv
ydrogen, helium, oxygen, argon, and the abundant b
round gases nitrogen and water. The significance of
olecule reactions when monitoring permanent gase
ITMS is discussed. In addition, the results provide a fra
ork to optimize quantitative performance by minimiz
ffects of ion-molecule reactions.
ort to control the background pressure in the vacuum c
er. The flow stream was controlled by a Granville-Phil
03 leak valve directly from the gas-cylinder regulator

he vacuum chamber. The gas flow through this inlet was
recise, due to the high-pressure differential across the

eak valve. Consequently, a low conductance was requ
hich significantly increased the time for switching ga
o minimize conductance drifts the leak valve was ba
t 200◦C to prevent the condensation of water inside
alve.

.2. Number density determination

An accurate determination of the reactant neutral’s n
er density within the ion trap was required for kinetics ex

ments. Assuming Boltzmann distribution the number den
Nd) in molecules/cm3 of a gas is described by

d = C

k

P

T
(4)

or a partial pressureP (Torr). The constantC= 1.33× 10−4

onverts Torr to Pa and m to cm,k is the Boltzmann’s consta
ndT the manifold temperature reported in K. Gas pres
dmitted via the auxiliary inlet was measured via an atta

on gauge (Granville-Phillips). Ionization correction fact
ere supplied by the ion gauge manufacturer. Additional

ection was required to determine the ion trap pressure.
as accomplished by measuring the difference in gas
ure when admitting through the auxiliary port and thro
he main inlet for various flow rates. Correlation values w
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calculated and applied to determine local ion trap pressure
for different gases.

2.3. Custom QITMS and scan functions

The compact QITMS was engineered for permanent gas
analysis with details published elsewhere[4]. In brief, a
Finnigan (San Jose, CA) ITS-40® model vacuum chamber
and ion trap (r0 = 1.000 cm,z0 = 0.785 cm) were mated with
the electronics of a Finnigan GCQ® QITMS. The quartz ion
trap ring spacers were removed to increase gas conductance
through the ion trap. A buffer gas was not employed as it
interfered with permanent gas analysis and was not essential
for lightweight ion trapping. The RF drive frequency was in-
creased to 2.5 MHz shifting the effective ion analysis range to
2–60 Th as necessary for analyte analysis. The 16-bit GCQ
RF control DAC provided high resolution control over the
smallm/z range, which permitted a 3-time increase in the
QITMS analytical scan rate to 16,667 amu/s. The increased
scan rate proved advantageous in significantly reducing the
time needed to eject ions from the ion trap, whereby mini-

mizing ion signal loss during the analytical scan from ion-
molecule reactions.

QITMS operation was optimized for analysis of each of
the target gases. The scan function for helium ions is shown
in Fig. 2a. The RF amplitude was first held at a low RF am-
plitude, 104 V(0–p), where the working point wasqz = 0.363
for helium ions that were effectively trapped during a 1 ms
ionization period. The RF amplitude was then increased to
provide better trapping conditions for higherm/zproduct ions
(e.g., 14, 18, and 28) produced during the reaction period var-
ied from 0 to 30 ms over 14 scans. The RF amplitude was than
ramped to eject ions between 4 and 32 Th within 1.68 ms.

The hydrogen ion scan function is shown inFig. 2b. As
with helium a low RF amplitude (78 V(0–p)) was required
during the 1 ms hydrogen ionization period; however, it was
not possible to store hydrogen ions and larger product ions
together during the reaction period due to the large differ-
ence inm/z. Instead, the self-protonation product ion atm/z
3 was monitored during a reaction period varied between 0
and 40 ms over 14 scans each followed by an analytical scan
from 2 to 5 Th in 0.18 ms.

