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A laminar and turbulent ion flow reactor for studying ion/molecule
reactions at variable pressures and temperatures
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Abstract

A laboratory ion flow reactor operating under wide ranges of temperatures (213–373 K) and pressures (1–50 hPa) has been set up. This
will allow for the potential detection of a variety of atmospheric trace gases to be measured by chemical ionization mass spectrometry. Flow
dynamics of the reactor has been characterized in detail in order to extract reliable kinetic data and ion/molecule reactions. Direct comparison
between the average ion flow velocity and the carrier gas flow velocity has been achieved experimentally under laminar and turbulent flow
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onditions. To validate this new setup, the reaction of SF6
− ions with SO2 molecules has been studied giving kinetic and mechanistic re

n excellent agreement with previous studies conducted at room temperature at low (<2 hPa) and very high pressures (>30 hPa)
ata have also been obtained under intermediate pressure conditions and at other temperatures, which definitely establishes SF6

− + SO2 as a
eference reaction for future fast flow reactor or reaction kinetics validation.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Chemical ionization mass spectrometry (CIMS) is more
nd more used as a fast and in situ detection method for trace
ases in the atmosphere. This method is based on reactions
f ions with the trace gases, which form specific product ions
etected by mass spectrometry. This detection generally oc-
urs in two pressure regimes, either at high pressure (around
atm = 1013.25 hPa) in the so-called atmospheric pressure
hemical ionization mass spectrometry (APCI-MS), or at
ow pressure (around 1 hPa). APCI method provides a bet-
er sensitivity but requires very short reaction times (a few
icroseconds) in order to reduce the reaction advancement,
hich simplifies data analysis[1]. Practically, in APCI-MS

nstruments, the chemical ionization regions are defined by
he use of a dc point-to-plane discharge (with typical reaction
ength of few mm within a field of a few kV cm−1). In such

∗ Corresponding author. Tel.: +33 238494915; fax: +33 238494672.
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chemical ionization regions, many parameters are not
defined, such as the reaction time, the effective temper
or the kinetic parameters of the ion-molecule reactions.
consequence, the APCI-MS method requires calibration
dards for the quantitative detection of trace gases. In con
in the low pressure chemical ionization mass spectrom
method, longer reaction times (a few milliseconds) are
tained using flow reactors or electrostatic drift tubes. In
case, the kinetic parameters of the ion-molecule reaction
well defined, preventing any need of calibration standard
the quantitative detection of trace gases. As an exampl
the detection of organic molecules, proton transfer rea
(PTR-MS) is often used, with H3O+ reactant ions formed
a drift tube from higher hydrated clusters H3O+(H2O)n=1–5
[2–4]. However, PTR-MS is unable to distinguish betw
molecules with the same molecular mass, which is com
for organics. Another low pressure method using the sele
ion flow tube (SIFT) also allows for a single type of ions
react with the trace molecules[5]. These low pressure me
ods lead to simple spectra, but may be of lower sensit
387-3806/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2005.02.003
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than APCI-MS and restricted to molecules with significant
reactivity at low pressure.

Alternative methods with the advantages of high sensi-
tivity and virtually no calibration are based on the use of
a high pressure flow reactor. They have been successfully
employed for measuring inorganic trace compounds such as
OH, HNO3, H2SO4 and SO2 and a few organics such as
acetone and methyl cyanide[6–17]. In such methods, the
kinetics and potentially complex mechanisms of the corre-
sponding ion/molecule reactions must be well characterized
from laboratory studies performed under the same experi-
mental conditions as those of in situ measurements, which is
not often the case at present. In fact, calibration standards are
sometimes used even in these methods using high pressure
flow reactors. Therefore, in order to be able to measure a large
variety of trace compounds with very good sensitivity and ac-
curacy, it is necessary to extend the kinetic database in a wide
range of pressure and temperature. Indeed, ion/molecule col-
lision theory[18–20] is not always applicable, and discrep-
ancy may exist between theoretical and experimental rate
constants, suggesting either that the high pressure limit is not
reached or that complex mechanism occurs. Using the turbu-
lent flow approach similar to that used for kinetic studies of
neutral species[21], only one group has conducted very high-
pressure (>30 hPa) experiments of ion/molecule reactions in
a flow reactor[22].
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flow reactor method is not routinely used, the flow regimes
of the new setup have been characterized in detail, in order
to extract reliable kinetic data. Comparative measurements
of the carrier gas flow velocity and of the ion flow veloc-
ity have been performed. Finally, the data obtained in wide
ranges of pressure and temperature are reported for the reac-
tion of SF6

− ions with SO2 molecules, for which kinetics is
very well established at room temperature. This enables the
testing of capabilities of the new setup and the validation of
the method.

