Available online at www.sciencedirect.com

scmuce@nlnec'ro

o
v,
= |

ELSEVIER International Journal of Mass Spectrometry 243 (2005) 141-149

Mass Spectrometry

www.elsevier.com/locate/ijms

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

V. Catoire*, E. Michel, C. Guimbaud, D. Labonnette, G. Poulet

Laboratoire de Physique et Chimie de I'Environnement, CNRS, Unigatitfleans (UMR 6115),
3A Avenue de la Recherche Scientifique, 4507284 Cedex 2, France

Received 21 December 2004; accepted 7 February 2005
Available online 7 March 2005

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
conditions. To validate this new setup, the reaction af SBns with SQ molecules has been studied giving kinetic and mechanistic results
in excellent agreement with previous studies conducted at room temperature at low (<2 hPa) and very high pressures (>30 hPa). Consistent
data have also been obtained under intermediate pressure conditions and at other temperatures, which definitely establiSkipaSE
reference reaction for future fast flow reactor or reaction kinetics validation.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction chemical ionization regions, many parameters are not well
defined, such as the reaction time, the effective temperature
Chemical ionization mass spectrometry (CIMS) is more or the kinetic parameters of the ion-molecule reactions. As a
and more used as a fast and in situ detection method for traceconsequence, the APCI-MS method requires calibration stan-
gases in the atmosphere. This method is based on reactiondards for the quantitative detection of trace gases. In contrast,
of ions with the trace gases, which form specific product ions in the low pressure chemical ionization mass spectrometry
detected by mass spectrometry. This detection generally oc-method, longer reaction times (a few milliseconds) are ob-
curs in two pressure regimes, either at high pressure (aroundained using flow reactors or electrostatic drift tubes. In this
latm=1013.25hPa) in the so-called atmospheric pressurecase, the kinetic parameters of the ion-molecule reactions are
chemical ionization mass spectrometry (APCI-MS), or at well defined, preventing any need of calibration standards for
low pressure (around 1 hPa). APCI method provides a bet-the quantitative detection of trace gases. As an example, for
ter sensitivity but requires very short reaction times (a few the detection of organic molecules, proton transfer reaction
microseconds) in order to reduce the reaction advancement(PTR-MS) is often used, with $D* reactant ions formed in
which simplifies data analys[4]. Practically, in APCI-MS a drift tube from higher hydrated clusterg® (H,O)p=1-5
instruments, the chemical ionization regions are defined by [2-4]. However, PTR-MS is unable to distinguish between
the use of a dc point-to-plane discharge (with typical reaction molecules with the same molecular mass, which is common
length of few mm within a field of a few kV cmt). In such for organics. Another low pressure method using the selected
ion flow tube (SIFT) also allows for a single type of ions to
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than APCI-MS and restricted to molecules with significant flow reactor method is not routinely used, the flow regimes
reactivity at low pressure. of the new setup have been characterized in detail, in order

Alternative methods with the advantages of high sensi- to extract reliable kinetic data. Comparative measurements
tivity and virtually no calibration are based on the use of of the carrier gas flow velocity and of the ion flow veloc-

a high pressure flow reactor. They have been successfullyity have been performed. Finally, the data obtained in wide
employed for measuring inorganic trace compounds such asranges of pressure and temperature are reported for the reac-
OH, HNGs, H2SOy, and SGQ and a few organics such as tion of Sk~ ions with SGQ molecules, for which kinetics is
acetone and methyl cyanidé-17]. In such methods, the very well established at room temperature. This enables the
kinetics and potentially complex mechanisms of the corre- testing of capabilities of the new setup and the validation of
sponding ion/molecule reactions must be well characterizedthe method.

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 are2. Experimental method

sometimes used even in these methods using high pressure

flow reactors. Therefore, in order to be able to measure alarge2.1. Apparatus and reactants

variety of trace compounds with very good sensitivity and ac-

curacy, itis necessary to extend the kinetic database inawide The new apparatus is schematically presentédgnl It
range of pressure and temperature. Indeed, ion/molecule col-consists of two main parts: the flow reactor including the in-
lision theory[18-20]is not always applicable, and discrep- jection system for neutral molecules and the ion sources, and
ancy may exist between theoretical and experimental ratethe detection system comprising three differentially pumped
constants, suggesting either that the high pressure limitis notchambers where the ions were sampled, focused and mass
reached or that complex mechanism occurs. Using the turbu-analyzed. The new ion flow reactor is a triple jacketed stain-
lent flow approach similar to that used for kinetic studies of less steel tube. lon/molecule reactions took place in the in-
neutral speciel21], only one group has conducted very high- ner tube (88 cm long 2.3cm i.d.). N carrier gas flows of
pressure (>30 hPa) experiments of ion/molecule reactions in2—100 STP drimin—! (standard temperature and pressure:
a flow reactoif22]. T=273.15K,P=1013.25 hPa) coming from a liquid nitro-

