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The discharge-flow kinetic technique coupled to mass-spectrometric detection has been used to determine
the variable-temperature dependence of the rate constant and product branching fractions for the reaction
between FP) and GH4 atP = 1 Torr nominal pressure (He). The reaction was studi€d-at202 and 236

K by monitoring the decay of £, in the presence of a large excess offj( The overall rate coefficients

were determined to ble(202 K) = (1.7 & 0.4) x 1071° cm® molecule* s™ andk;(236 K) = (2.1+ 0.5) x

10 *°cn?® molecule® st with the quoted uncertainty representing total errors. Further, the branching fractions
for the two observed reaction channels-FC;H, — C;H3z + HF (1a) and FH C,H, — CH3F + H (1b) were
determined by quantitatively measuring the yield gHgF under conditions of excessid,. The stabilized

adduct, GH4F, was not detected dt= 202 K. The derived branching fractions wdrg(202 K) = 0.25+

0.09,T'1, (202 K) = 0.75+ 0.16, andl'14236 K) = 0.27+ 0.13, andl'y; (236 K) = 0.73+ 0.20, where the

guoted uncertainty represents total errors. By inclusioky @98 K) = (3.0 & 0.8) x 107%° cm?® molecule*

s1, a revised value that used data from our previous studylag898 K) = 0.35+ 0.04 andI'y, (298 K)

= 0.65+ 0.04 from a laser photolysis/photoionization mass spectrometry study, we obtain the Arrhenius
expressiong;T) = (7.5+ 4.0) x 1071 exp[(—1.2 + 0.3)/(RT)] andkiy(T) = (5.2 + 1.0) x 1070 exp[(—

0.6 & 0.1)/(RT)] in units of cn? molecule® s for k and in units of kcal mol* for activation energy. The

guoted uncertainty represents total errorsaptecision errors plus 15% systematic errors. RRKM calculations
have shown that the critical energy for H addition tgHgF is less than 6 kcal mot larger than that for the
addition of F to GH,4 and that the competitive decomposition of chemically activatgd,E radicals favor

C—H bond rupture by a factor greater than 1000 over that feF®ond rupture.

Introduction F + C,He reaction,k(298 K) = 2.2 x 1071° cm?® molecule?

The kinetics of small gradicals such as vinyl ({3) have
implicit importance in the atmospheric chemistry of the outer
planetst in high-temperature chemistry of combustion proc-
esseg, and in ultralow-temperature chemistry of dense inter-
stellar clouds. These G radical species are generated either
by thermal or vacuum ultraviolet dissociation from a stable

precursor molecule or by chemical reaction. For example, in

Titan’s atmosphere, £1; is produced by the termolecular
association reaction of H with8,.14 Once produced in such

systems, these radicals serve to interconvert hydrocarbon

species.
The reaction of fluorine atoms with hydrocarbons is an

important laboratory source of hydrocarbon radicals. For the
reaction of fluorine atoms with alkanes only one pathway is
available: a H atom abstraction with the production of HF and

an alkyl radicaP The high reactivity of F atoms leads to rate
coefficients that typically are at the collision réte,g., for the

*To whom correspondence should be sent.
T Email: fnesb29280@aol.com.

*Email: ysrpt@lepvax.gsfc.nasa.gov.

8 Email: ulwap@Ilepvax.gsfc.nasa.gov.
I'Email: dwight-tardy@uiowa.edu.

10.1021/jp9901747 CCC: $18.00

s 1.7 Although the prompt radical generation is very desirable
to consume the initial F present and thus prevent secondary
chemistry, the high reactivity of F also leads to a low selectivity,
i.e., multiple pathways. In contrast to the alkanes, the reaction
of fluorine atoms with the an alkenege GH,, can occur by
two processes: (1) direct H atom abstraction to form HF and
the corresponding free radical, (2) addition of fluorine atoms
to the double bond to yield an energetic addueti4E*.8 The
C.,H4F* adduct can then decompose through the loss of a H
atom to form vinyl fluoride, GHsF, or it can be collisionally
stabilized to form an adduct-like product kF.210 This
mechanism results in three possible exothermic product path-
ways:

FCP)+ C,H,— C,H, + HF (1a)

— [C,H,~F]* — CHF + H (1b)
— [C,H,~F]* + M — C,H,F + M* (1c)