2. Experimental method

2.1. Apparatus and reactants

The new apparatus is schematically presented inFig. 1. It
consists of two main parts: the flow reactor including the in-
jection system for neutral molecules and the ion sources, and
the detection system comprising three differentially pumped
chambers where the ions were sampled, focused and mass
analyzed. The new ion flow reactor is a triple jacketed stain-
less steel tube. Ion/molecule reactions took place in the in-
ner tube (88 cm long× 2.3 cm i.d.). N2 carrier gas flows of
2–100 STP dm3 min−1 (standard temperature and pressure:
T= 273.15 K,P= 1013.25 hPa) coming from a liquid nitro-
g ed
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In our laboratory, studies of ion/molecule reactions h
lready been conducted with a flow reactor operating e

ially at ambient temperature and low pressures[23]. In this
aper, a new variable temperature flow reactor is prese
llowing for kinetic measurements under both condition

aminar and turbulent flows, in a pressure range (1–50
hich is intermediate between the low pressures used in
ical laminar ion flow reactors and the very high pressure
n the so far unique turbulent ion flow reactor[22]. The data
btained in this pressure range can be easily extrapola
igher pressures relevant for atmospheric measurement
hecking that they do not present pressure dependence
pper part of the range explored. If they do present pre
ependence, theoretical extrapolation of the fall-off reg

o high pressure limit can be made using the experim
ata obtained at lower pressures[24,25]. Since this turbulen

Fig. 1. Overview of the variable pressure and tem
r

en tank (Air Liquide, purity > 99.999%) were maintain
y a 250 m3 h−1 rotary pump and resulted in pressures
–50 hPa that also depend on the throttling of the gate lo
etween the flow tube and the rotary pump. Flows were m

tored using MKS mass flow meters, which are periodic
alibrated. Higher pressures have not been tested, due
rohibitive cost of larger flows of high purity N2 and due to

oo low ion signals detected. Pressure was measured at t
rance of the tube by two calibrated MKS capacitance ga
1 (0–100 and 0–13 hPa) and at the downstream end b
KS capacitance gaugeP2 (0–100 hPa). The injection sy

em for the neutral reactants consists of a concentric 6.3
.d. and 4 mm i.d. movable line. This injector is terminate
closed spherical tip with six apertures pointing radially.
eutral reactant flow was thus directed perpendicularly t
ain flow direction, which accelerates the reactant mix

re ion flow reactor coupled to the mass detection system.
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In addition, when operating under turbulent flow regime con-
ditions, a fan shaped turbulizer was placed 1 cm upstream of
the injector tip in order to reduce the delay of homogeneous
mixing between neutral and ion reactants, as shown by See-
ley et al. [21]. A thermostated fluid circulated through the
intermediate jacket, enabling to set temperatures in the reac-
tor in the range (213–373 K). The temperature of the flowing
gas was measured using two chromel–alumel thermocouples.
One (T1) was placed at the movable injector tip and the other
(T2) at the downstream end of the reactor just before the de-
tection system. The carrier gas was precooled or preheated
before being introduced into the flow tube by passing through
a cooper spiral immersed in a liquid nitrogen bath or heated
by an electric resistor wire. The injector containing the neu-
tral reactant/N2 mixture was also precooled by dry ice or pre-
heated by an electric resistor wire. The downstream end of the
reactor was not thermostated but the temperature of the gas
was maintained by dry ice or by a heating wire. The amount
of precooling (or preheating) and the position of the movable
injector were adjusted so that the temperature measured at the
injector tip matched that measured at the downstream end of
the reactor. Vacuum was maintained in the third jacket for
thermal insulation.