In our laboratory, studies of ion/molecule reactions have gen tank (Air Liquide, purity >99.999%) were maintained
already been conducted with a flow reactor operating essen-by a 250 i h~1 rotary pump and resulted in pressures of
tially at ambient temperature and low pressygsj. In this 1-50 hPathat also depend on the throttling of the gate located
paper, a new variable temperature flow reactor is presented petween the flow tube and the rotary pump. Flows were mon-
allowing for kinetic measurements under both conditions of itored using MKS mass flow meters, which are periodically
laminar and turbulent flows, in a pressure range (1-50 hPa)calibrated. Higher pressures have not been tested, due to the
which is intermediate between the low pressures used in clas{prohibitive cost of larger flows of high purity Nand due to
sical laminarion flow reactors and the very high pressure usedtoo low ion signals detected. Pressure was measured at the en-
in the so far unique turbulent ion flow reac{@2]. The data trance of the tube by two calibrated MKS capacitance gauges
obtained in this pressure range can be easily extrapolated td?; (0—100 and 0-13 hPa) and at the downstream end by one
higher pressures relevant for atmospheric measurements afteMKS capacitance gauge, (0—100 hPa). The injection sys-
checking that they do not present pressure dependence in théem for the neutral reactants consists of a concentric 6.35 mm
upper part of the range explored. If they do present pressureo.d. and 4 mmi.d. movable line. This injector is terminated by
dependence, theoretical extrapolation of the fall-off regime a closed spherical tip with six apertures pointing radially. The
to high pressure limit can be made using the experimental neutral reactant flow was thus directed perpendicularly to the
data obtained at lower pressuf2d,25] Since this turbulent  main flow direction, which accelerates the reactant mixing.
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Fig. 1. Overview of the variable pressure and temperature ion flow reactor coupled to the mass detection system.
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In addition, when operating under turbulent flow regime con-  The detection system has been already described in detail
ditions, a fan shaped turbulizer was placed 1 cm upstream of[23,26], and is thus briefly presented with the parts modi-
the injector tip in order to reduce the delay of homogeneous fied. A small fraction of the total flow was sampled through
mixing between neutral and ion reactants, as shown by Seethe 0.2 mm i.d. orifice of a conical electrode typically bi-
ley et al.[21]. A thermostated fluid circulated through the ased at5 V. The first chamber was pumped by a roots blower
intermediate jacket, enabling to set temperatures in the reacsystem (480 hh~1), giving pressures lower than 1bhPa.
tor in the range (213-373 K). The temperature of the flowing The sampled ions were then focused over a 4 mm length path
gas was measured using two chromel-alumel thermocouplesand skimmed by the 1.5 mm i.d. orifice of a conical electrode
One (1) was placed at the movable injector tip and the other (typically 10 V) through the second chamber containing elec-
(T,) at the downstream end of the reactor just before the de-trostatic lenses (50 V) and a quadrupole guide (operating in
tection system. The carrier gas was precooled or preheatedadiofrequency mode only, and with a field axis of 30V).
before being introduced into the flow tube by passing through This second stage was pumped by two turbomolecular pumps
a cooper spiral immersed in a liquid nitrogen bath or heated (with a total capacity of 2000 frh—1), resulting in pressures
by an electric resistor wire. The injector containing the neu- lower than 104 hPa. lons enter the third chamber through the
tral reactant/N mixture was also precooled by dry ice or pre- 3mm i.d. orifice of an inlet plate (20 V) where they were fo-
heated by an electric resistor wire. The downstream end of thecused by electrostatic lenses (30 and 180 V) and were selected
reactor was not thermostated but the temperature of the gady a quadrupole mass analyzer (with a field axis of 60 V) and
was maintained by dry ice or by a heating wire. The amount detected after a 90deflection by a dynode secondary elec-
of precooling (or preheating) and the position of the movable tron multiplier (SEM) operating in the pulse counting mode.
injector were adjusted so that the temperature measured at th& his third chamber was pumped by a turbomolecular pump
injector tip matched that measured at the downstream end of(830 n¥ h~1), resulting in pressures lower thanfthPa.
the reactor. Vacuum was maintained in the third jacket for
thermal insulation. 2.2. Flow dynamics and kinetic analysis