Thus, the F+ C;H4 reaction system illustrates the three
categories of a bimolecular reaction: a metathesis (abstraction),
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a displacement (addition followed by decomposition), and an using a pulsed IR laser photolysiphotoionization mass
association (addition followed by stabilization) reactién. spectrometry technique. In this study, the F atoms were
Previous reaction dynamic studies have shown that the F  generated by IR multiple photon decomposition gF£CI, and
C,H,4 reaction proceeds by parallel abstraction and addition the absolute branching fraction was determined from measure-
mechanism$.Specifically, a crossed molecular beam study of ments of both the gH; depletion and the $HsF product
F atoms with GH, and GD4 by Parson and Léedetermined formation. In an earlier study, Moehlmann and McDonald
that the addition adduct was a long-lived complex, which after measured the integrated HF infrared chemiluminescence and
several rotational periods eventually relehaeH atom and vinyl after deconvolution of the data determined an addition
fluoride. This study also determined that the abstraction channeldecomposition/abstraction cross-section ratio of 3, I'g,,=
produced a highly vibrationally excited DF (populatirg= 2, 0.75. The accuracy of this value is not known because of a need
the highest thermochemically accessible level) and a vinyl to assume populations of thre= 0 state of HF and the difficulty
radical with very little internal energy. The reaction of F atoms in determining absolute Einstein coefficients foiHgF. In the
with C;H4 has also been extensively studied by infrared first product branching study, which measured the yields of the
chemiluminescence techniqués!® A chemiluminescence stutfy 18F-containing product compounds by radio gas chromatography,
and a high collision energy (23.2.1 kcal mot?) crossed Williams and Rowland reported a total addition channel
molecular beam studyhave shown that the energy in the vinyl  branching fraction["aqq = I'1p + T, of 0.65.
fluoride product from reaction 1b was not completely random-  However, there has not been any kinetic or product branching
ized because of the exit channel barrier eféokcal moi-L. A fraction studies at low temperatures. The objective of this study
more recent, lower collision energy (6-2.5 kcal mot?) is to make direct measurements of the absolute rate constant
crossed molecular beam stdépas established an upper limit  and product branching fractions of reaction 1 as a function of
of 0.8 kcal mot! as the potential energy barrier to F atom temperature. Measurements were made using the discharge flow
addition to GHg. mass spectrometric technique at 1 Torr total pressure. These
Despite the intense interest from the reaction dynamics studies confirm that reaction 1 is a convenient and quantitative
viewpoint in the F+ CyH,4 reaction system, there have been laboratory source of thes3 radical over the temperature range
few bulk gas-phase kinetic and product branching fraction T = 202-298 K.
measurements. To date, there are two relative rate measure-
mentd81%nd only one absolute rate measurerffeattT = 298 Experimental Section
K for reaction 1 reported in the literature. Milstein et'al.
reported a relative rate of 0.82 0.02 in 4000 Torr of Skfor
addition reaction via reaction 1c relative to

Discharge Flow Reactor.All experiments were performed
in a Pyrex flow tube 60 cm long and 2.8 cm in diameter, the
inner surface of the flow tube being lined with Teflon FEP.
The flow tube was coupled via a two-stage stainless steel
collision-free sampling system to a recently installed computer-
controlled quadrupole mass spectrometer (Merlin mass spec-
trometer, ABB Extrel Corp.) that was operated at low electron
energies (typically less than 20 eV). lons were detected by an
off-axis conversion dynode/channeltron multiplier (Detector
Technology Corp.). The flow tube has a Pyrex movable injector
for the introduction of the @4 reactant, which could be
changed from a distance between 2 and 40 cm from the sampling
pinhole. Helium carrier gas was flowed at 945 sccm into the
reaction flow tube through ports at the rear of the flow tube.
All gas flows were measured and controlled by mass flow
controllers (MKS Instruments). At a typical total pressure of 1
Torr the linear flow velocity was between 2360 and 3000 cm
s 1. This system has been described in detail previotfsly.
Atomic F Production and Titration. Fluorine atoms were
enerated by passing molecular fluorine (ca. 5% diluted in
elium) or CR (ca. 10% diluted in helium) through a sidearm
at the upstream end of the flow tube that contained a microwave
discharge £50 W, 2450 MHz, Opthos Instruments). The
discharge region consisted offg in. ceramic tube coupled to
a glass discharge arm. When QOkas used, a recombination
volume was placed downstream from the microwave discharge
to allow CFK; to recombine. The volume was 10 cm in length,
7 cm in diameter Pyrex glass, giving a residence time of ca. 60

FCP)+ C,H, — C,H,F 2)

and Smith et al? reported a relative rate of 0.52 0.08 for
only the abstraction reaction 1k, relative to