In the present validation study, SF6
− ions have been

used. They were generated by electron attachment to flow-
ing (10−3 STP dm3 min−1) SF parent gas (Air Liquide, pu-
r gon
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The detection system has been already described in detail
[23,26], and is thus briefly presented with the parts modi-
fied. A small fraction of the total flow was sampled through
the 0.2 mm i.d. orifice of a conical electrode typically bi-
ased at 5 V. The first chamber was pumped by a roots blower
system (480 m3 h−1), giving pressures lower than 10−1 hPa.
The sampled ions were then focused over a 4 mm length path
and skimmed by the 1.5 mm i.d. orifice of a conical electrode
(typically 10 V) through the second chamber containing elec-
trostatic lenses (50 V) and a quadrupole guide (operating in
radiofrequency mode only, and with a field axis of 30 V).
This second stage was pumped by two turbomolecular pumps
(with a total capacity of 2000 m3 h−1), resulting in pressures
lower than 10−4 hPa. Ions enter the third chamber through the
3 mm i.d. orifice of an inlet plate (20 V) where they were fo-
cused by electrostatic lenses (30 and 180 V) and were selected
by a quadrupole mass analyzer (with a field axis of 60 V) and
detected after a 90◦ deflection by a dynode secondary elec-
tron multiplier (SEM) operating in the pulse counting mode.
This third chamber was pumped by a turbomolecular pump
(830 m3 h−1), resulting in pressures lower than 10−6 hPa.

2.2. Flow dynamics and kinetic analysis

The extraction of reliable kinetic data requires a good char-
acterization of the flow dynamics. The carrier gas (N) in very
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ity > 99.97%). The electrons were produced from ar
onization in two discharges. One discharge (the glow
harge) was produced by a permanent voltage (typi
00 V and 0.3 mA) applied between a molybdenum ne
nd a stainless steel capillary tube containing flowing a
typically 1 STP dm3 min−1), and the other (called coro
ischarge) was produced by a permanent voltage (typi
60 V and 0.3–5 mA) applied between a tungsten needl
stainless steel cylinder containing flowing argon (typic
.5 STP dm3 min−1). SF6 was introduced by an inlet pe
endicular to the flow tube and located 8.4 cm downstr

rom the nearest ion source (corona discharge), a dis
ufficient for most of the electrons to be thermalized.
ether with SF6− ions (m= 146 and 148 amu), SF5

− ions
127 and 129 amu) were generated in traces (<2% S6

−).
t the highest pressure used in the present study (30.2
F6

− breakup during sampling, which would have led to
ncrease of SF5− signal, did not occur. This phenomenon w
bserved by Arnold et al.[22] at higher pressure (>200 hP
he neutral reactant was introduced at variable dista
ownstream of the corona discharge (73.2–26.0 cm) and
ischarge (81.6–34.4 cm). This results in reaction dista

n the range 33.0–81.2 cm. In the present study, the ne
eactant is sulfur dioxide (Air Liquide, purity > 99.9%), o
ained from a gas cylinder, used without further purifica
nd diluted with N2 (Air Liquide, purity > 99.9999%) in
ulb with mole fractions of (1.07–20.47)× 10−4. SO2/N2
ixtures flows of (0.94–403.6)× 10−3 STP dm3 min−1 into

he reactor were deduced by monitoring pressure varia
n the bulb as a function of time at a constant temperatu
2
arge excess over the reactants determines the nature
ow. Over the pressure and flow velocity ranges used, the
s viscous and incompressible, according to the values o
nudsen number (�0.01) and Mach number (�0.3). The
imensionless Reynolds number defining the flow regim

n the case of tubular flow,

e = 2aρPvb

η
(1)

here a (=0.0115 m) is the flow tube radius,ρ
kg m−3 hPa−1) is the pressure-independent density,P (hPa)
s the pressure in the flow tube,vb (m s−1) is the averag
ow velocity of the carrier gas or bulk flow velocity, andη
kg m−1 s−1) is the viscosity of the carrier gas[27]. Given
hat

b = Q

πa2
(2)

ith Q (m3 s−1) as the total flow rate of the gases,
eynolds number may be rewritten as a function of para

ers that can be varied in the experiments, i.e. the total
ate at standard temperature and pressureQ0 (STP m3 s−1),
nd the temperatureT (K) of the flow tube:

e = 2ρP0Q0T

πaηT 0
(3)

xperiments were generally performed in two kinds of fl
egimes: at low flow rates under laminar flow conditions w
e< 300, and at higher flow rates under turbulent flow co

ions withRe> 3300. The transition region, empirically d
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fined byReranging from 1000 to 2300[28], may be char-
acterized by fluctuations of the flow velocity and reactant
concentration inhomogeneity, which is inappropriate for ob-
taining reproducible results[29]. The few experiments we
have performed in this region resulted in a 50% scattering
for the kinetic results.