In the present validation study, &F ions have been
used. They were generated by electron attachment to flow- The extraction of reliable kinetic data requires a good char-
ing (10~ STP dnf min—1) SK; parent gas (Air Liquide, pu-  acterization of the flow dynamics. The carrier gas)(iN very
rity >99.97%). The electrons were produced from argon large excess over the reactants determines the nature of the
ionization in two discharges. One discharge (the glow dis- flow. Overthe pressure and flow velocity ranges used, the flow
charge) was produced by a permanent voltage (typically is viscous and incompressible, according to the values of the
600V and 0.3mA) applied between a molybdenum needle Knudsen number<«0.01) and Mach number£0.3). The
and a stainless steel capillary tube containing flowing argon dimensionless Reynolds number defining the flow regime is,
(typically 1 STP dmmin~1), and the other (called corona in the case of tubular flow,
discharge) was produced by a permanent voltage (typically
360V and 0.3-5mA) applied between a tungsten needle andRe =
a stainless steel cylinder containing flowing argon (typically g
1.5STPdmMmin~1). SF was introduced by an inlet per- where a (=0.0115m) is the flow tube radiusp
pendicular to the flow tube and located 8.4 cm downstream (kg m~2hPa 1) is the pressure-independent dengtyhPa)
from the nearest ion source (corona discharge), a distances the pressure in the flow tube, (ms™) is the average
sufficient for most of the electrons to be thermalized. To- flow velocity of the carrier gas or bulk flow velocity, amd
gether with SE~ ions (m=146 and 148amu), $F ions (kgm~ts71) is the viscosity of the carrier g487]. Given
(127 and 129 amu) were generated in traces (<2% pF  that
At the highest pressure used in the present study (30.2 hPa), 0
SFs~ breakup during sampling, which would have led to an b = ——5 2)
increase of Sk~ signal, did not occur. This phenomenon was
observed by Amold et al22] at higher pressure (>200hPa). With Q (m*s™1) as the total flow rate of the gases, the
The neutral reactant was introduced at variable distancesReynolds number may be rewritten as a function of parame-
downstream of the corona discharge (732_260 Cm) and g|owterS that can be varied in the eXperimentS, i.e. the total flow
discharge (81.6-34.4 cm). This results in reaction distancesrate at standard temperature and presQ¥¢STP n¥s™),
in the range 33.0-81.2cm. In the present study, the neutraland the temperatuf®(K) of the flow tube:

2ap0 Pvy

1)

reactant is sulfur dioxide (Air Liquide, purity >99.9%), ob- 2pP0QOT

tained from a gas cylinder, used without further purification Re = ———— 3)
and diluted with N (Air Liquide, purity >99.9999%) in a manT

bulb with mole fractions of (1.07-20.4%)10~*. SQ,/N; Experiments were generally performed in two kinds of flow
mixtures flows of (0.94—-403.6) 10~3STP dn¥ min—! into regimes: at low flow rates under laminar flow conditions with

the reactor were deduced by monitoring pressure variationsRe< 300, and at higher flow rates under turbulent flow condi-
in the bulb as a function of time at a constant temperature. tions with Re>3300. The transition region, empirically de-
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fined by Reranging from 1000 to 230{28], may be char- reaction withk as the second-order rate constant. Losses of
acterized by fluctuations of the flow velocity and reactant ions along the flow tube induce an axial concentration gra-
concentration inhomogeneity, which is inappropriate for ob- dient and thus, potentially, axial diffusion represented by the
taining reproducible result29]. The few experiments we  termDa(8%[A*]/dz2). Using low pressures (<1 hPa) of He as
have performed in this region resulted in a 50% scattering a carrier gas, Ferguson et fd0] and Adams et a[31] have

for the kinetic results. shown that the measured rate constant should be corrected for
this axial diffusion by a few percent, depending B (via)?.
2.2.1. Laminar flow regime In our study, the ion flow velocity and the flow tube radius are