FCP)+ CH,— HF + CH, ©)

in ~1 Torr Ar carrier gas. The previous absolute rate coefficient
measuremeri® performed in this laboratory, yielded the result
ki(total) = (2.7 & 0.5) x 10719 cm?® molecule’! s71 using the
same technique and similar conditions described below. The
relative rate measurement of Milstein etls consistent with
our previous(total) value when combined with a valueIof;
= kyoki(total) = I'1p = kap/ky(total) = 0.65 from ref 21 and a
recent measurement kf2° As discussed later, the total addition
channel rate coefficientagq = kip + ki, is believed to be
pressure-independent, and therefore, the only effect of pressur%
is the partitioning between the stabilization and decomposition
pathways of the adduct. Thus, the relative measuremekt. of
by Milstein et al'® at high pressure can approximate a
measurement okjp at low pressure. The other relative rate
measurement by Smith et®8lyielded only fair agreement with
our previouski, value, which was calculated from a value of
T'1a= kidks(total) = 0.35 from ref 21 and our previods(total)
value?0 ms
There have been three previous product branching studies -’ . . . N .

: n . The concentration of fluorine atoms in the kinetic studies was
carried out aff = 295-298 K over a wide range of pressures determined by measuring the LCtonsumption in the fast
and carrier gases: in 16@000 Torr of Sk and 240-1580 titration reaction
Torr of CR,° in 0.7 Torr of He?! and in 2 x 1074 Torr of
C;H4.12 These three studies are in good agreement with one F+ Cl,— FCI+ Cl (4)
another and have shown that the addition processes in this
reaction, channels 1b and 1c, occur about twice as frequently  k,(298 K)= 1.6 x 10 *°cm® molecule * s* (ref 23)
as does abstraction. The most recent and accurate measurement
of I'yp = 0.65 0.06) was obtained by Slagle and Gutrffan ~ With Cl, in excess, the F atom concentration was determined
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by measuring the decrease in the'Céignal Wz = 70) at an and Q (99.999%, Scientific Gas Products, UHP) were used
electron energy of-14 eV when the discharge was initiated. without further purification. Gl (VLSI grade, Air Products),
The dilute CH/He mixture was admitted via the movable injector. C;H4 (99%, Air Products), CIF(99.9%, Matheson), and,83F
The position of the injector was chosen to ensure that reaction (98%, PCR Inc.) were degassed using repeated fremamp—

4 went to completion and that the position was close to the thaw cycles at liquid nitrogen temperature.

middle of the decay range for,84 under reaction conditions.

The absolute F concentration is given by FF][Cla]pisc.off — Results

[Cl2]pisc.on= (ACI, signal)[Ch]pisc.of. As discussed previously

for N atom studieg? a number of precautions were taken in Kinetic Studies. The rate measurements were performed
order to avoid systematic errors in this type of measurement. under pseudo-first-order conditions with §F} [CoH4]o and [FY
Typically, 80—96% of the F; was dissociated and initial F atom  [C,H4]o values ranging from 8.4 to 13.6. The decay efigis

concentrations were (1=(6.0) x 10" molecule cm? for the given by the expression
kinetic studies. All F atom titrations for the kinetic studies were
conducted in the presence of the same oxygen concentration as IN[C,H,];, = —k,p{d/v) + In[CH,], (5)

used in the decay experiments as discussed below.

For the product branching studies, the concentration of Wherekopsis the measured pseudo-first-order decay constiant,
fluorine atoms was determined by measuring the decrease inis the distance from the tip of the movable injector to the
the K" signal ('z= 38) at an electron energy 6f20 eV when sampling pinhole, and is the linear velocity. Linear least-
the discharge was initiated. This method was preferred becausesquares analysis of plots of Ing84 signal) atm/z = 28 vs
the product yield measurements were performed with the injector contact time yielded the observed pseudo-first-order rate
position betweenl = 3 and 5 cm from the sampling pinhole as ~ constant, kobs. Corrections (0.53%) were made tckops to
discussed later in Results. If Ohad been used as a titrant at  account for axial diffusion to givieor according to the method
this injector position, there would not be sufficient time for Of Lewis et al?® The diffusion coefficient for @Hs in He was
reaction 4 to go to completion. Separate experiments with the estimated to b® = 288 cnf st andD = 216 cnfs ' atT =
injector at 30 cm showed good agreement betweenAtBie 236 K and atT = 202 K, respectively. Corrections for radial
and theAF, methods. The absolute F concentration is given by diffusion were not necessary, since they were always smaller
[F] = 2([Foiscor — [Faoiscod = 2(AF; signal)[Rloscor.  than axial diffusion. o
Typically, 80-96% of the k was dissociated and initial F As described previouskf, nonlinearity in the GH, decay

radical concentrations were (£@.6) x 1012 molecule cm?3 curves can be due to regeneration of ethylene via the rapid vinyl
for the product branching studies. self-reaction
In a few kinetic decay and product branching experiments at C,Hs+ CHy— C,H, + CH, 6)

