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The absolute rate constant for the reactiotPlF(vith Ch has been measured using the discharge flow kinetics
technique coupled to mass spectrometric detectioh at 180-360 K and 1 Torr He nominal pressure.
Experiments were performed at NASA Goddard Space Flight Center (GSFC) in Greenbelt, MD, and Laboratoire
de Combustion et Systemes Reactifs-CNRS in Orleans, France. Reskls &.7 & 0.8) x 107t and (6.2

+ 0.8) x 107 cm?® molecule* s tindependent of temperature were obtained by each laboratory, respectively.
When the results from both laboratories were combined into one data set, an average temperature independent
value ofk; = (6.0 & 1.1) x 10 cm® molecule! s™! was obtained. A very slight positive temperature
dependence witky(T) = (6.5 + 1.5) x 10! exp{ —(20 + 60)/T} cm?® molecule! s™* may also be derived

from the combined data in the range= 180—360 K.

Introduction work at GSFC covered a temperature rangd of 180—298

K. The work at CNRS covered a temperature rangd of
30-360 K. Both studies used the technique of discharge flow
ass spectrometry (DF-MS).

The abstraction of chlorine atoms by fluorine atoms from
Cl; has been used for years as a convenient and reliable metho
to determine the concentration of F atos.

Experimental Section

Work at NASA/GSFC. Discharge Flow ReactorAll experi-

) o ) ) ) ments were performed in a Pyrex flow tdt80 cm long and
Few investigations of this reaction have been reported in the 3 g cm in diameter with the inner surface of the flow tube being
literature. In a study by Warnatz et Zlthat covered a jined with Teflon FEP. A diagram of the apparatus is shown in
temperature range from = 232 to 350 K, a rate constant of  rigyre 1. The flow tube has an outer jacket for the circulation
9.5 x 107 cm® molecule® s™* at T = 300 K was reported. o 5 controlled flow of nitrogen vapor from liquid Nor
These results provide an activation energy of 1400 calol  hermostated fluids. The flow tube was coupled via a two-stage
A study by Clyne et at.at T = 298 K yielded a rate constant  gtainless steel collision-free sampling system to a quadrupole
of 1.1 x 107 cm® molecule* s™*. A subsequent study from a5 spectrometer (ABB Extrel Corp.) that was operated at low
the same laboratory by Appleman efalt T = 298 K gave @ gjectron energies (typically less than 20 eV). lons were detected

F+ Cl,— FCI+Cl AH__ = —2kcalmol* (1)

xn

rate constant of 1.6 1071 cm® moIecuLel_s—l. Thus atT = by an off-axis conversion dynode/channeltron multiplier (Detec-
298 K a variation of more than 50% is observed in the (4 Technology Corp.). The total pressure was 1 Torr He. The
measurements of the rate constant for reaction 1. linear flow velocity ranged from 2700 to 3000 cmis

In some instances, for example to correct for undertitration  The C}, reactant was introduced into the flow tube via a Pyrex
at low [F]* the absolute value d¢ is required as a function of  gyable injector, which could be changed from a distance of 2
temperature. In light of the limited and conflicting data available, g 44 cm from the sampling pinhole. The helium carrier gas
reaction 1 was examined as a function of temperature in two \y 55 flowed at 600 sccm at = 298 K and 1100 sccm &t =
different laboratories. One study was performed at NASA 1g0 K, into the reaction flow tube through ports at the rear of
Goddard Space Flight Center (GSFC) in Greenbelt, MD, and the flow tube. All gas flows were measured and controlled by
the other study was performed at Laboratoire de Combustion yj5ss flow controllers (MKS Instruments). The mass flow
et Systemes Reactifs-CNRS in Orleans, France (CNRS). Thecontrollers were calibrated using the pressure drop method. In
this method, the gas flow originates from a bulb of known

* Corresponding author: E-mail: regina.cody@nasa.gov. Tel: (301)286- ; ;
3782, Fax. (301)286-1683. volume, and the pressure of the gas in the bulb is recorded as