In laminar flow regime, a parabolic radial profile devel- of the same order of magnitude as in their experiments. The
ops for the carrier gas flow velocity within a distance named correction has been therefore found to be negligible (<0.1%)
the entrance length, ~ 0.115: Re [28], which is less than  under our typical conditions using highep Bressures, since
40 cm under our usual experimental conditioRe< 300). the diffusion coefficient is inversely proportional to pressure
Neglecting the perturbation of small ion flow addition to the and at least five times lower for ions diffusing in than in
carrier gas and because the neutral injector tip is located atHe[32]. In the absence of axial diffusion term, the continuity
least 43 cm downstream of the carrier gas entrance, the veloc-equation (Eq(7)) has been solved by numerical and analyt-
ity v(r) of the carrier gas has thus approximately a parabolic ical methods for laminar flow{80,31,33] The solution is of
profile when arriving in the reaction zone. This is theoreti- the form

cally expressed as
[AF], = [A%], el ~(ADA/a)+IKBI(z/vo)) ®8)

2

o) = 2ue (1 a2> ) where [AF]e and [AT]; are the concentrations offAat the

entrance point of B (the neutral injector tip in our case) and at

the sampling cone, respectivehjis the reaction distance,

is a constant and" = vy /vj, with v; as the radially averaged

ion flow velocity[34]. The analysis thus requires the knowl-

edge of;. It is known that a large radial concentration gra-

8Lnvp ) dient arises for the ions because of losses at the reactor walls
a? at every collision. Radial molecular diffusion is not efficient

This was checked by measurements between the upstrearﬁnqugh to maintajn aunifprm radie}I ion distribution. The ion_
and downstream located pressure gauges, which were in very@dial concentration profile superimposed on the parabolic
good agreement with this equation. Consequently, the pres-v€locity profile of the carrier gas(r) causes the average ion
sure of the midpoint of the reaction zone, taken as the pressurd W Velocity vi to be higher than the average carrier gas flow
of the reaction, was calculated using this equation. In addi- VEIOCity vo. Particularly depending on the form of the ion
tion, under turbulent flow regime conditions, Blasius formula concentration gradient, the ratiyy vp has been theoretically
found between 1.33 and 1.63 at room temperature at low He

wherer is the radial coordinate, which gives a maximum
ymax = 2vp Onthe axis of the flow tube. In this case, Poiseuille
law giving the pressure gradient® between two points sep-
arated by a distandemay be applied:

AP =

was applied: X . :
pressurg30,31] Experimentah;/vp ratios reported are in
o] 14 the range 0.8—1.7 at room temperat{86,34-36] also de-
AP =0.066515 3 (6) pending on the radius and roughness of the flow tube, on the
a pressure, and on the flow velocity and nature of the carrier

Variations ofp andz with temperature were taken into ac- 9as. The ion velocity; was determined by disturbing the
count[27]. ion flow by an electric pulse and synchronously recording

Under steady-state flow conditions in the reactor, the trans- the ion arrival time on the SEM detector by a multichannel
port and reaction of reactant iong"Avith neutral molecules ~ analyzer. The electric pulse was applied on a small metallic
B in excess is described by the three-dimensional continuity fod, in place of the pressure gaue entering perpendic-

equation30]: ularly the flow tube at a known (87.2 cm) distance from the
N sampling cone. The time spent by the ions to go through the
vi(r) I[A~] detection region is negligible according to the calculation of
0z their velocity. This one is essentially due to the electric fields
Da 8 [ 9A%] 92[A*] N presen_t in the thre_e differentially pumped qhamb_ers. U_sing
= < 5 ) + Da 0z k[B][A =] (7) the typical electric fields and pressures mentioned in Se2tion
o g < and reduced mobilities estimated to be about 2¥m! s~1

where z is the axial coordinate and;(r) is the ion for all ions in Ny [32,37] led to a total time of a few mi-

flow velocity a priori radially dependent. The term croseconds, i.e. much lower than the few milliseconds taken
(Da/r)(3/0r)(r(3[AT]/dr)) represents the ion loss by radial to travel through the flow tube. This has also been verified ex-
diffusion with Da as the diffusion coefficient of A in the perimentally by simultaneously measuring the arrival times
carrier gas, and the terkfB][A *] is the ion loss by chemical  on the sampling cone and on the SEM without observing any
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difference. Regular measurements were made before and afwhere [S~], and [Sk 1,0 are the ion count rates collected
ter kinetic experiments, leading to typical values of about on the SEM in the presence and absence of sulphur dioxide,
130 m s! with statistical uncertainties of 10%dRat room respectively, and/v; defines the reaction time.

temperature whatever the flow dynamics regime.