2.2.1. Laminar flow regime
In laminar flow regime, a parabolic radial profile devel-

ops for the carrier gas flow velocity within a distance named
the entrance length,� ≈ 0.115a Re [28], which is less than
40 cm under our usual experimental conditions (Re< 300).
Neglecting the perturbation of small ion flow addition to the
carrier gas and because the neutral injector tip is located at
least 43 cm downstream of the carrier gas entrance, the veloc-
ity v(r) of the carrier gas has thus approximately a parabolic
profile when arriving in the reaction zone. This is theoreti-
cally expressed as

v(r) = 2vb

(
1 − r2

a2

)
(4)

where r is the radial coordinate, which gives a maximum
vmax = 2vb on the axis of the flow tube. In this case, Poiseuille
law giving the pressure gradient�Pbetween two points sep-
arated by a distanceL may be applied:
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reaction withk as the second-order rate constant. Losses of
ions along the flow tube induce an axial concentration gra-
dient and thus, potentially, axial diffusion represented by the
termDA(∂2[A±]/∂z2). Using low pressures (<1 hPa) of He as
a carrier gas, Ferguson et al.[30] and Adams et al.[31] have
shown that the measured rate constant should be corrected for
this axial diffusion by a few percent, depending on (DA/via)2.
In our study, the ion flow velocity and the flow tube radius are
of the same order of magnitude as in their experiments. The
correction has been therefore found to be negligible (<0.1%)
under our typical conditions using higher N2 pressures, since
the diffusion coefficient is inversely proportional to pressure
and at least five times lower for ions diffusing in N2 than in
He[32]. In the absence of axial diffusion term, the continuity
equation (Eq.(7)) has been solved by numerical and analyt-
ical methods for laminar flows[30,31,33]. The solution is of
the form

[A±]z = [A±]e e{−((�DA/a2)+Γk[B])(z/vb)} (8)

where [A±]e and [A±]z are the concentrations of A± at the
entrance point of B (the neutral injector tip in our case) and at
the sampling cone, respectively,z is the reaction distance,�

is a constant andΓ = vb/vi , with vi as the radially averaged
ion flow velocity[34]. The analysis thus requires the knowl-
edge ofv . It is known that a large radial concentration gra-
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his was checked by measurements between the ups
nd downstream located pressure gauges, which were i
ood agreement with this equation. Consequently, the
ure of the midpoint of the reaction zone, taken as the pre
f the reaction, was calculated using this equation. In a

ion, under turbulent flow regime conditions, Blasius form
as applied:

P = 0.066515L

(
ηρ3v7

b

a5

)1/4

(6)

ariations ofρ andη with temperature were taken into a
ount[27].

Under steady-state flow conditions in the reactor, the tr
ort and reaction of reactant ions A± with neutral molecule
in excess is described by the three-dimensional conti

quation[30]:

i(r)
∂[A±]

∂z

= DA

r

∂

∂r

(
r
∂[A±]

∂r

)
+ DA

∂2[A±]

∂z2
− k[B][A ±] (7)

here z is the axial coordinate andvi(r) is the ion
ow velocity a priori radially dependent. The te
DA/r)(∂/∂r)(r(∂[A±]/∂r)) represents the ion loss by rad
iffusion with DA as the diffusion coefficient of A± in the
arrier gas, and the termk[B][A ±] is the ion loss by chemic
i
ient arises for the ions because of losses at the reactor
t every collision. Radial molecular diffusion is not effici
nough to maintain a uniform radial ion distribution. The
adial concentration profile superimposed on the para
elocity profile of the carrier gasv(r) causes the average i
ow velocityvi to be higher than the average carrier gas
elocity vb. Particularly depending on the form of the
oncentration gradient, the ratiovi/vb has been theoretical
ound between 1.33 and 1.63 at room temperature at lo
ressure[30,31]. Experimentalvi/vb ratios reported are

he range 0.8–1.7 at room temperature[30,34-36], also de
ending on the radius and roughness of the flow tube, o
ressure, and on the flow velocity and nature of the ca
as. The ion velocityvi was determined by disturbing t

on flow by an electric pulse and synchronously recor
he ion arrival time on the SEM detector by a multichan
nalyzer. The electric pulse was applied on a small me
od, in place of the pressure gaugeP1, entering perpendic
larly the flow tube at a known (87.2 cm) distance from
ampling cone. The time spent by the ions to go throug
etection region is negligible according to the calculatio

heir velocity. This one is essentially due to the electric fi
resent in the three differentially pumped chambers. U

he typical electric fields and pressures mentioned in Sec2
nd reduced mobilities estimated to be about 2 cm2 V−1 s−1

or all ions in N2 [32,37] led to a total time of a few m
roseconds, i.e. much lower than the few milliseconds t
o travel through the flow tube. This has also been verifie
erimentally by simultaneously measuring the arrival ti
n the sampling cone and on the SEM without observing
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difference. Regular measurements were made before and af-
ter kinetic experiments, leading to typical values of about
130 m s−1 with statistical uncertainties of 10% (2σ) at room
temperature whatever the flow dynamics regime.