TAlso at Department of Natural Sciences, Coppin State College, & function of time. Using the pressure change with ti@/(
Baltimore, MD 21216. At), the known volume\(p), and the temperaturd), the gas
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Figure 1. Diagram of the apparatus at NASA/GSFC.
flow (F) can be calculated fronk = (Vo/RT)(AP/At). This B2 reactor He movable injector

calculated flow is compared with the flow reading of the flow

controller. This calibration is done for several gas flows covering J

the range of the flow controller to yield a calibration factor. ~ , & B ChiHe
Atomic Fluorine Production and Titratior-luorine atoms £5 “

were generated by passing molecular fluorine (ca. 5% diluted &

in helium) through a sidearm at the upstream end of the flow ’3:;‘;‘;’2’:

tube that contained a microwave discharg®Q W, 2450 MHz | o

Opthos Instruments). The discharge section consisted®sf a pump atrareatng 1 FyHe

in. ceramic discharge tube coupled to a glass arm.

The concentration of fluorine atoms in the kinetic studies was
determined by measuring the ;Ctonsumption in the fast  jn 3 discharge flow reactor using a modulated molecular beam
was determined by measuring the decrease in the gfnal consisted of a Pyrex tube (45 cm length and 2.4 cm i.d.) with
(m/z=70) at an electron energy of14 eV when the discharge 5 jacket for the circulation of the thermostated liquid (ethanol
was initiated. The diluted @He mixture was admitted via the o \ater). The configuration of the movable double injector used
movable injector. The position of the injector was chosen 1o for the introduction of the reactants into the reactor is shown in
ensure that reaction 1 went to completion during the titration, Figure 2. To reduce the wall loss of F atoms, the inner surfaces

and that this position was close to the middle of the decay range of the reactor and the injector were coated with halocarbon wax.
for Cl; under reaction conditions for the rate constant measure- £ atoms were generated in a microwave discharge dfléited

Figure 2. Diagram of the apparatus at CNRS.

ment. The absolute F atom concentration is given by in He, which was used as the carrier gas in all the experiments.
_ . . It was verified by mass spectrometry that more than 90%of F
[F] = [Clalpiscort — [Clalpiscon= (ACI, signal)[Chlpiscort was dissociated in the microwave discharge. The fluorine atoms
(2) were detected at their parent peak (F/e = 19) and also as

FBr at m/e = 100, after scavenging by Bat the end of the

where ACI; signal) is the fractional decrease in the Ginass reactor through the fast reactién:

spectrometric signal when the microwave discharge is turned
on and is calculated from F + Br,— FBr + Br k,=2.2x 10 cnf®
(ACl, signal)= molecule's™ (3)
[S(discharge off)— Sdischarge on)¥discharge off)
Br, was added 5 cm upstream of the sampling cone.

Typically, 65-75% of the |; was dissociated and initial F atom This last method of F atom detection was preferred to the
concentrations were (1-310.7) x 10'® molecule cn® for the direct detection am/e = 19 (F"), when working with low
kinetic studies. [Gl] was 3—4 times greater than [F] to yield  concentrations of F atoms (kinetics of F consumption in excess
fractional reductions in [G] of 0.2—0.3. The reaction time for ~ of Cl,, see below), because detection sensitivity of the mass
the titration was typically £4 ms, which was less than the spectrometer for FBr was better than for F atoms. In addition,
typical flow time from the probe position to the sampling hole in this case one does not need to make corrections on the
to the mass spectrometer. possible contribution atv/e = 19 of FCI, product of reaction

Materials. Helium (99.9995%, Air Products) and F4.92% 1. All the other relevant species were detected at their parent
in helium, Air Products) were used as obtained.(@LSI grade, peaks: me = 38 (R*), 70 (Cb"), 160 (Br™).
Air Products) was degassed at liquid nitrogen temperature. Absolute concentration of F atoms was measured from the