2.2.2. Turbulent flow regime 3. Results and discussion

As the total flow rat® is increased, the flow becomes tur-
bulent, for Reynolds number at least above 2300. In contrast3.1. Flow dynamics
to laminar flow regime in which mixing occurs via molecular
diffusion only, turbulent mixing comprises processes real- At low Reynolds numbers<(1000) characteristic of lam-
ized at different scales, i.e. macro-, meso- and micro-scales.inar flow regime (corresponding @< 7 hPa), an attempt of
Chemical reaction is a molecular-level process and thus af-measuring the flow velocity radial profile of the carrier gas
fected only by micromixing. For gases, macro- and mesomix- at room temperature has been made by using the Pitot tube.
ing are the limiting steps for the rate of turbulent diffusion The typical parabolic profile could not be observed, due to
[38]. Using a fan-shaped turbulizer, Seeley ef2d] visually limitations of this technique at loRe [21]. At higher Re
observed macromixing in a few centimeters, which therefore corresponding to the transition flow regime, large fluctua-
implies the occurrence of fast mixing of the reactants at the tions of the flow velocity afr| > 0.1 cm did not allow measur-
microscopic level. This turbulent mixing flattens the radial ing reproducible radial profiles either. However reproducible
velocity profile of the carrier gas, which is no more parabolic. y(r)/vp, values near the axis of the tube@.1<r < +0.1cm)
The carrier gas flow velocity(r) is constant withinthe central  were obtained foRebetween 290 and 2000, decreasing from
part of the tube and approaches the bulk flow velocity value 1.7to0 1.1, as shown ifig. 2 From the trend observed and tak-
vp. The ion flow velocity should follow the same behaviour, inginto account the potential errors and the slight eccentricity
with no radial dependence. By using a Pitot tube, the carrier of the measurement positions, it is anticipated that at lower
gas flow velocityu(r) was measured as a function of the ra- Re v(r)/v, approaches the maximum value (2.0) character-
dius in order to confirm the development of turbulence and to istic of laminar flow at the center of the tube. The decay char-
compare it withv;. The Pitot tube was located in place of the  acterizes the transition regime, in which radial mixing takes
pressure gaugBy, with no possibility of axial motion due  more and more importance up to complete homogenization
to the design of the triple jacketed flow reactor. The distance by turbulence. ARe> 2600 (corresponding tB> 15 hPa),
(10.8 cm) between the injector equipped with the turbulizer the radial velocity profile was reproducible and flat over al-
and the Pitot tube was sufficient to allow for development of most the flow tube diameter0.9<r <+0.9cm). In addi-
turbulence, as noted by previous workg2$,39] and veri-  tion, thew(r)/vp, ratio was found to be equal to (1460.1),
fied in the present study (see Sect®B). The probe consists  where the quoted uncertainty includes only experimental
of two stainless steel concentric tubes of a total 2.5mm o.d. scatter (2). These two results are evidence of occurrence
The inner one with a 0.8 mm i.d. orifice parallel to the main
flow allows measuring the total pressure, and the outer one 4

with three 0.3 mm i.d. holes perpendicular to the flow gives A Vi/Vb
the static pressure. This set could be moved radially and the 171 i """"""""""""""""""""""""""""""""" mV(r)/Vb
two pressures were measured alternately by the same MKS N B
pressure gauge (of 10 hPa full scale), from which the carrier ;‘
gas velocityv(r) was deduced. 15 o e
Under turbulent flow conditions, the continuity equation A
(Eq.(7)) is still valid, with the molecular diffusion coefficient L
Da replaced by an effective diffusion coefficiéDgsa incor- f 13 q. ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
porating mixing at the different scales. Neglecting again the = AmNyg
axial diffusion term, the solution is of the type of E®), ] I L
and againv; needs to be determined. Kinetics analysis is | l: _________________________________________________
thus similar for laminar and turbulent flows. In the present " |
case, [B]=[SQ]=3.4x 10° to 6.0x 10 molecules cm?, 1.0 femmmmsmmms oS P B EEETE S
much larger than [A] =[SFs~]<10%ions cn13, estimated 0ol A M .‘A i
by measuring the ion current on the sampling cone. The rate
constank was then generally determined by varying [$O 0.8 ; : ; . ; ;
at a fixed reaction distance using the pseudo-first-order e e e B
kinetics relationship inferred from E¢B): .
( [Sst]z ) z Fig. 2 Comparison of the _ratios of the average ion velocity to bulk flow
In{ ——= | = —k[SO]— 9) velocity (v /vp) and the carrier gas flow velocity (at0.1<r < +0.1cm) to
[SFs7 1.0 Vi bulk flow velocity ((r)/vp) as a function of Reynolds number.
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of the turbulence in the flow reactor at thédevaluesFig. 2 [SO,]/10"" molecules cm
displays all the results far(r)/vp (with —0.1<r <+0.1cm) 0 1 2 3 4 5
as a function oRecomprised between 290 and 6000. 1.00 : ' ‘