T = 202 K, CR was used as the F atom precursor. Typically,

20—30% of the Ck was dissociated and the initial F atom k(298 K) = 1.41 x 10 2 em® moleculet st (ref 27)
concentrations were 1.810% and 2.7x 10' molecule cm?®

for the kinetic studies and 4.26 10'2 molecule cm? for the

two product branching measurements. For the kinetic studies
the initial F concentration was determined by €bnsumption

as described above. However, for the product branching studies C,H; + 0,—~HCO+ H,CO (7)
aACF," signal decrease method (analogous toAke" signal

decrease method described above) could not be used, since there _ -11 3 11

is not a CRr* parent ior® Instead, initial concentrations of F k(298 K) = 1.0 10~ cmmolecule s~ (ref 28)
atoms were determined by measurements of the @& €

54) generated in rapid reactior?4As in the Ch consumption
method, a dilute GIHe mixture was admitted via the movable
injector that was positioned to ensure that reaction 4 went to
completion, typically atd = 30 cm. Although this injector H+CH,+M—CH,+ M (8)
position is 25 cm further upstream from where the product yield

measurements were performed, previous experiments haveks(l Torr of He)= 6.0 x 10 **cm® molecule* s * (ref 29)
shown that the F atom concentration profile in the flow tube is

constant. This technique for measuring [F] by CIF formation, {5 the depletion of gH. are negligible €1%) under the
which avoids calibration with an external CIF reagent, has been conditions of the experiment.
thoroughly discussed by Appelman and Clyja&his technique To investigate the possibility of additional F atom loss
the Ch reagent flow was set so that an excess of@s present  pseudo-first-order conditions and Bt= 202 and 236 K were
in the flow tube, [C}]o/[F]o > 2, therefore converting all F atoms  performed by monitoring the fluoroethylene specigsiE (m/z
to CIF. Then under the same mass spectrometer conditions an(£ 46), GH,F» (m/z = 64), and GHF; (m/'z = 82). The ionizer
the same [Glo, the [F) was greatly increased, thereby energy used was IE 14.0 eV, which is above the ionization
consuming all the Gland the CIF signal measured. This second energy of vinyl fluoride (IE= 10.36 eV), all three gH.F,
Step determined the CIF Signal Calibration, since [ClF] prOdUCt isomersl Viny"dene fluoride (|E: 10.29 eV)’ Z)'l,Z'diﬂUO'
= [Cl2o. Thus, the CIF signal from R Cl, could be used to  roethylene (IE= 10.23 eV), E)-1,2-difluoroethylene (IE=
measure absolute F atom concentration in thé*-100' 10.21 eV), and trifluoroethylene (1€ 10.14 eV)?5 The results,
molecule cm? range used in this product branching study.  shown in Figure 2, demonstrate that the consumption,bkE,
Materials. Helium (99.9995%, Air Products) was drawn which is the dominant product of reaction 1, occurs simulta-
through a trap held at 77 K,F4.92% in helium, Air Products) neously and on approximately the same time scale asiHg C

Molecular oxygen, [Glo = (3.6—3.9) x 10 molecule cm?,
'was added to scavengetd;.

In the presence of Othe observed first-order decays were
strictly linear as required by eq 5 (see Figure 1). Possible
contributions from the reaction



Reaction between F and,g, J. Phys. Chem. A, Vol. 103, No. 23, 199973

10000 TABLE 1: Summary of Rate Data for the F(?P) + C,H,4
C Reaction atT = 236 Kand T = 202 K2

temp atomic F [Flmean [C2H4o Keorr

K precursor 10 molecule cm® 10" molecule cm® st
236 R 1.11 1.16 190
236 R 1.18 1.57 268
7; 236 R 1.81 1.94 288
= 1000 236 >3 2.57 2.54 491
“, 236 ) 2.67 2.76 509
== 236 R 3.29 2.64 681
&) 202 ) 1.98 1.56 325
> 202 > 2.71 2.44 498
= 202 ) 3.58 2.96 642
202 R 4.60 491 757
202 Ch 1.61 2.80 299
100 202 Ch 2.44 3.00 363

aExcess Qadded to scavenge; radical and prevent regeneration
of C,Hg4; see text.