F
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c
a
r
b
t

ig. 2. Customized QITMS scan functions used in reaction experiments: (a)
ackground gas (predominantly nitrogen) over a variable reaction period. Pr
ver a 1 ms ionization period were reacted with hydrogen neutrals, forming pr
ollected over a 0.1 ms ionization period were reacted with ambient water du
nalyzed. The scan function was also used for nitrogen ions to estimate the
eaction time is shown as a 1 ms event. The actual duration was varied in m
etween background gases were determined by using long variable reaction

hermodynamic equilibrium to be established.
helium ions were collected during a 1 ms ionization period, and then reactedwith
oduct ions between 4 and 32 Th were mass analyzed; (b) hydrogen ions collected
otonation products, which were mass analyzed between 2 and 5 Th; (c) argonions
ring a variable reaction period, and product ions between 10 and 45 Th were mass

ambient water concentration inside the vacuum chamber. In (a)–(c) the variable
ultiple scans as described in the text. (d) The ion-molecule reaction end products
times depicted here as a 100 ms period to emphasize the long duration. This allowed
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Table 2
Repetitive ion-molecule reaction experiments between He•+ and N2

Criteria Run 1 Run 2 Run 3 (1/2)× He
pressure

2× He
pressure

(2/3)× N2

pressure
(4/3)× N2

pressure

Chamber temperature (K) 297 297 297 302 302 302 302
BG pressure (Torr) 5.8× 10−7 5.8× 10−7 5.7× 10−7 5.7× 10−7 5.7× 10−7 5.7× 10−7 5.7× 10−7

He pressure, main inlet (Torr) 2.7× 10−7 2.6× 10−7 2.5× 10−7 1.3× 10−7 5.3× 10−7 2.6× 10−7 2.6× 10−7

N2 pressure, auxiliary port (Torr) 7.4× 10−6 7.4× 10−6 7.4× 10−6 7.4× 10−6 7.4× 10−6 4.9× 10−6 9.9× 10−6

Nd of added N2 (molecule/cm3) 2.4× 1011 2.4× 1011 2.4× 1011 2.4× 1011 2.4× 1011 1.6× 1011 3.2× 1011

Nd of BG (molecule/cm3) 1.9× 1010 1.9× 1010 1.8× 1010 1.8× 1010 1.8× 1010 1.8× 1010 1.8× 1010

Reaction rate,−ln �He•+ (s−1) 421 412 410 409 437 296 574
k (using N2 only, cm3/s molecule) 1.8× 10−9 1.8× 10−9 1.7× 10−9 1.7× 10−9 1.8× 10−9 1.9× 10−9 1.8× 10−9

k (N2 + 50% BG, cm3/s molecule) 1.7× 10−9 1.7× 10−9 1.7× 10−9 1.7× 10−9 1.8× 10−9 1.8× 10−9 1.8× 10−9

Argon ions with ambient water was performed using the
scan function inFig. 2c. The argon pressure was increased
to provide a background pressure of 7× 10−6 Torr in the ab-
sence of the normal nitrogen background. A short ionization
period of 0.1 ms was required to minimize space charge with
the high analyte pressure. Argon ions were held at a lowqz
of 0.091 to effectively trap lower mass product ions during
the reaction period varied from 0 and 60 ms in 10 scans. Ions
between 10 and 45 Th were mass analyzed within 2.10 ms.

The scan function inFig. 2d was used in determining ther-
modynamic end products of ionized background gas (BG). A
long ionization period of 5 ms was required for adequate ion
production at lower pressure. Reaction periods varied from 0
to 4000 ms over nine scans ensured thermodynamic equilib-
rium. Ions between 10 and 45 Th were mass analyzed within
2.10 ms.

3. Results and discussion

3.1. He•+ reactions

The complex dynamics between reactant helium ions and
background neutrals are illustrated inFig. 3a. The helium
ion signal intensity decreased rapidly as signals for nitrogen
ions increased. The reaction was exothermic,�H=−9 eV,
w mic
b d
m arge-
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1.7× 10−9 cm3/s molecule, matching the Langevin estima-
tion of kL = 1.7× 10−9 cm3/s molecule, which was close to
the literature value ofk= 1.75× 10−9 cm3/s molecule[29].