2.2.2. Turbulent flow regime
As the total flow rateQ is increased, the flow becomes tur-

bulent, for Reynolds number at least above 2300. In contrast
to laminar flow regime in which mixing occurs via molecular
diffusion only, turbulent mixing comprises processes real-
ized at different scales, i.e. macro-, meso- and micro-scales.
Chemical reaction is a molecular-level process and thus af-
fected only by micromixing. For gases, macro- and mesomix-
ing are the limiting steps for the rate of turbulent diffusion
[38]. Using a fan-shaped turbulizer, Seeley et al.[21] visually
observed macromixing in a few centimeters, which therefore
implies the occurrence of fast mixing of the reactants at the
microscopic level. This turbulent mixing flattens the radial
velocity profile of the carrier gas, which is no more parabolic.
The carrier gas flow velocityv(r) is constant within the central
part of the tube and approaches the bulk flow velocity value
vb. The ion flow velocity should follow the same behaviour,
with no radial dependence. By using a Pitot tube, the carrier
gas flow velocityv(r) was measured as a function of the ra-
dius in order to confirm the development of turbulence and to
compare it withv . The Pitot tube was located in place of the
p e
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where [SF6−]zand [SF6−]z,0 are the ion count rates collected
on the SEM in the presence and absence of sulphur dioxide,
respectively, andz/vi defines the reaction time.

3. Results and discussion

3.1. Flow dynamics

At low Reynolds numbers (≤1000) characteristic of lam-
inar flow regime (corresponding toP< 7 hPa), an attempt of
measuring the flow velocity radial profile of the carrier gas
at room temperature has been made by using the Pitot tube.
The typical parabolic profile could not be observed, due to
limitations of this technique at lowRe [21]. At higherRe
corresponding to the transition flow regime, large fluctua-
tions of the flow velocity at|r| > 0.1 cm did not allow measur-
ing reproducible radial profiles either. However reproducible
v(r)/vb values near the axis of the tube (−0.1≤ r ≤ +0.1 cm)
were obtained forRebetween 290 and 2000, decreasing from
1.7 to 1.1, as shown inFig. 2. From the trend observed and tak-
ing into account the potential errors and the slight eccentricity
of the measurement positions, it is anticipated that at lower
Re, v(r)/vb approaches the maximum value (2.0) character-
istic of laminar flow at the center of the tube. The decay char-
a kes
m ation
b ,
t al-
m -
t
w ntal
s nce

F flow
v
b

i
ressure gaugeP1, with no possibility of axial motion du

o the design of the triple jacketed flow reactor. The dista
10.8 cm) between the injector equipped with the turbu
nd the Pitot tube was sufficient to allow for developmen

urbulence, as noted by previous workers[21,39], and veri-
ed in the present study (see Section3.2). The probe consis
f two stainless steel concentric tubes of a total 2.5 mm
he inner one with a 0.8 mm i.d. orifice parallel to the m
ow allows measuring the total pressure, and the oute
ith three 0.3 mm i.d. holes perpendicular to the flow g

he static pressure. This set could be moved radially an
wo pressures were measured alternately by the same
ressure gauge (of 10 hPa full scale), from which the ca
as velocityv(r) was deduced.

Under turbulent flow conditions, the continuity equat
Eq.(7)) is still valid, with the molecular diffusion coefficie
A replaced by an effective diffusion coefficientDeffA incor-
orating mixing at the different scales. Neglecting again
xial diffusion term, the solution is of the type of Eq.(8),
nd againvi needs to be determined. Kinetics analysi
hus similar for laminar and turbulent flows. In the pres
ase, [B] = [SO2] = 3.4× 109 to 6.0× 1011 molecules cm−3,
uch larger than [A−] = [SF6

