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A new instrument, the turbulent ion flow tube (TIFT), has been developed for studyirgriofecule reactions

up to atmospheric pressure. The instrument is based on the turbulent flow neutral reactor developed by Seeley
et al.g and it operates under turbulent rather than laminar flow conditions. The TIFT is currently designed to
operate at room temperature over a pressure range from approximatel$@Q0orr, although higher pressures

are possible with minor modifications. In this initial report, 300 K rate constants and product distributions,
measured from 25 to 700 Torr, are presented for the reaction of\&iEh SO,. Both the rate constants and
product distributions for this reaction are independent of pressure, and the present results are consistent with
previous measurements made<dt Torr.

Introduction instruments used at lower pressure are simply not adaptable to
the very high pressure region, e.g., ICR-MS. Recently, several
has b h bi f . by Knigh q instruments have been developed by Grimsrud and co-workers
prgssurel as been the subject of review by Knighton and, study ion-molecule reactions in the very high pressure range
Grimsrud! The very high pressure range is somewhat arbitrarily These include the ion mobility spectrométérand the photo-
defined by those authors as the region between 0.01 and 1Odetachment-modulated electron capture detéctor
atm, representing a pressure regime beyond the well-character- Kniahton and Grimsrud have suaaested that the fast flow
ized “high pressure” range (0-b Torr). The use of the term 9 Sugg .

technique long used for studying gas-phase—immlecule

“high pressure” to describe such low pressures is common in i ld be adaptable to th high
mass spectrometry, and the convention will be followed here. reactions could be adaptable 1o n€ very high pressureé range.
In the past, flow tube experiments, all of which are based on

hgzzr?oirecssr\;ei;?rl r?ra]ls%r;s \\;\Qy ILiIShI meg;tsal?rtemr:nijr% g?ls')' laminar flow dynamics, have only been used to study gas-phase
P Y y gh p gime. ion—molecule reactions up to 5 Torr. It is difficult to measure
Processes that are not observed at lower pressures can become I -
- . g - lon—molecule rate constants at significantly higher pressures
the QOm|nant processes at h|gher pressures. This is ESpEC'aI|¥n the standard laminar flow tube designs for several reasons
appllcable. for some analytical mstrument; that ope.ratg a.t e.g., reactions times become too long, vacuum systems cannc;t
atmospheric pressure such as thg atm_osp_henc pressure 'On'z.at'.oﬂan,dle the gas load, mixing the reacta’nt species is problematic
mass spectrometers. (2) Performing kinetic measurements W'th'nand many ion sourc,es are not efficient at high pressure. Seele3;

the high pressure limit ensures that all species along the reaction a .
coordinate are thermally equilibrated with the buffer gas. This et al’ have recently described an apparatus based on turbulent

allows the observed rate constants of-ienolecule reactions flow dynamics for studying radical reactions in the very high

to be rigorously interpreted in terms of candidate mechanisms pressure regime. Instruments of this type have used chemical

and potential energy surfaces for that reaction. (3) Weak ionization for detgcting neutral kinetics. We have adapted the
chemical interactions between ions and buffer gas molecules'.[urbUIent flow de5|gr_1 an_d constructed a new tu_rbulent flow_tube
in the very high pressure range may alter both the potential instrument for studying ioamolecule reactions in the very high
energy surfaces and the rate constants of-imolecule reac- pressur_e range. .

tions. (4) Very slow reactions can be studied easily at very high . N this report, we present details of the new apparatus,
pressure. We estimate that the present instrument can measuriicluding measurements of the key parameters such as ion

rate constants-35 orders of magnitude slower than conventional Velocity and mixing distance. We also present reaction rate
flow tube experiments. constants and product distributions for the reaction gf $¥#th

To date, there have been few ion kinetics measurements insoz' measured over the pressure range from 25 to 700 Torr.