The ratiovj/vp 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 v;/vp values were 1.6 and 1.0 for
most of our experiments conductedRé=260 (at 2.1 hPa)
andRe= 3400 (at 18.6 hPa), respectively. No dependence in
temperature was observed, suggesting that ions and carrie &,
gas have similar flow dynamics behaviours with temperature.
Under laminar flow conditions, thg /v, values are almost
equal tov(r)/vp, with —0.1<r < +0.1, which shows that the
great majority of ions collected on the sampling cone are  o.01
those having flown near the flow tube axis, and thus confirm-

ing the interpretation of previous experimental res[8tH]. , , ’ on
count rate as a function of S@oncentration. A linear least-squares fit gives

The hlghes'_[ values not strictly equal to the maXImum_ (2.0) a slope from which the reaction rate constant is derived using®¢see
corresponding to the center of the flow tube, recall ihad text).

an average velocity with some ions located out of the axis.
Under turbulent flow conditions, fdRe> 2600 according to
the Pitot tube experiments;/v, approaches the asymptot- as well as in turbulent regime, in agreement with previous
ical value 0.9. In theory, this ratio may not lower less than studieq21,39] In turbulent flow regime, the fan-shaped tur-
1.0, but given the associated global uncertainties (10% for bulizer is thus efficient for reducing the mixing delay. This
vj mainly originating from the ill-defined shape of the ion was also confirmed by performing experiments without it, in
current signal generated by the electric pulse, and 10% ofwhich the rate constant value was found to decrease by 30%.
potential systematic errors fog originating from uncertain-  This less consumption of the reactant ion when non-uniform
ties in pressure and volumetric flow), the difference is not distribution of the neutral reactant takes importance has been
significant, and thus the systematic shift observed betweenalso observed in other works under laminar flow conditions,
experimentab; /vp andv(r)/vp (=1.0+ 0.1) values in turbu-  inwhichinlet effects have been evaluafgd,36] Under lam-
lent flow regime (se€ig. 2) is not significant either. 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
SFs~ + SO, — products (10) the carrier gas through the reactor, under turbulent flow con-
ditions. A minimum of about % 10~4 was necessary to get
was determined under various experimental conditions. It hasa reproducible value, implying that SM,> mixtures flowing
been extracted from plots of relative logarithmic decay of through the injector should have mole fractions lower than
Sk~ signal versus Sgconcentration (E(9)), as illustrated 1x 1073
for example inFig. 3. For extents of reaction correspond- The total range of pressure explored in the present study
ing to [SFs~)/[SFs~]o ratios between 99% and 6%, linearity is 1.8-30.2 hPa with no effect on the rate constant values,
was excellent R2>0.99) and zero intercepts were always as illustrated inFig. 4 At room temperature, the average
null within statistical uncertainties ¢3. This indicates that  rate constant reported kgp = (1.08 + 0.11) x 10~2 cm?®
primary chemistry is independent of the range of SEon- molecule’? s~1, where the uncertainties are only statistical
sumption, i.e. reaction is total and &Fchemically disap- (20, 41 experiments). Other errors have been estimated to be
pears only by reaction with SOThe reaction distance has 25%, including uncertainties of about 10% each for ion flow
been varied from 35.5 to 81.2 cm with no systematic depen- velocity, [SF~]/[SFe 1o ratio, SQ dilution in the bulb, S@
dence for the rate constant values whatever the flow regime.flow, total gas flow in the tube, and average flow tube pressure.
The delay for homogeneous mixing of the reactants, usually This results in overall uncertainties of 27%. The values at 298
referred to as ‘inlet effect’ or ‘end correction’, is therefore K calculated from the classical trajectory collision theory by
negligible with respect to the reaction time comprised be- the model of S{i18] and the model of the average dipole ori-
tween 2.7 and 6.4 ms (at room temperature). Taking a max-entation (ADOY19,20]are 1.37x 10 %and 1.15< 102 cm®
imum of 10% error for the rate constant value due to inlet molecule’? s71, respectively, using the polarizability (3.72
effect at the lowest reaction distance, this corresponds to ax 1024 cm?) and the dipole moment (1.63 D) of S7].
few centimeters for homogenization in laminar flow regime, The difference with the experimental value is too small to