−] < 108 ions cm−3, estimated
y measuring the ion current on the sampling cone. The
onstantk was then generally determined by varying [S2]
t a fixed reaction distancez, using the pseudo-first-ord
inetics relationship inferred from Eq.(8):

n

(
[SF6

−]z
[SF6

−]z,0

)
= −k[SO2]

z

vi

(9)
cterizes the transition regime, in which radial mixing ta
ore and more importance up to complete homogeniz
y turbulence. AtRe≥ 2600 (corresponding toP> 15 hPa)

he radial velocity profile was reproducible and flat over
ost the flow tube diameter (−0.9≤ r ≤ +0.9 cm). In addi

ion, thev(r)/vb ratio was found to be equal to (1.0± 0.1),
here the quoted uncertainty includes only experime
catter (2σ). These two results are evidence of occurre

ig. 2. Comparison of the ratios of the average ion velocity to bulk
elocity (vi/vb) and the carrier gas flow velocity (at−0.1≤ r ≤ +0.1 cm) to
ulk flow velocity (v(r)/vb) as a function of Reynolds number.
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of the turbulence in the flow reactor at theseRevalues.Fig. 2
displays all the results forv(r)/vb (with −0.1≤ r ≤ +0.1 cm)
as a function ofRecomprised between 290 and 6000.

The ratiovi/vb at room temperature was also measured
and found to decrease from 1.7 to 0.9 as a function of
Reynolds numbers comprised between 240 and 6300, as
shown inFig. 2. Typical vi/vb values were 1.6 and 1.0 for
most of our experiments conducted atRe= 260 (at 2.1 hPa)
andRe= 3400 (at 18.6 hPa), respectively. No dependence in
temperature was observed, suggesting that ions and carrier
gas have similar flow dynamics behaviours with temperature.
Under laminar flow conditions, thevi/vb values are almost
equal tov(r)/vb, with −0.1≤ r ≤ +0.1, which shows that the
great majority of ions collected on the sampling cone are
those having flown near the flow tube axis, and thus confirm-
ing the interpretation of previous experimental results[31].
The highest values not strictly equal to the maximum (2.0)
corresponding to the center of the flow tube, recall thatvi is
an average velocity with some ions located out of the axis.
Under turbulent flow conditions, forRe> 2600 according to
the Pitot tube experiments,vi/vb approaches the asymptot-
ical value 0.9. In theory, this ratio may not lower less than
1.0, but given the associated global uncertainties (10% for
vi mainly originating from the ill-defined shape of the ion
current signal generated by the electric pulse, and 10% of
potential systematic errors forv originating from uncertain-
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Fig. 3. Example (298 K, 18.6 hPa) of relative logarithmic decay of SF6
− ion

count rate as a function of SO2 concentration. A linear least-squares fit gives
a slope from which the reaction rate constant is derived using Eq.(9) (see
text).

as well as in turbulent regime, in agreement with previous
studies[21,39]. In turbulent flow regime, the fan-shaped tur-
bulizer is thus efficient for reducing the mixing delay. This
was also confirmed by performing experiments without it, in
which the rate constant value was found to decrease by 30%.
This less consumption of the reactant ion when non-uniform
distribution of the neutral reactant takes importance has been
also observed in other works under laminar flow conditions,
in which inlet effects have been evaluated[30,36]. Under lam-
inar flow conditions however, the presence of the turbulizer
was not needed and even led to rate constants that were depen-
dent on reaction distance, increasing by more than 50% at the
highest distances with respect to the established value. The
only non-reproducibility of the results that has been observed
was for the ratio of the flow through the injector to the flow of
the carrier gas through the reactor, under turbulent flow con-
ditions. A minimum of about 2× 10−4 was necessary to get
a reproducible value, implying that SO2/N2 mixtures flowing
through the injector should have mole fractions lower than
1× 10−3.

The total range of pressure explored in the present study
is 1.8–30.2 hPa with no effect on the rate constant values,
as illustrated inFig. 4. At room temperature, the average
rate constant reported isk10 = (1.08± 0.11) × 10−9 cm3

molecule−1 s−1, where the uncertainties are only statistical
(2σ, 41 experiments). Other errors have been estimated to be
2 flow
v
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m 72
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b
ies in pressure and volumetric flow), the difference is
ignificant, and thus the systematic shift observed bet
xperimentalvi/vb andv(r)/vb (=1.0± 0.1) values in turbu

ent flow regime (seeFig. 2) is not significant either.