the GHF; net signal, implying that it is a major product of the

Time (ms) F + C,H,F, reaction

Figure 1. Plots of In(GH4 net signal) vs reaction time a= 202 K

andP = 1 Torr. Concentrations are in units of #Gnolecule cm: F+ CH,F,— CHF,+H (10a)
[Flmean= (a) 19.6, (b) 26.8, (c) 45.4; [€l4]o = (a) 1.56, (b) 2.44, (c)
4.91; [Oo = (a) 393, (b) 392, (c) 394. Solid lines are obtained from — other products (10b)

linear least-squares analyses and give the following pseudo-first-order

CzHa decay rates in units of & (a) 321, (b) 489, (c) 737. For clarity, ~ However, reaction 10 becomes significant only near the comple-

traces a and c are shifted on the vertical axis; the actual net signaltjon of reaction 1. and therefore consumption of F by reaction

counts for trace a are twice that shown and for trace c are half that 10 was neglected in determining fhn

shown. . . .

To allow for the small depletion of F caused by reaction with

4000 C,H,4 and with GH3F as discussed above, measured concentra-

B tions of F were corrected according to

i [Flmean= [Flo = 0.5[GH o — 0.5[GHF]  (11)

3000 . .
The value of [GH3sF] resulting from reaction 1b can be
approximated from the product branching fractibi,, and the
T; initial [C2H4]oi
?: 2000 [CHsF] =T JCHlo (12)
z
For theT = 298 K data,I';p = 0.65 (ref 21) and thus
1000 [Flmean= [Flo — 0.825[GH,], (13)

Since our results from the product branching studies showed
thatT';pincreased slightly with temperature, fglnvalues were
slightly lower atT = 202 than aff = 236 and 298 K for the
same [GH4]o and [F]. The range for the correction was 63%.

This analysis to determine [RdanVvia egs 11 and 12 was
Figure 2. Plot of observed products 8= 236 K andP = 1 Torr applied to data from our previous study at= 298 K2° The
with [F]o > [C2H42]0. Concentrations arelin units of molecul4eb"m [Flmeanvalues are lower than the initial [Fby 16—31%. This
[Flo = 3.45x 10°% [CoHdlo = 3.40 x 10%% [O2]o = 3.66 x 10*. is a larger correction than was used for the low-temperature

) ] ) data because lower [#f]C,H4]o ratios were used in the previous

decay. Furthermore, the increasingHgF; net signal correlates study.

with the decreasing £1sF net signal, implying that it is a major The bimolecular rate constar, is calculated from
product of the F+ C,H3F reaction at low pressures

Time (ms)

kcorr = kl[F] mean+ kW (14)
F+ CH;F—CH,F, +H (9a)
wherek,, is a first-order rate constant that accounts for the loss
— other products (9b) of C,H4 on the walls of the flow tube or other sources. Table 1

summarizes the rate data and experimental conditior fer
Although kg has not been measured here and has not been236 and 202 K. Figures 1 and 2 show typical first-order decays
reported in the literature, its value should be between that of of C,H, in excess [F]. Figure 3 shows the variation in the

the Cl+ C,H3F reaction in the high-pressure limit, 1.8510-10 pseudo-first-order rate constdat, with [F]meanfor reaction 1
cm® molecule!s™tatT = 298 K (ref 30), and that of reaction — atT = 202—-298 K, respectively. A linear least-squares analysis
1, ki(298 K) = 2.7 x 10719 cm? molecule’? s71.20 Similarly, of the data in Table 1 according to eq 14 gives a bimolecular

the decay of the gH,F, net signal correlates with the rise of rate constant ofky(236 K) = (2.1 &£ 0.5) x 10710 cm?
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1500 Product Branching Studies.The only products of reaction

1 observed at botfi = 202 andT = 236 K were GH3F and

C,Hs. These products are consistent with previous stud-

ies8916-18.20.21Tg determine the product branching fractions,

measurements were made by monitoring thel4€ net signal

at m/'z = 46 directly as a function of distance (reaction time).