the very high pressure region. Knighton and Grim3ite only . _
15 papers in the literature in which gas-phase-iorolecule Experimental Section

reaction rate constants or equilibrium constants have been A tus. Th turbulent ion flow tube (TIET) is sh
determined by techniques using buffer gas pressures in this pparatus. The new turbuient ion flow tu € ( ) is shown
pressure regime. The lack of data in this pressure regime is dueschemat_lcally in Figure 1. The s_tam_less steel rov_v tube measures
largely to a lack of experimental capabilities. Some of the 192 cm in length and 2.54 ¢m in d_|a_nl1eter and is pumped by a
high-volume Busch pump (117%ftmin~1). The pressure in the
TUnder contract to Wentworth Institute of Technology, Boston, MA. tbe is measured using an MKS 1000 Torr capacitance
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Figure 1. Schematic of the new turbulent ion flow tube (TIFT).
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pressure limit is currently set by a pressure relief valve, which
prevents large gas flows from over-pressurizing the system in
the event the exit valve is inadvertently closed. In principle,

FAN BLADE

pressure liquid N dewar. The standard ion flow tube gas,
helium, is not used because the flow rates needed to obtain
turbulent flow are excessive, and hence, the cost of helium -
prohibits its routine use. Figure 2. Schematic of the movablg inlet, Whi_ch include_s several
The flow tube contains an ion source and a moveable neutral attachments to promote ed_dy formation. A stationary stainless steel
reactant inlet that are described below. All flows are monitored fan-blade centers the _|nlet in the turbulent core of the flow _tube and
. . .~ promotes eddy formation upstream of the reactant. An additional fan-
with calibrated MKS mass flow meters. The flow tube is ghaped Teflon “turbulizer” and stainless steel “showerhead” ensure
terminated by a blunt sampling cone on which an orifice 50 proper mixing of the reactants.
um in diameter is mounted. The detection system consists of
two chambers. The sampling chamber contains a set of threewherea is the internal radius of the flow tuba,is the average
aperture lenses and a skimmer for focusing and collimating the gas velocity,p is the gas density, and is the gas viscosity
ion beam. Typically, the sampling cone and the first and third coefficient. The Reynolds number represents the ratio of inertial
lens elements operate withl0 V, while the second lens element  forces to viscous forces in the flow tube. Low valuesNgf
and skimmer operate with 580 V applied. The skimmer  correspond to laminar flow conditions, characterized by stream-
serves as the pumping aperture into the detector chamber whergined fluid convection, while large values dk correspond to
ions are analyzed using an Extrel C-150 quadrupole massturbulent flow conditions, which is characterized by a multitude
spectrometer and a ETP electron multiplier. The sampling and of eddies with rapidly oscillating trajectories. Empirically, it
detector chambers are each pumped by a 550 Varian Turbo  has been found that laminar flow is stableNat < 2000 and
pump. The detector pump is backed by the sampling chamberthat turbulent flow is stable &z > 30007 Conditions between
pump, which is backed by an oil-free scroll pump. Pressure in 2000< Nr < 3000 are often classified as “transitional” because

.

the sampling chamber ranges from k3107 to 5.8 x 10~ oscillations between turbulent and laminar flow can be observed
Torr when the flow tube is varied from 30 to 725 Torr. The under controlled conditions. For the typicaj flbw rates noted
pressure in the detector chamber varies fromx 20" to 2.4 above, Reynolds numbers of over 4000 are achieved, well into
x 107® Torr over this range of flow tube pressures. the turbulent flow regime.

lons are produced by passing a precursor gas through a Neutral reactant gas is introduced into the flow tube via a
Nuclecel in-line ionizer (NRD), a tube measuring 2.5 in. i moveable 0.25 in. diameter stainless steel inlet line that runs
length and 0.25 in. in inner diameter that contains Polonium along the radial center of the flow tube. To ensure adequate
(21q30) metallic foil. This results in a relatively gentle ion source mixing of the reagents, several attachments have been added
since much of the ionization comes from secondary electrons tg the tip of the moveable inlet to promote eddy formation. A
that are thermalized by the high pressure of the buffer gas. Thisschematic of the inlet is shown in Figure 2. First, a stationary
is confirmed by the present experiments where the &s~ stainless steel fan-blade has been attached several inches
ratio is a good indicator of electron energy. Achieving significant ypstream from the end of the inlet. This serves both to keep
ion signal from the source requires passing large gas flows the inlet centered in the turbulent core of the flow tube and to
through the in-line ionizer. Typically, flows of 50 L min are promote eddy formation upstream of the reactant line. Second,
required; however, only a very small percentage of this flow a fan-shaped Teflon “turbulizer”, as developed by Seeley &t al.,
(10-3t0 1076 %) is actual precursor source gas. The remainder js attached to the tip of the movable injector. Finally, a 0.25 in.
is N buffer gas. An additional buffer flow, typically 20 L i, diameter stainless steel “showerhead” has been added to the
is introduced into the flow tube via another inlet, as shown in very tip of the inlet, offset by approximately 2 mm, directly in
Figure 1. The flow of N into the tube from both inlets can be  the path of the neutral reagent flowing from the inlet. This causes
varied to achieve the desired source conditions and flow the gas to be sprayed out of several holes and also redirected