Work at Laboratoire de Combustion et Systemes Reactifs- titration reaction 3 using an excess of,Bin this case, [FF
CNRS. Discharge Flow ReactoExperiments were carried out  A[Br,] = [FBr]. Another method of the absolute calibration of
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8 TABLE 1: Experimental Conditions and Results for the
7 ~ Study of the F + Cl; Reaction: Kinetics of Cl, Consumption
=6 T=208 K in Excess of F Atoms
_;-; 51 no. of decays T (K) [Flmea? ke lab.
4 4
] 3] 9 360 1.8-13.4 6.1+ 0.8 CNRS
z, o180 K 8 320 1699 6.0+ 0.9 CNRS
- - 8 298 1.2+10.3 5.68+ 0.54 GSFC
T 8 294  0.9-96 6.0+ 0.7 CNRS
0 T ‘ ‘ ‘ 8 273 1.3-9.1 6.2+ 0.8 CNRS
0.00 200 400 600 800 10.00 7 250 0.8-6.7 7.0+ 0.8 CNRS
Time/ms 9 230 0.475 6.5+ 0.8 CNRS
Figure 3. Examples of the kinetic runs of &tonsumption in reaction g 538 %;ggié ggﬁ 112 ggEg
with excess F atomsT = 298 K andT = 180 K. 8 180 2.54—8.63 4'87j: 0'47 GSFC

Nesbitt et al.

the F signal consisted of titration of F atoms by an excess of  aUnits of 102 molecules cm3. ® Units of 101 cn® moleculet s%;
Cly; [F] = A[CI,]. Results obtained by these two approaches errors are & plus 10%.
were always consistent within a few percent. The concentrations
of the stable species in the reactor were calculated from theirin He was estimated from that of Ar in He according to the
flow rates obtained from the measurements of pressure drop ofmethod of Lewis et al.to beD = 197 cn¥ st at T = 180 K
mixtures of the species with helium in calibrated volume flasks. andD = 367 cn¥statT = 298 K. AT*2dependence dd on

Materials. The purities of the gases were as follows: He T was assumed in eStimatirEg at other temperatures. A small
99.9995% (Alphagaz) was passed through liquid nitrogen traps; (8%) stoichiometric correction to [Fjwas made to allow for
Cly > 99% (Ucar); Bs > 99.99% (Aldrich); & (5% in helium, ~ the depletion of F during the reaction.
Alphagaz).

[Flnean= [Flo = [Cl ] 6)

Results

Work at NASA/GSEC. The rate constant measurements for 1N€ bimolecular rate constaiki is related to the corrected
reaction 1 were performed under pseudo-first-order conditions PSeudo-first-order rate constab through the expression

with [Flo > [Cl2]o and [FP/[CI]o ranging from 6 to 41 at a
; ’ : kCOIT = kl[F] mean+ kioss (7)

total pressure of 1 Torr He. The initial concentrations of ClI
were (2.0-9.9) x 10* molecules cm?®. The first-order decay ) ) i
of Cl, is given by the expression where [Fheanis calculated from eq 6 anldssis the first-order
rate constant for the loss of £n the walls or other first-order
In[CL,]; = —Kypdd/v) + In[Cl,], 4) processes. Figure 4 shows a plotkefr versus [Fleanat T =
298 K. The slope of this plot givelg(298K) = (5.68+ 0.54)
wherekgpsis the measured pseudo-first-order decay constnt, x 107! cm?® molecule’ s~ Similar plots giveky(220K) =
is the distance from the tip of the movable injector to the (6.53 £ 1.18) x 1074 ki(200K) = (5.81 + 1.16) x 10714,
sampling pinhole, and is the linear velocity. Linear least-  and ky(180K) = (4.87 + 0.47) x 107%, all in units of cn®
squares analysis of plots of In¢Qignal) atmyz = 70 versus molecule! s, The errors are:1o + 10% for systemic error.
contact time yielded the observed pseudo-first-order rate The results are summarized in Table 1.
constantkeps Figure 3 shows two examples of such plots. The ~ Work at Laboratoire de Combustion et Systemes Reactifs-
experimental first-order decay constants were corrected (2.5%)CNRS. All the experiments were carried out at 1 Torr total
for axial diffusion of the G4 in helium gas with the relationship ~ pressure of helium. Two series of experiments were performed
to measure the rate constant of the reactioft El,: one by
Keorr = Kopd L + kopDI27) (5) monitoring Ck consumption kinetics in excess of F atoms and
where v is the linear flow velocity andD is the diffusion