We report a second rate constant accounting for nitro-
gen gas present in the chamber background. Atmospheric air

Fig. 3. Reaction data of helium ions with background gases: (a) ion inten-
sities vs. reaction time for the reaction of He•+ and background gases; (b)
plot of change in helium ion signal intensity vs. reaction time. Data points
are the average of three repetitive runs, with error bars of 1σ.
ith enough energy to break apart the nitrogen diato
ond (9 eV [17]), explaining production of atomic an
olecular ions. Nitrogen ions underwent subsequent ch

xchange reactions with water to produce the ion sign
/z 18. The hydronium ion signal intensity atm/z 19 also

ncreased as more water ions became available for
rotonation. Charge-exchange between helium ions an

er neutrals was not observed, since the reaction was h
xothermic at−12 eV, leading to fragmentation of the 5
ydrogen–oxygen bonds. The oxygen ion signal intens
/z32 increased as most ions charge-exchange with ox
rotonated nitrogen atm/z29 also increased through react
ith background hydrogen.
Data from the reaction of helium ions with nitrog

as was acquired in triplicate as summarized inTable 2.
sing Eq. (1) and the change in ln(I/I0) versus time

rom Fig. 3b, the rate constant was calculated to
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leaking into the chamber from the inlet block (rough pumped
to 20 mTorr) increased the chamber pressure from 2× 10−8

to 6× 10−7 Torr when the inlet was opened. Through anal-
ysis of background mass spectra, we assumed 50% of the
increased pressure was from nitrogen. The new rate constant
was slightly lower as shown inTable 2, since significantly
less nitrogen was present in the background than was inten-
tionally added for the experiment.

Next, the effect of changing helium or nitrogen pressure
was studied (seeTable 2). The helium pressure when changed
to half or twice the initial pressure had only a minor (<5%)
effect on reaction rate explained by changes in the ion col-
lisional cooling rate. In contrast, nitrogen pressure signifi-
cantly impacted the reaction rate: at 1.33 times the nitrogen
pressure the rate increased by 39%. The reaction between
helium ions and nitrogen was confirmed to be pseudo-first
order as evident by the rate constant remaining unchanged at
1.8± 0.1× 10−9 cm3/s molecule.

Inlets for the helium and nitrogen gas plumbing were re-
versed to verify the ion trap pressure calculation. The reaction
rate changed only 3%, without any change in the rate con-
stant indicating that the experimental results were unaffected
by the plumbing configuration. Having validated our main in-
let pressure correction factors, they were applied for all later
experiments.

In summary, the results demonstrated that helium ions re-
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Fig. 4. Hydrogen ion reaction data: (a) ion intensity vs. reaction time for
the self-protonation reaction of H2 to form the H3

•+ ion atm/z 3; (b) five
plots of change in hydrogen ion signal intensity vs. reaction time each at a
different partial pressure of nitrogen inside the ion trap.

together as

(NDk)Total =
n∑
1

(NDk)n (5)

which is useful when the number densities of each gas is accu-
rately known. Since this was not the case, the self-protonation
rate constant was determined with Eq.(6):

k = −ln

(
1 − [H3

+]t
[H3

•+]0

)
1

[H2]t
(6)

a valid approximation since the product ion was exclu-
sively produced by self-protonation. The H3

+ appearance
rate was slower than the hydrogen ion loss, as no com-
peting reactions were involved. The determined rate con-
stant of 2.2× 10−9 cm3/s molecule closely matched the ap-
proximated value and the average of the literature values at
2.1× 10−9 [29].
ct with nitrogen at the collision rate. The half-life of h
ium ions inside the ion trap was 1.8 ms at room tempera
nd a nitrogen pressure of 7× 10−6 Torr. Under these con
itions, 98% of trapped helium ions would be neutrali
uring a scan cycle of 10 ms, dramatically reducing sen
ity.