The experiments were conducted withbHz]o > [F]o to avoid

potential loss of @H3F via the secondary reaction 9. Jdu]of

[F]o values ranged from 14 to 41. As in the kinetic experiments,

molecular oxygen, [§o = (3.6-5.5) x 10 molecule cm3,

was added to scavengeHz. With [CoHg)o = (5.3—6.9) x 1013

molecule cm?3, the GH3F signal profile leveled off between

= 1.1 and 1.8 ms, indicating that the+ C;H, reaction had

gone to completion. At longer reaction timés; 2 ms, the net

C.HsF signal increased above this constant level. This growth

- in signal was especially noticeable when the percent dissociation

<A EWEE N N N of F, in the microwave discharge was90%, suggesting that

0 1 2 3 4 5 atomic hydrogen, formed along withsF in reaction 1b, reacts
(Flyean / 10 molecule cm™3 with undissociated £

Figure 3. Summary plot of the corrected pseudo-first-order rate .
constankcor VS [Flmeanat P = 1 Torr. The data points at= 202, 236, H+F,—HF+F (15)
and 298 K are indicated by circles, open squares, and open triangles, 10

respectively. Open circle data points usedas atomic F precursor.  Kig(T) = 1.46x 10 * exp(—1210T)

Solid circle data points used ¢Bs atomic F precursor. The lines are 3 ;11
obtained from a linear least-squares analysisT At 202 K the slope cm molecule s~ (ref 31)

f the dotted dashed li ieldg = (1.66 + 0.41 10710 cne® . . . -,
?nmeim;l (;1 aﬁz t?ne ihr]t(;rz:eep??/ieldt(;ﬁv = +13 4+ %1X§1. At '(r: — This reaction, followed by reaction 1, leads to additionzH -

236 K the slope yieldk; = (2.07=+ 0.53) x 1072°cn® molecule® s71 formation. Consequently, only experiments that used &Fa

and the intercept yields, = —32 4 54 s*. At T = 298 K the slope F atom source or had a high, Eissociation (and thus low
yieldski = (3.03+ 0.78) x 10"°cm® molecule s * and the intercept  residual [F]) yielded accurate product branching fractions.
yleldSkW = —114+ 106 s QUOted uncertainties are71)|us 15%. The final product @_'SF S|gna| levels were taken as the
TABLE 2: Summary of Revised Rate Data for the FEP) + average of th.e signals in thg plateau rggion. The magnitudgs of
C,H, Reaction atT = 298 Ka the product signals were calibrated using a range of appropriate
known concentrations of a referenceHgF/He mixture under

1000 —

srtgg:;rcsgr 102 m[;]é“ceznfe o 104 nggli_(':ﬂ(lje o l;i"{' similar flow conditions. The product branching fractidiy,
was determined from the equation
F, 2.35 9.31 559
5 103 723 298 I3 = [CHFVFl, (16)
F 2.94 9.20 461
Fz 3.79 14.3 963 For the abstraction channel
Fa 3.61 12.9 862
F 4.22 17.8 1384 =1-
E 2.22 5.79 552 Ta= 1= T (7
Ez gg ig:g g(l)g and since @H4F was not detected as a stable produd® at 1
= 3.45 18.1 1068 Torr, thenT";c = 0. The product branching fraction results are
F 2.79 10.6 794 summarized in Table 3 and give the following branching
Fa 2.21 6.55 513 fractions: I'1(236 K) = 0.734 0.20 andl'1,(202 K)= 0.754+
F2 1.03 3.60 250 0.16. Using eq 17 to determine the abstraction channel branching
e o 238 318 fraction givesI'1{236 K) = 0.27 + 0.13 andl'4(202 K) =

0.254+ 0.09. The quoted uncertainties are statisticalaaatd

. 2 Original data from ref 20. Only [Rkanvalues have been revised.  jnclude an additional 15% for estimated systematic errors.
Olzr;%/glﬁ [Fhean = [E’,O — 0.5[CHa]o; revised [Fhean = [Flo — At an ionization energy of-14 eV andP = 1 Torr (He), a