0.10 +--

Fs ]/ [SFs Jo

Fig. 3. Example (298K, 18.6 hPa) of relative logarithmic decay @f SBn

3.2. Kinetic study

The rate constant of the reaction
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20 domain. Moreover this shows the great interest to perform
o B kinetic studies in the intermediate pressure range (2-50 hPa
w
A not much explored for ion/molecule reactions studies. Vari-
T ation of the rate constant in this pressure range may be sig-
I nificant for some association reactions and it is interesting
= 0'8_ _____________________________________________________________________ to determine at which pressure the rate constant reaches its
s high pressure limit, which high pressure studies alone cannot
@ 06
S probe.
~ 02 d=c=sss=s=ss=sssssssssssssssSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSEs

0.0 : ; : ; : ; ; 3.3. Product study

0 5 10 15 20 25 30 35 40
P/ hPa

The product study was performed at low resolution of the
Fig. 4. Room temperature rate constant of the reactiogr S/, as a mass analyzer to limit mass discrimination. Under these con-
function of pressure. Error bars represent only experimental scatter (2 ditions, we have shown in a previous work that mass dis-
lead to 10% errors) and the solid line represents the average rate constangrimination for ions of masses between 48 and 146 amu is
(1.08 10-% cm® molecule™* s74). 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
reactantion (S§) consumption, which was generally equal
% 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
chamber is not important in the present experiments, a prob-
lem that may aris¢41,42] Reproducibility with respect to

guestion 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 qf Skith

Os, Cl; and NG proceed more slowly than collision theory
predicts[23], due to a mechanism involving a double-well
separated by an internal potential barf#®]. Furthermore
temperature has been varied between 240 and 373 K, and n
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 electrostatic conditions of ion focusing in the detection zone

-9 Le1y in thi
P ¥: 9 ._-of the potential difference applied between the sampling and
reported above (27%). On the contrary, rate constant varia-

i be ob dinthis t ¢ f ’ skimmer conical electrodes of the first chamber resulted in no
lons may be observed in this temperature range for reac Ionssystematic dependence of the product distribution. The prod-
with a double-well potentigl0]. Owing to the good agree-

ment between the experimental val nd the ADO result uctions therefore seem to be insensitive to collisions induced
entbetween the experimental vaiues and the esu S’by the electric fields during sampling, focusing and detection.
these one may be used to extrapolate variations over a larg

‘ ¢ ®in order to minimize interferences with secondary reactions
emperature range. . . . between the neutral reactant and the primary product ions of
A comparison of our result with all previous studies ob-

. L the title reaction, S@flow was maintained low so that con-
tained at room temperature is givenTiable 1 The excellent sumption of the SE- was less than 20%. This usually led to
agreement between the previous studies has motivated thPgood &2 >0.96) linear correlations betWeen the product ion
choice of this reaction, considered as a reference, and theCount rates and the SF loss. This is a first method giving
new result obtained here supports this. The slight difference :

10%) bet the t t studies (includi slopes that could be used for determining the product distribu-
(10%) between the two more recent studies (including ours) tion after normalization of the mass balance to unit. However,

;ﬁ?}g?gcr:ﬁ;jcg‘::g;‘;%rjrsrseusrjlfsaz;ggigg?/zrrstsélloov\yve;g:sjruer%r.comparison purpose with previous studies, thg branching

ratios were determined by the standard metf3], i.e. by
plotting the relative yields of the productions as a function of
SO, concentration and extrapolating the measured values to
anull SG flow to eliminate the effect of secondary reactions.
A typical plot is shown irFig. 5, leading to similar results as

Table 1
Comparison of the room temperature rate constant values obtained in this
work with previous studies

K P (hPa) Reference .
11103 16302 - ‘ the first method.