dynamics. from the center line into the turbulizer.
The flow characteristics of gas in a tube are particularly  |n characterizing their turbulent flow reactor, Seeley et al.
dependent upon the Reynolds numbes,® concluded from flow visualization studies that with the Teflon
turbulizer alone the reactant concentrations appeared radially
Ng = 2atp 1) homogeneous 5 cm downstream of the movable inlet when

u either the pressure was below 10 ToriNgrwas above 700. In
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the present experiment, the actual mixing distance in the flow 2.0 . . , , . . r
tube has been determined by measuring rates at several reaction Lo ]
distances. This end correction determination takes into account 1sl O 50 torr ]
the mixing time of the neutral reactant. End corrections were 0 100 torr
examined at 100 and 300 Torr, and in both cases, the rates I ]
measured at many reaction distances{25 cm) were within . oo £ 200 tor 4
3% of each other, indicating the end corrections are negligible 2 - v 300 torr 1
at both 100 and 300 Torr. In general, we have found that the > ;,[ o
additional showerhead and stationary fan blade inlet line [ 3, 1
attachments provide more complete mixing of the reactants than 6 A
that achieved by using only the turbulizer. ter PR O %
Seeley et af. also investigated the issue of reactant wall [ 0 @ Q ©
interactions leading to interference in determining rate constants. 10 e 55 8000

Through modeling and experimental tests, they concluded that
the frequency of reactant wall interactions decreases rapidly with
increasing pressure and that within the turbulent flow regime, Figure 3. Ratio of ion velocity to buffer velocityyi/up, as a function
wall losses are at least an order of magnitude smaller than inof Reynolds number\, at pressures of 50, 100, 200, and 300 Torr.
the low pressure laminar regime. Since ions are lost with every

Reynolds Number, N,

collision with the wall, the persistence of ions down the length 3000 T T T T T
of the flow tube supports this assertion and the present technique . \
' o : . \
should be well suited to studying iemadical reactions. 2500¢ \ —Buffer .
Determination of Rate Constants.The experimental ap- . Y ]
proach taken to determine the rate constinfor the general ©»  2000[F \ -=-lon ]
reaction § ! ]
N N E 1500[ ]
A+B—C +D (2) S
is to monitor the decrease in the-Aon count rate as a function > 1000f ]
of the flow rate of the neutral reactant gas, B, into the flow
tube. Because B is present in large excess, pseudo-first-order 500} .
kinetics apply, and the reaction rate equation in this case is
expressed as 0 . . . R
0 100 200 300 400 500 600 700
IN([A™]/[AT]) = kr[B] (3) Pressure
The reaction timery, is related to the average ion velocity, b 250 T T T . — r
and the reaction distance, by © = z/y. The ion velocity
depends on the dimensions of the flow tube, the identity of the S 200l 1
carrier gas, and the carrier gas temperature, pressure, and flowg ]
rate. In this apparatus, the ion velocity can be measured by £
inserting electrodes into the flow tube’s two additional ports, @ 150[ ]
pulsing each of the electrodes separately, and measuring the &
ion arrival times. The ion velocity is then calculated by dividing ';
the distance between the two pulsing electrodes by the difference.8 100} 1
in the two arrival times. The ratio of the ion velocity to the & i
buffer velocity, v, where E  sol 1
v, = Qlna® (4) ]