another by monitoring of F decays in excess of @blecules.
Cl, Kinetics in an Excess of F Atom# this series of
coefficient of C} in helium. The diffusion coefficient for Gl

experiments reaction 1 was studied under pseudo-first-order
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Figure 4. Plot of pseudo-first-order rate constants versus the mean fluorine atom concentratien248 K.
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TABLE 2: Experimental Conditions and Results for the
Study of the F + Cl, Reaction, Kinetics of F Consumption in
10 — Excess of C} (CNRS)
L no. of decays T (K) [Clalmead kP
- 8 360 0.5-8.1 5.8+ 0.7
—~ 5F 7 335 0.4-7.2 5.8+ 0.7
£ 8 240 0.5-6.5 6.1+ 0.8
£ L
2 @ Units of 132 molecule cm?®. ® Units of 10! cmPmolecule’s™,
5 3 errors are & plus 10%.
EN 2 500
IF1 (1012 molecule crr3)
® 95
e o &0 400
C o 27
i | | a,
0 4 8 12 16 300

reaction time (ms)

Figure 5. Example of the kinetic runs of gtonsumption in reaction

ki' 1)

with excess F atomsT = 294 K 200
600
100
o 1 | 1 | 1
. 400 0 3 6 9
" [Clo] (1012 molecule cm™3)
[ L Figure 7. Example of pseudo-first-order plots of F atoms consumption
T:‘_ in reaction with excess ¢l
o 200 atom decay kinetics were monitored in the presence of excess
O T2k of Cl,. Because both F atoms and,@lere introduced through
® T-20k the double movable injector (see Figure 2), the F atom signal
r was monitored as a function of position and, therefore, time.
Experiments were carried out at three temperatures, 360,
0 R | L 335, and 240 K. The initial concentration of F atoms (detected
0 2 4 6 8 10 as FBr, see Experimental Section) was {3%50) x 104
[F1 (1012 molecule cm™3) molecule cm3, and the initial concentration of €was varied
Figure 6. Example of pseudo-first-order plots of &onsumption in in the range (0.48.1) x 102 molecule cm? (see Table 2).
reaction with excess F atoms. The flow velocity in the reactor was 154@160 cm s*. The
concentrations of Gland F atoms were simultaneously meas-
conditions using an excess of F atoms oves @blecules. ured as a function of reaction time. A consumption of excess
Experiments were carried out in the temperature range reactant, Gl was also observed. In most cases, this consumption

230-360 K. The initial concentrations of &ivere (1.2-4.0) was less then 10% and it reached 30% in a few kinetic runs,
x 10" molecule cm?; the range of F concentrations is shown where insufficient excess of £bver the F atom concentration

in Table 1. Flow velocities in the reactor were (15&B00) was used. For the rate constant calculations the mean values of
cm s L. The wall loss rate of Glwas negligible €1 s™1). The [CI;] over the reaction time of the F kinetics were used. The
consumption of excess reactant, F atoms, was negligitil€%o) examples of the pseudo-first-order plots measured from F atom