.2. H2•+ self-protonation and other reactions

Reaction between hydrogen ions and nitrogen was
cult to study, given that both proton transfer and cha
xchange occurred, being exothermic by−0.55 eV and
etween−0.8 and−1.8 eV, respectively. Additionally, re
ction products could not be trapped while storing hydro

ons due to the large mass difference. However, the
eting reaction of hydrogen self-protonation forming H3

+

as studied while admitting only hydrogen gas (Fig. 4a).
he rate constant of this rapid reaction was determined
.3× 10−9 cm3/s molecule, not matching either the Lange
pproximationkL = 2.1× 10−9 cm3/s molecule or literatur
alues ranging from 2.08 to 2.12× 10−9 cm3/s molecule
29]. The experimental rate constant was elevated
o the neutralization of hydrogen ions through react
ith background species that were also rapid in na
itrogen, k= 2.8× 10−9 cm3/s molecule; water,k= 5.37×
0−9 cm3/s molecule; and oxygen,k= 7.56× 10−9 cm3/s
olecule. These reactions increased the rate of hydroge

oss, skewing the calculated self-protonation rate cons
he multitude of alternative reaction pathways were diffi

o distinguish from one another. They can be characte
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Table 3
Hydrogen ion-molecule reaction at different N2 pressures

Criteria No N2 added First N2 pressure Second N2 pressure Third N2 pressure Fourth N2 pressure

Chamber temperature (K) 297 297 297 297 297
BG pressure (Torr) 3.8× 10−7 3.5× 10−7 3.5× 10−7 3.5× 10−7 3.5× 10−7

H2 pressure, main inlet (Torr) 1.6× 10−6 1.6× 10−6 1.6× 10−6 1.6× 10−6 1.6× 10−6

N2 pressure, auxiliary port (Torr) 0 1.0× 10−6 2.0× 10−6 3.0× 10−6 3.9× 10−6

Reaction rate,−ln �H2
•+ (s−1) 166 260 342 423 489

k (H2
•+ + N2, cm3/s molecule) – 2.8× 10−9 2.7× 10−9 2.6× 10−9 2.6× 10−9

Though self-protonation affects hydrogen analysis at a
high hydrogen concentration, this was of lesser concern than
reaction with nitrogen, predominant in the purged Space
Shuttle compartments, since NASA would abort a launch
when observing even a modest rise in hydrogen. To eval-
uate these reactions, hydrogen ion loss was monitored at
five different nitrogen pressures as detailed inTable 3.
Rate constants were determined at each pressure using Eq.
(5) and the reaction rate plots inFig. 4b. The average,
2.7× 10−9 cm3/s molecule, was close to a value from the
literature (2.8± 0.2)× 10−9 cm3/s molecule[29], but higher
than the approximationkL = 2.3× 10−9 cm3/s molecule. Un-
der normal operation with a nitrogen background of
7× 10−6 Torr the half-life of hydrogen ions was 1.1 ms,
where 99.8% of trapped hydrogen ions would be lost dur-
ing a scan cycle of 10 ms.

3.3. Reactions with H2O

Water, with the highest proton affinity of the studied gases
was a significant contaminant, reacting with other gases by
proton transfer and hydrogen-atom transfer. With a low ion-
ization energy, water also readily charge-exchanged with all
ions except oxygen. Considering this reactivity, it is expected

that a high water concentration would adversely affect ana-
lytical performance.

Thirty-five percent of the ion trap background pressure
was attributed to water as observed in background mass spec-
tra. Additional verification was observed by monitoring the
reaction of nitrogen ions with background water. The reaction
rate was slow (Table 4) because of the low water concentra-
tion. With a rate constant of 2.3× 10−9 cm3/s molecule, the
average of reported literature values[29], the calculated wa-
ter partial pressure was 1.3× 10−7 Torr, or 32.5% of the BG
pressure, agreeing with the earlier prediction, and was used
to study argon ion reactions below.

3.4. Ar•+ reactions

The ion-molecule reaction of argon ions with nitrogen was
marginally exothermic (�H=−0.2 eV). The reaction had al-
ready been studied by QITMS and other techniques[29],
and was known to be slow, with a rate constant between
1.0× 10−11 and 7.0× 10−12 cm3/s molecule. In contrast, ar-
gon ions readily charge-exchanged with water as illustrated
in Fig. 5a. Products from charge-exchange and hydrogen-
atom transfer were observed atm/z 18 and 41, respectively.
The ion signal intensity for the doubly charged form of argon
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Fig. 5. Argon ion reaction data: (a) ion intensities vs. reaction time for the
reaction of Ar•+ with background gas; (b) plot of change in argon ion signal
intensity (singly charged) vs. reaction time. Data points are the average of
three repetitive runs, with error bars of 1σ. Trend is shown to be quadratic
in nature.