0 1 1 I
anda is the flow tube radius an@ is the volumetric flow rate 0 100 200 300 400 500 600 700
of buffer gas in the tube, was determined as a functioNgoét Pressure
several different pressures. These results are shown in Figurerigure 4. (a) Flow velocities as a function of pressure for typical
3. In laminar flow (Ngr < 2000),»/v, decreases from 2 to 1.3.  operating conditions of 4508 Nr < 5000. Note that flow velocities
The value of 2 is the value expected at the maximum of the are linear as a function of /(b) Minimum and maximum ion reaction
parabolic velocity profile characteristic of laminar flow, dem- tlmﬁs 335?) 5‘6”?L‘;“&Lgfg?‘;;ié%;%’ﬁﬁi‘soggrrraeté';%gggfg'?h”esr‘:n‘;iogf
onstrating that little mixing of the ions occurs at high pressures distaRnces that can be achieved using the movable inlet.
in the absence of turbulence. In the turbulent flow regiig (
> 3000),usi/vp has a value ok 1.2. The turbulent velocity profile field to the number density. However, there is no obvious
in the central portion of the tube is significantly flatter than the pressure dependence in the valuevgfy, over the range of
laminar profile. The central core is the only portion sampled pressures examined. In practice, the instrument is operated at
by the mass spectrometer. The ion velocity could not be 4500< Nr < 5000 wherevi/vy, is approximately 1.10. The flow
measured above 300 Torr with the existing pulse generator. A velocities and ion reaction times obtained under typical operating
larger voltage pulse>100 V) is required for ion velocity conditions are shown in Figures 4a,b, respectively, as a function
measurements at higher pressures since making a significanbf pressure. Note that the flow velocities are linear as a function
perturbation to the ion signal depends on the ratio of the electric of 1/P since we normally change the pressure by throttling the



5514 J. Phys. Chem. A, Vol. 104, No. 23, 2000 Arnold et al.

exhaust valve while keeping the flow rate constant. The ion T T -
reaction times involved in this experiment are relatively long, 6
which often necessitates the use of very dilute neutral reactant L -
gas mixtures. For fast reactions, mixtures<dd.1% in N, are FSO-
used routinely. z

Although the general scheme outlined above for measuring
reaction rates works well, we find that the time required to
stabilize the different neutral reactant gas flow concentrations
becomes a practical consideration at higher pressures. Small SFy

flow rates take considerable time to flush the inlet line at high r H Feo S0
) 2

Intensity

pressure since a large quantity of gas resides in the inlet line.

Stable reactant flows are more easily achieved by adding a N X i
reactant flush gas mixed as closely as possible to the reactant 0 50 100 150 200
line. The flow rates are 101000 times as large as the reactant Mass (amu)

f'?"’"- In the futqre, kinetics may be megsurgd by varying the Figure 5. Typical mass spectrum obtained for the reaction of SF
distance of the inlet, and thus the reaction time, rather than by sg, at 100 Torr.

varying the neutral reactant concentration.

In considering the errors associated with the new TIFT the effects of these secondary reactions were accounted for by

apparatus, we note that Seeley et hlve argued previously extrapolating the measured branching fr_act_ion_s to a ne_utral
that the largest potential error associated with operating in reactant flow rate of zero. The product distributions obtained

turbulent flow conditions is related to determining the turbulent thus far were then corrected for the products of other reactive

core velocity. However, because the ion velocity can be well ions present simultaneously in the flow tubg. TO rgduce the
characterized in this apparatus as compared to a neutrai€ffects of mass discrimination, the product distributions were

apparatus, this is not expected to be a major source of elrrOr_determlned at low mass resolution; no further correction was