in all the experiments, and was taken into account using the decay kinetics are shown in Figure 7. The pseudo-first-order
mean F concentration over the whole reaction time for the rate constant values were corrected to take into account the axial
calculation of k;. An example of the kinetic runs of the and radial diffusion of F atoms. The diffusion coefficient of F
exponential decay of @measured with different concentrations in He, was calculated fronDo_pe t0 be De_pe = 2.77 x
of F atoms is shown in Figure 5. Figure 6 shows an example of 10271810 Maximum corrections were around 10%. The values
the dependence of the pseudo-first-order rate constant of k; obtained from the slopes of the straight lines in Figure 7
ki[F], on the concentration of F atoms. All the pseudo-first- are presented in Table 2. The intercepts in Figure 7:180
order rate constant'1, were corrected for axial and radial s, are in fair agreement with the F loss ratel% st measured
diffusion of Ch.2 The diffusion coefficient of Glin He was in absence of Gl
calculated from that of Kr in H&. The maximum correction As noted above, F atoms were scavenged hyaBthe end
was about 10%. The values kiff were obtained from the slope  of the reactor to be detected as FBr molecules. This procedure
of the linear least-squares fit to the experimental data, as shownimplies that any secondary reaction could not affect the FBr
in Figure 6. All the results obtained fdg at the different concentration after its formation and therefore could not affect
temperatures of the study are reported in Table 1. the observed kinetics of F decay. Br atoms are the only active
F Atom Kinetics in an Excess of L£lin this series of species present at the zone of the reactor downstream,of Br
experiments to measure the rate constant of reactida, F addition point. They are formed simultaneously with FBr in
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22 A GSFC CI2 kinetics expression with a very weak positive temperature dependence:
‘o g . B CNRS CI2 kinetics ki =
@ I . —11 _ 3 —1 -1
3 28 | O GNRS F kinetics (6.5+ 1.5) x 10 " exp{ —(20 &+ 60)/T} im molecule " s
e T=180-360 K (10)
et D ¢ Appleman & Clyne The results for the rate constant for reaction 1 from this study
S 24 | . differ significantly from th iously published. The onl
3 I Least squares fitto iffer significantly from those previously published. The only
= present data other temperature study is that of Warnatz etiala discharge
= L - = - - Linear (Warnatz et flow mass spectrometer system that covered a temperature range
T EEEEE— alref2) from T = 232 to 350 K. As shown by the dashed line in Figure
2 3 4 5 6 8, this earlier study measured a much steeper temperature
(1000m) /K" dependence fok; than was found in this present work. Their

Figure 8. For the combined data set the temperature dependence ofderived Arrhenius expression is
the rate constant of the reactiott+Cl, — ClI + FCI. Continuous and 10 3 1
dashed lines represent the exponential it to the experimental data fromk; = 9.1 x 10~ exp(—700/T} cm” molecule ~ s

this study and ref 2, respectively. T=232-373K
reaction 3 and also in reaction 8 of Cl atoms (product of reaction where the activation energy is more than a factor of 10 greater
1) with Bry:tt than that derived in this work. Figure 8 also shows the value of
1.6 x 1071° cm® molecule! s~ measured by Appelman and
Cl + Br,— BrCl + Br (8) Clyne® at T = 298 K in a discharge flow mass spectrometer

system; this value dk; is about a factor of 2 greater than that
measured in this present study.

It is generally accepted that there is no secondary chemistry
in the F+ Cl, reaction system.In addition, the previous
studied3 as well as the present one all employed the same
experimental technique of discharge flow mass spectrometry.
Br + FBr— F + Br, 9) _Therefore, there is no obvious explanation for the discrepancy

in the values ok; between those from the present study and
those from the earlier studiés?

ke = 2.3 x 10 ** exp(~135/T) cm® molecule *s™*

Considering that reaction 9 of Br atoms with FBr is endothermic
by approximately 14 kcal mol, its possible influence in the
present experiments can be ruled out:

Excellent agreement between the results obtaine#;fander
different experimental conditions (see Tables 1 and 2) is
additional evidence that the procedure used for F atom detection
was correct.
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