(Ar2+) atm/z20 is also shown to diminish inFig. 5a through
charge-exchange with water. This is of less significance as
only a small amount of doubly charged argon is formed by
electron impact ionization. The absence of signal at 28 and
32 Th indicated that reactions with nitrogen and oxygen were
much slower with comparable concentrations.

Using the previously determined water pressure of
1.3× 10−7 Torr (background ion trap pressure remained
constant) a rate constant of 3.3× 10−9 cm3/s molecule was
calculated (Table 5 and Fig. 5b). The value was higher
than both the ADO approximation for polar neutrals of
kADO = 2.0× 10−9 cm3/s molecule and literature values rang-
ing from 1.0× 10−9 and 2.1× 10−9 cm3/s molecule[29].
Another reaction that partially explains the higher rate con-
stant would be charge-exchange with background hydrogen.
The complicated nature of this reaction system is illustrated

Fig. 6. Monitored ion signals of background gases (4.0× 10−7 Torr) as the
reaction time was incremented from 0 to 4000 ms. Thermodynamic equi-
librium was reached after 2000 ms, with only signals for hydronium and
oxygen ions remaining.

by the quadratic trend in argon ion loss shown inFig. 5b. This
indicates a second reaction pathway, likely that which forms
ArH+, observed atm/z41 inFig. 5a. Ruling out proton transfer
due to the low proton affinity of Ar (Table 1), hydrogen-atom
transfers from either background water or hydrogen are pos-
sibilities. At this point the formation of the signal atm/z 41
remains unclear.

The partial pressure of water was kept low in our experi-
ments. At a water pressure of 1.3× 10−7 Torr, argon ions had
a half-life of 33 ms, three times the scan cycle. The concen-
tration of water sampled from the Space Shuttle, in contrast
would be sporadic while on the launch pad; thereby, this re-
action would affect sensitivity and signal stability for argon
monitoring.

3.5. Thermodynamics of O2•+ and H3O+

The oxygen ion signal was the only one of four analytes
monitored in this study that was not reduced through reac-
tions with background gases. In fact, the oxygen ion signal
intensity increases as shown inFig. 6at thermodynamic equi-
librium (>2 s reaction time). Oxygen has a low ionization en-
ergy; therefore, other ions (to include hydrogen, helium, and
argon analyte ions) will charge-exchange with background
oxygen, increasing the oxygen ion signal intensity as other
i n of
i ns
a
4

n
r wer
ons are depleted. This partially explains the reductio
on signal intensity for atomic and diatomic nitrogen io
t m/z 14 and 28, respectively, and for argon ions atm/z
0.

The hydronium ion atm/z 19 was the only other io
emaining at thermodynamic equilibrium. It has a lo
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recombination energy than oxygen’s ionization energy. Wa-
ter, also with a low ionization energy, is readily ionized
through charge-exchange with other ions. Hydronium ions
are primarily generated through the self-protonation of wa-
ter, though a lesser amount is formed by reactions with other
Brønsted acid ions such as H2

•+ and N2H+ each with lower
proton affinities than water.

As evident inFig. 6, a long reaction period was required
to reach thermodynamic equilibrium under normal experi-
mental conditions. These same thermodynamically favored
ions were prevalent for hours following vacuum chamber
evacuation even with very short ionization periods. Water
is pumped away slowly as the chamber is placed under vac-
uum (a few hours with our small vacuum chamber and open
ion trap configuration). To meet NASA requirements, this
process was sped up by baking the chamber during evacua-
tion. Baking will not, however, control water being sampled
from inside the Space Shuttle, a potential problem in this
application.

4. Conclusions

Ion-molecule reactions had a significant effect on the
analytical performance of QITMS when analyzing perma-
nent gases. Hydrogen and helium ions reacted rapidly in
t ten-
s en-
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i oton
t en-
t ored
t three
o ise in
a n ion
s

ntu-
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