Another potentially large source of error involves unknown madg for mass dlsqnmmatlon. As an .addltlonal note, we
mixing of the reactants. Again, this is not thought to be a considered the _pOSS|b|I_|ty th_at mass bias may exist In the
' extraction/sampling region given that Zook and Grimé&fud

significant factor in this apparatus because end corrections can . - . )
be measured directly and were found to be negligible (less than report heavy ions are sgmlpled more efficiently in a high pressure
nstrument and that this is related to the lens voltages in the

a few percent). What remains are the usual errors associated . - - . . .
with flow tube measurements of rate constdfits,g., errors extraction/sampling region. However, this sampling deficiency

associated with measuring total and reactant flow rates, pressureOloes not appear to be a problem W'th the current system and
temperature, and reactant mixture concentrations. Because it i{peratlon of extraction lenses. Comparing the reactant ion signal

often necessary to use very dilute reactant mixtures, we suspec oSS 1o the sum (.)f th? product ion §|gnals ylelds a mr;mmum

preparation of these mixtures leads to the single largest source""bso.lute uncgrtaln'_[y in the brancholng fractions of 25%. The

of error in this experiment. Absolute errors in the rate measure- relative error is estimated to be 10%.

ments are estimated to be on the order of 25%, while the relative Results and Discussion

errors are estimated to be 15%. These errors are the same as

we report for our other ion flow tubés:? As a first study to show the capabilities of the TIFT, we chose
Pressure-dependent product distributions can be obtained forthe previously characterized reaction ofsSkith SO, in part

some ion-molecule reactions using the TIFT. Because this Pecause Sf is easily formed in the radioactive source and is

instrument is more similar to a flowing afterglow than to a SIFT, Not easily hydrated. As shown in previous studies <dt

the ability to obtain product distributions may not be general; TOIT,**"1° this reaction yields three product ions:

particular experimental conditions need to be met in order to

obtain product information. First, the reactant ion has to be Sk +30,— Sk +FSG, ®)
produced cleanly in the ion source, meaning only trace amounts —FSO + SR

of other reactive ions are formed simultaneously. Parent ions 5

that can be formed with the radioactive ion source are good —F,SQ,” + SF,

candidates. Second, it is imperative that impurity levels in the

flow tube be reduced to the lowest levels possible since the A typical mass spectrum obtained at 100 Torr is shown in Figure
instrument is extremely sensitive to fast reacting impurities. 5, illustrating that the same ionic products are formed in the
Finally, it is important to be able to distinguish and account for very high pressure region. Two examples of kinetics data
other chemistry that may be occurring in the flow tube. For obtained at 100 Torr are shown in Figure 6.

example, there may be other ions present in the flow tube that Rate constants were determined from data sets similar to that
react to yield similar products as that from the reactant ion of shown in Figure 6a, where a large percentage of the primary
interest. Alternatively, secondary chemistry may occur, either Sk~ ion signal is depleted by reaction with @Orotal rate
between the product ions and the neutral reactant gas or betweeronstants are shown in Table 1 for pressures from 25 to 700
the product ions and the source gas. Because reaction times irforr. The overall rate constant is not pressure dependent, and
this instrument can be relatively long, even very slow reactions the reaction proceeds at approximately 75% of the collision rate,
can affect the observed product distributions. In practice, product consistent with previous measurements made &florr14-16
branching fractions were determined by recording the product Interestingly, Ferguson has noted that the rate of reaction 5
ion count rates as a function of the neutral reactant flow rate. varies with kinetic energy, decreasing an order of magnitude at
To reduce the effects of secondary reactions between the producd.6 eV and then increasing again.

ions and the neutral reactant, product distributions were Product distributions were determined from kinetics data sets
determined at low neutral reactant concentrations. In addition, such as that shown in Figure 6b, where only a small percentage
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Figure 6. Kinetics data for reaction of $F + SO, at 100 Torr. (a)

Data showing large depletion of primary ion signal used for determining

reaction rate constants. (b) Data showing small depletion gf Signal
used for determining product distributions.