B25[GHdo (see eq 13). net signal atvz = 47 was detected at = 202 K. This signal
molecule’? s71 and k;(202 K) = (1.7 & 0.4) x 10710 cm? was previously reported in our studiéat T = 298 K but was
molecule! s71. Our previous room-temperature measurement unidentified. Two experiments were performed to determine
for this reactioA® wask;(298 K) = (2.7 + 0.5) x 10719 cm? whether the net signal observedralz = 47 was due to the
molecule’l s71. The reanalyzed data from this study is presented C,H4F addition-stabilization product of reaction 1c. First,
in Table 2 and Figure 3. A linear least-squares analysis of the simultaneous measurements of botlz = 46 and 47 signals at
revised data in Table 2 according to eq 14 gives a bimolecular this low temperature and under the vinyl fluoride yield
rate constant ofk;(298 K) = (3.0 £ 0.8) x 10710 cmd experimental condition described above showed that the tem-
molecule’? s™L. The interceptk, = +13 £ 51, —32 4 54, poral profiles of the two signals matched over the range<2.0
and—114+ 106 statT = 202, 236, and 298 K, respectively, t < 15.9 ms. The averaged ratio ofz = 47 tom/z = 46 net
are statistically insignificant, thus showing that there are no signal was 0.0233 0.0010. This value is in close agreement
additional GH4 loss processes in this system. Quoted uncertain- with the natural abundance of th€ isotope in the gH,4 reagent
ties are statistical at theslevel plus systematic errors estimated (2.2%) and, hence, in the;BsF vinyl fluoride reaction product.
to be about 15%. Second, further verification of the absence ofHGF was
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TABLE 3: Summary of the Experimentally Determined stronger than that in ethane by only 10.9 kcal Mé&P Also,
Prgdgct Brafnch;]ng Fractions I';o and I'p at T = 202 K and the activation barrier for F atom additioBaaqe= 0.57 kcal
T =236 K for the Reaction F + CoH4 — CHs + HF (1a) mol~1is only slightly less than the upper limit of 0.8 kcal mbl
and F + CoHs — C;HsF + H (1b) ; . .

established by Robinson et dl.in a low-energy crossed

) OIZ[F]OIa o 1 Ol[e,CZHf]O | molecular beam study.
temp mo,gecu € mo,gecu € b Alternatively, the temperature dependence of this reaction can
K cm cm Tid T .
be parametrized by a power dependence expredgions= bT™.

ggg iﬁ g'gf’l 8'23 8-2% Applying least-squares analysis to the rate constants given in
236 178 7.04 0.20 0.80 Table 4 gives
236 1.78 7.04 0.26 0.74 o4l 3 1
236 2.58 7.05 0.20 0.80 ki(T)=(1.16x 10 G)T “* cm’molecule " s
236 2.58 7.05 0.18 0.82

[0.27+0.139 [0.73+ 0.209 kyy(T) = (2.55x 10 T cm’molecule*s™*
202 1.62 6.60 0.24 0.76
383 i-gg 2'2(7) 8-38 8-;? This power dependence expressionkgmay be preferred over
202 163 6.48 0.24 0.76 the Arrhenius expression because c_)f the absence of an energy
202 2.37 6.58 0.21 0.79 barrier at the entrance of the potential energy surface for the F
202 2.37 6.49 0.17 0.83 + CyH4 systemt?
202 2.50 6.59 0.24 0.76 RRKM Model. The observed branching ratiky/kip, can
202 2.50 6.59 0.23 0.77 be used to provide information on the thermokinetics for the
202 4.25 5.94 0.36 0.64 dditi d it fi The additi fEt
202 4.5 5.94 0.23 0.77 addition—decomposition reactions. The addition of F tgHz

0.25+ 0.099 [0.75+ 0.169 and its subsequent decompositioD) (to H + C,HsF or

stabilization §) to C;H4F can be modeled as a simple chemical
aUnless noted, fused as F atom precursor. J@= 4.5 x 10" A - . . .
molecule cms. bF1::= 1— Ty ¢y = [F)CZHSF]/[F];IE Quoted errors activation systeff in which the adduct is formed with an

are I statistical plus 15%. Nominal pressure 1 Torr (He).©CF4 internal energy distribution of populated states.
used as F atom precursor.j@= 5.5 x 10" molecule cm?.
P 4 x F+CH,—~CHFE), k (1b)

CH,F(E)—H+ CH;F, D, k(E) (")
CH,FE)—F+CH, D', K(E) (—1b)
CHFE)+M—CH,FE)+M, S Kky(E.E) (1c)

obtained by the addition of a large excess @i a scavenger.
C,H,F + O, — products (18)

A signal decrease atVz = 47 was not observed at jf3 = 1.5

x 10 molecule cm?® and att = 2 ms. Thus, thewz = 47
signal seen here and in our previous study is not due the
presence of the pressure-stabilized free radical addgld;FC

but due to the isotopic vinyl fluoride produ€C,HsF.