.2. Kinetic study

The rate constant of the reaction

F6
− + SO2 → products (10

as determined under various experimental conditions.
een extracted from plots of relative logarithmic deca
F6

− signal versus SO2 concentration (Eq.(9)), as illustrated
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ng to [SF6
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as excellent (R2 > 0.99) and zero intercepts were alw
ull within statistical uncertainties (2σ). This indicates tha
rimary chemistry is independent of the range of SF6
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umption, i.e. reaction is total and SF6

− chemically disap
ears only by reaction with SO2. The reaction distance h
een varied from 35.5 to 81.2 cm with no systematic de
ence for the rate constant values whatever the flow reg
he delay for homogeneous mixing of the reactants, us
eferred to as ‘inlet effect’ or ‘end correction’, is theref
egligible with respect to the reaction time comprised

ween 2.7 and 6.4 ms (at room temperature). Taking a
mum of 10% error for the rate constant value due to
ffect at the lowest reaction distance, this corresponds

ew centimeters for homogenization in laminar flow regi
5%, including uncertainties of about 10% each for ion
elocity, [SF6

−]/[SF6
−]0 ratio, SO2 dilution in the bulb, SO2

ow, total gas flow in the tube, and average flow tube pres
his results in overall uncertainties of 27%. The values a
calculated from the classical trajectory collision theory

he model of Su[18] and the model of the average dipole
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10−24 cm3) and the dipole moment (1.63 D) of SO2 [27].

he difference with the experimental value is too sma
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Fig. 4. Room temperature rate constant of the reaction SF6
− + SO2 as a

function of pressure. Error bars represent only experimental scatter (2σ

lead to 10% errors) and the solid line represents the average rate constant
(1.08× 10−9 cm3 molecule−1 s−1).

question the occurrence of the reaction by a single minimum
of the potential surface (corresponding to only one intermedi-
ate stable complex). By contrast, the reactions of SF6

− with
O3, Cl2 and NO2 proceed more slowly than collision theory
predicts[23], due to a mechanism involving a double-well
separated by an internal potential barrier[40]. Furthermore
temperature has been varied between 240 and 373 K, and no
significant variation of the rate constant was observed, which
is consistent with the fact that the reaction studied proceeds
by a single intermediate stable complex. Indeed, in the latter
case collision theory applies and ADO theory calculations
[19,20] result in a too slight rate constant variation (<0.2
× 10−9 cm3 molecule−1 s−1) in this temperature range to
be detected experimentally, given the estimated uncertainties
reported above (27%). On the contrary, rate constant varia-
tions may be observed in this temperature range for reactions
with a double-well potential[40]. Owing to the good agree-
ment between the experimental values and the ADO results,
these one may be used to extrapolate variations over a larger
temperature range.

A comparison of our result with all previous studies ob-
tained at room temperature is given inTable 1. The excellent
agreement between the previous studies has motivated the
choice of this reaction, considered as a reference, and the
new result obtained here supports this. The slight difference
(10%) between the two more recent studies (including ours)
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domain. Moreover this shows the great interest to perform
kinetic studies in the intermediate pressure range (2–50 hPa)
not much explored for ion/molecule reactions studies. Vari-
ation of the rate constant in this pressure range may be sig-
nificant for some association reactions and it is interesting
to determine at which pressure the rate constant reaches its
high pressure limit, which high pressure studies alone cannot
probe.

3.3. Product study

The product study was performed at low resolution of the
mass analyzer to limit mass discrimination. Under these con-
ditions, we have shown in a previous work that mass dis-
crimination for ions of masses between 48 and 146 amu is
usually lower than 20%[23]. Product ions detected in the
present study having masses in a more restricted range, this
gives the maximum systematic uncertainties associated with
the branching ratios reported below, and no further correction
was applied for mass discrimination. Good confidence in the
results was reinforced by the mass balance obtained, defined
by the ratio of the sum of the product ion count rates to the
reactant ion (SF6−) consumption, which was generally equal
to 100± 10%. This indicates that additional mass discrimina-
tion caused by the difference between the high pressure of the
reactor and the low pressure of the first differentially pumped
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ood (R2 > 0.96) linear correlations between the product
ount rates and the SF6
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lopes that could be used for determining the product dist
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or comparison purpose with previous studies, the branc
atios were determined by the standard method[43], i.e. by
lotting the relative yields of the product ions as a functio
O2 concentration and extrapolating the measured valu
null SO2 flow to eliminate the effect of secondary reactio
typical plot is shown inFig. 5, leading to similar results a

he first method.
The reaction was found to occur via three channels:

F6
− + SO2 → SO2F2

− + SF4 (11a)

→ SF5
− + SO2F (11b)

→ SO2F− + SF5 (11c)
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Fig. 5. Typical set of data (248 K, 20 hPa) used for determining product
yields. Only the measurements at low SO2 concentrations (<3.3× 1010

molecules cm−3) corresponding to SF6− consumption less than 20% were
used for extrapolation to zero intercept.