TABLE 1: Rate Constants and Product lon Distributions
for the Reaction of Sk~ with SO,, Measured at 300 K from
25 to 700 Torr

pressure rate (10° branching fractions

(Torr) cmPs )2 Sk +FSQ FSO, +SF, FSO™ + Sk

<1 1.0 0.26¢ 0.54 0.2¢

25 1.1 0.26 0.60 0.14
50 1.1 0.23 0.57 0.20
100 1.1 0.23 0.63 0.14
200 1.0 0.23 0.60 0.17
300 1.1 0.22 0.60 0.18
500 1.1 0.24 0.61 0.15
700 0.99 0.23 0.57 0.20

ak. = 1.4 x 10° cm? s, as calculated by the method of Su and

Chesnavici819 b References 1416. ¢ Reference 16.

of the primary ion was reacted with S@ order to reduce the

effect of secondary reactions. In addition, the flow of 8fas

kept extremely small. This low flow rate is feasible since the
Sk electron attachment rate constant is more than 2 orders of
magnitude greater than reactiod’5As shown in Table 1, the
product distributions for reaction 5 are independent of pressure
from 25 to 700 Torr within our experimental uncertainty. These
results are in good agreement with the previous measurement
made at<1 Torr. Ferguson has noted that, like the rate constants,

J. Phys. Chem. A, Vol. 104, No. 23, 2008615
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Figure 7. Ratio of Sk~ to Sk~ in the absence of SQas a function
of pressure, demonstrating larger percentage gf B&gmentation upon
sampling with increasing flow tube pressure.

tion of the present results and the energy dependence results
may indicate that the lifetime of the complex is exceedingly
short and that the increase in pressure does not result in collision
of the buffer with the collision complex before it falls apart.

In measuring product distributions for reaction 5 at pressures
above 200 Torr, several complications arose. First, the SF
signal that appears at the detector is not only a product of the
Sk~ + SO, reaction; some results from breakup okSHuring
sampling. The amount of $F resulting from electron attach-
ment to Sk is well-known (0.07%}.” While this does account
for the amount of S§ observed at 25 Torr, it does not account
for the much larger fraction observed at higher pressures. We
were unable to change the SRo Sk~ ratio by introducing
the Sk source gas either upstream or downstream of the in-
line ionizer, indicating electrons from the radioactive source
are indeed thermalized. The amount ofsSFesulting from
breakup of SE~ increases with increasing pressure, as shown
in Figure 7 where the SF to Sk~ ratio in the absence of SO
is shown. This increase suggests Sk partially dissociating
upon sampling. Although we have been able to effect theg SF
to Sk~ ratio by changing the lens voltages, we could not
completely eliminate this problem without reducing the ion
signal to unworkable levels. For the branching ratio measure-
ments, a background of §F, representing that due to breakup
of Sk, is subtracted from the SF signal. Although this
becomes a relatively large correction at 500 Torr and above,
we were still able to obtain reasonable data at these higher
pressures, as evidenced by the flatness of the branching ratio
with pressure.

Another complication with measuring product distributions
above 200 Torr involved interfering secondary reactions between
the products of reaction 5 and thegource gas. Because the
reaction time is relatively long at high pressures, even very slow
secondary reactions can be observed in this apparatus. In this
case, the $50,~ product was found to react slowly with §F

F,SQ,” + SF,— SR, + F,SQ, (6)

o he unwanted effect of this secondary reaction was reduced by

using a 1% SEmixture through the in-line ionizer rather than

the branching fractions for reaction 5 vary dramatically with USing neat S&

energy'* At low E/N, F,SO,~ is the dominant product ion while
FSG~ and Sk~ are major products at high E/N. The combina-

Secondary reactions between Sihd the SF and RSO~
products from reaction 5 were also observed:
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SR~ +SQ,— F,SO,” + SF, 7) Omegalux airflow heater. The pressure range will also be
extended to approximately 2 atm. The TIFT compliments the
F,SO, + SO,—FSO, + FSQ, (8) other fast flow instruments in our laboratory, allowing for studies

of ion—molecule reactions over a wide range of conditions. With
the combination of a high-temperature flowing afterglow and a
selected ion flow drift tube, studies over an extended temperature
range of 86-1800 K can be made. Studies over a kinetic energy
range of 0.0%-0.5 eV can also be made.

Our qualitative observations are consistent with the measure-
ments of Strei® who has previously reported a rate constant
for reaction 7 equal to 6 10719 cm? s71, while reaction 8 was
reported to be slow. The secondary chemistry indicates that

FSG™ is the terminal negative ion in this system. Acknowledgment. We would like to thank John Jayne and
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