. . .0—o0U. IS WOor - H .
1.14+0.3 33-933 22] The reaction was found to occur via three channels:
1.04+0.3 <1.3 [45] - _
1.0+0.3 05 [46] Sk~ +SO; — SOF2” + Sk (11a)
ik = Sl — SFs~ +SOF (11b)

a Units of 102 cm® molecule ! s~1. Reported uncertainties are global, B
including experimental scatterdpand estimated systematic errors. — SOQF + Sk (11c)
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100% @ S0 of reaction of Sk parent gas with the product ions g6~
WSF5- giving again Sk, as observed by Arnold et dR2]. Vari-
g 80%1 A SO2F2- ations of Sk concentrations injected into the flow tube by
] a factor of ten resulted in no discernable change foy SF
~f—: 60% —Aga yield. This reaction is thus negligible under our experimental
3 AMasaa conditions, in which reaction times are sufficiently short that
e Aa s, Ay a ' . L y
; A% . As 2 very slow reactions negligibly occur.
% Y HH o0 * =
o o
20/0-:'jl SN aE mg, . 4 Conclus
. Conclusions
0%

o 5 10 1= 20 A new ion flow reactor has been set up for study-
10 -3 . . . . .
[SO,]1/ 107" molecules cm ing ion/molecule reactions in wide ranges of temperature
(213-373K) and pressure (1-50hPa). This has been made

Fig. 5. Typical set of data (248 K, 20 hPa) used for determining product . . . .
yields. Only the measurements at low S€oncentrations (<3.3 1010 possible by using laminar as well as turbulent flows, which

molecules cm?3) corresponding to SF consumption less than 20% were showed properties in agreement with previous flow tube
used for extrapolation to zero intercept. studies of ion and neutral species performed under various
conditions[21,22,30,31,39]In low pressure laminar regime
(Re< 1000, P<7hPa), the average ion velocity has been
The productyields were corrected for the presence gf 25 found to be equal to the carrier gas velocity near the flow
reactantion in traces. Results are summarizddbie 2 The tube axis, but larger than the bulk flow velocity due to an ion
global average yields are 3716% for SQF,~, 25+ 7% for radial concentration gradient. At higher flow ratBg$ 2600,
SK~, and 18+ 5% for SQF~, where the quoted uncertain- P> 15 hPa), ion velocity and carrier gas velocities were found
ties are overall, including combination of estimated system- equal and constant across almost the flow tube diameter due
atic errors (20%) and statistical errors of 20% )Yy the to turbulent mixing.
method of error propagation. No significant effect of pres-  This flow dynamics characterization has allowed to ob-
sure or temperature was observed over the ranges exploredain consistent results for the reaction ofgSFwith SO,
(2-20hPa; 248-373K), which is expected for this fast bi- in an intermediate pressure range (1.8-30.2 hPa) never ex-
molecular exchange reactiqi0,44]. These results are in  plored until now. The rate constant and products measured
perfect agreement with the product yields of previous stud- at room temperature were indeed the same as those ob-
ies at room temperature and at various presq2iz45], the tained in previous studies conducted at low (<2 hPa) or very
averages of which are 57% for $&~, 25% for Sk, and high pressures (>30 hP§2,45-47] In addition, the tem-
18% for SQF~. perature dependence of the kinetics and mechanism for this
As the primary reaction further progresses, secondary re-reaction has been studied, leading to very consistent data
actions take importance. Decays of 9~ and Sk~ count over a wide range of experimental conditions in this new
rates and increase of SB~ count rates, illustrated for ex-  setup. This definitely establishesSF+ SO, as a reference
ample inFig. 5 show that these primary products further reaction for future fast flow reactors or reaction kinetics
react with SQ to yield SQF~ as a final product. This result  validation.
is consistent with previous studi¢®2,46] in which Sk~ Finally, this validated experimental system can now be
was observed to react with $@o give SQF,~ (by diflu- used to obtain data for a number of ion/molecule reactions in
oride transfer), which in turn reacts with $Qby fluoride wide ranges of pressure and temperature. This will allow for
transfer), leading again to $6~. An additional very minor  the potential detection of a variety of atmospheric trace gases
channel for the latter reaction may be measured by this CIMS method, which is complementary to
_ _ APCI-MS, which requires calibration standards, and to PTR-
SOF2" + S0~ (SC)2F2 (12) MS, which is essenct]ially dedicated to organic molecules and
since a secondary product at=166amu, ascribed to unable to distinguish between compounds of same molecular
(SO)2F2~, was observed. We finally checked the possibility mass.

-lgérlgljeuits yields obtained in this work as a function of pressure and temperature
T (K) 2.1hPa 20hPa

SQF (%) Sk~ (%) SOF2~ (%) SQF™ (%) Sk~ (%) SR, (%)
248 15.1 22.3 62.5 16.0 23.7 60.3
296 15.7 26.1 58.2 19.0 24.7 56.4

373 20.1 25.3 54.6 23.9 24.9 51.2
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