The product yields were corrected for the presence of SF5
− as

reactant ion in traces. Results are summarized inTable 2. The
global average yields are 57± 16% for SO2F2

−, 25± 7% for
SF5

−, and 18± 5% for SO2F−, where the quoted uncertain-
ties are overall, including combination of estimated system-
atic errors (20%) and statistical errors of 20% (2σ) by the
method of error propagation. No significant effect of pres-
sure or temperature was observed over the ranges explored
(2–20 hPa; 248–373 K), which is expected for this fast bi-
molecular exchange reaction[40,44]. These results are in
perfect agreement with the product yields of previous stud-
ies at room temperature and at various pressures[22,45], the
averages of which are 57% for SO2F2

−, 25% for SF5−, and
18% for SO2F−.

As the primary reaction further progresses, secondary re-
actions take importance. Decays of SO2F2

− and SF5− count
rates and increase of SO2F− count rates, illustrated for ex-
ample inFig. 5, show that these primary products further
react with SO2 to yield SO2F− as a final product. This result
is consistent with previous studies[22,46], in which SF5−
was observed to react with SO2 to give SO2F2

− (by diflu-
oride transfer), which in turn reacts with SO2 (by fluoride
transfer), leading again to SO2F−. An additional very minor
channel for the latter reaction may be

SO2F2
− + SO2 → (SO2)2F2

− (12)

s to
( ility

of reaction of SF6 parent gas with the product ions SO2F2
−

giving again SF5−, as observed by Arnold et al.[22]. Vari-
ations of SF6 concentrations injected into the flow tube by
a factor of ten resulted in no discernable change for SF5

−
yield. This reaction is thus negligible under our experimental
conditions, in which reaction times are sufficiently short that
very slow reactions negligibly occur.

4. Conclusions

A new ion flow reactor has been set up for study-
ing ion/molecule reactions in wide ranges of temperature
(213–373 K) and pressure (1–50 hPa). This has been made
possible by using laminar as well as turbulent flows, which
showed properties in agreement with previous flow tube
studies of ion and neutral species performed under various
conditions[21,22,30,31,39]. In low pressure laminar regime
(Re< 1000,P< 7 hPa), the average ion velocity has been
found to be equal to the carrier gas velocity near the flow
tube axis, but larger than the bulk flow velocity due to an ion
radial concentration gradient. At higher flow rates (Re> 2600,
P> 15 hPa), ion velocity and carrier gas velocities were found
equal and constant across almost the flow tube diameter due
to turbulent mixing.
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ince a secondary product atm= 166 amu, ascribed
SO2)2F2

−, was observed. We finally checked the possib
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roducts yields obtained in this work as a function of pressure and te

(K) 2.1 hPa

SO2F− (%) SF5
− (%) SO2F2

48 15.1 22.3 62.5
96 15.7 26.1 58.2
73 20.1 25.3 54.6
This flow dynamics characterization has allowed to
ain consistent results for the reaction of SF6

− with SO2
n an intermediate pressure range (1.8–30.2 hPa) nev
lored until now. The rate constant and products meas
t room temperature were indeed the same as thos

ained in previous studies conducted at low (<2 hPa) or
igh pressures (>30 hPa)[22,45–47]. In addition, the tem
erature dependence of the kinetics and mechanism fo
eaction has been studied, leading to very consistent
ver a wide range of experimental conditions in this
etup. This definitely establishes SF6

− + SO2 as a referenc
eaction for future fast flow reactors or reaction kine
alidation.

Finally, this validated experimental system can now
sed to obtain data for a number of ion/molecule reactio
ide ranges of pressure and temperature. This will allow

he potential detection of a variety of atmospheric trace g
easured by this CIMS method, which is complementa
PCI-MS, which requires calibration standards, and to P
S, which is essentially dedicated to organic molecules
nable to distinguish between compounds of same mole
ass.

ure

20 hPa

SO2F− (%) SF5
− (%) SO2F2

− (%)

16.0 23.7 60.3
19.0 24.7 56.4
23.9 24.9 51.2
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