wherek; is the rate coefficient for the formation reactidE)
andk (E) are the microscopic unimolecular rate coefficients for
decompositions, anl,(E',E) is the rate coefficient for inter-
Discussion molecular energy from internal enerdy to E'. A potential
Arrhenius Expression. The results from this study at low  energy profile with defining energies is exhibited in Figure 5.
temperatures are combined with the revig@98 K) values ~ The critical energies are designated as eifyer Eo(X), while
using data from our previous stuiyand the previous product ~ reaction energy changes are designated By(reactant;product).
branching studiedt The rate constants of the two separate The excess energ® is the internal energy of the transition
channels are obtained from the total rate constant and theState and is the difference between the internal energy of reactant
corresponding branching fraction, i.&;«(T) = ky(T)['1{T) and and the critical energy for reaction, i.&" = E — Eq; the
kun(T) = ka(T)T'15(T) @s shown in Table 4. The rate coefficients Minimum excess energyE"min is the difference in critical
for reactions 1a and 1b are plotted in Figure 4 as a function of energies:E"min = Eo' — Eo. Thek(E)'s can be computed with
reciprocal temperaturd; *. As can be seen from Figure 4, both  the RRKM modef®
the abstraction and the addition channels have rate coefficients

that increase with temperature. The lines in Figure 4 are obtained K(E) = Q' E P(e")

from a linear least-squares analysis of th&lfvs T~ and Inkyp h Q pE)

vs T-1 data; these analyses yield the following Arrhenius

expressions: wherer* is the reaction path degeneracy;/Q is the adiabatic
partition function ratio for rotationsy P(¢™) is the sum of all

k() = (7.5+ 4.0) x 10710 exp[(—1.18+ 0.35)/RT)] active internal energy eigenstates of the transition complex with

total energyE", and p(E) is the density of states for the

3 11
cmmolecule " s energized reactant with enerdy If the addition product is

kyo(T) = (5.2 1.0) x 10 Y exp[(—0.57+ 0.10)/RT)] formed by thermalized reactants, then the distribution of internal
3 1 energy states for ££14F is given by®
cm’molecule ™ s
: K(E) B(E) ,
where the errors are quoted at thedlus 15% level and units f(E)]=—=———= forE=E,tow
of kcal mol! are used for the activation energy. > K(E) B(E)

If the Arrhenius activation energy parameter is used as a h is th | N

barrier energy height, then these results show that the activationVN€r€B(E) is the Boltzmann distribution
barrier fo_r H atom abstractiorE, apsr= 1.18 kcal moTl,_ is _ p(E) exp—E/(RT))
almost twice as large as that for the very fast E;Hg reaction, B(E) =
Eaapsr= 0.7 kcal motl32 Yet the G-H bond in ethylene is ZP(E) exp(—E/(RT))

forE=0tom



4476 J. Phys. Chem. A, Vol. 103, No. 23, 1999 Nesbitt et al.

TABLE 4: Summary of Values for ky(T) and Product Branching Fractions for the F(?P) + C,H4 Reaction

ki3/10710 cm?® ki Y10-1t cmd kip/10-10 cm?

temp K molecules™ T2 Tyt moleculets™ molecule!s™
298 3.0+ 0.8 0.35+ 0.04 0.65+ 0.06 10.6+2.8 1.97+0.54
236 21+ 0.9 0.27+0.13 0.73+ 0.20 56+ 1.6 1.51+ 0.57
202 1.7£ 0.4 0.25+ 0.09 0.75+ 0.18 42+11 1.25+ 0.41

2 Quoted uncertainties are statistical at one standard deviation plus 15% for systemati® €krgssthe branching fraction for the abstraction
product channel forming £1; + HF. ¢ '3 is the branching fraction for the addition product channel formigigsE + H. ¢ The combined uncertainties
in kiaandky, are calculated as the product of the absokn@lues and the relative combined uncertainty values. The relative combined uncertainty
values are obtained as the square root of the sum of the squares of the individual relative unceftRiediealysis of data from ref 20 as discussed
in text and reported in Table 2Reference 21; quoted uncertainties are at 19%his study. Quoted uncertainties are statistical at one standard
deviation plus 15% for systematic errors.

e dINE)Vdt = f(E) + Y KE,E)MIINE)] —
> kE E)MIIN(E)] — kE)NE)] — K (B)INE)]
i for all E. For steady-state conditions, allN{E)]/dt = 0, the
o i resulting coupled algebraic equations can be solved\i)[ss3®
- - The steady-state populations can then be used to calculate the
*; branching ratios, i.e§/D andD'/D.
Elas S= SKEBINE), forall E=> EyandE < E,
= C
i’_ - D= Zk(E)[N(E)]SS forall E = E,
= L
i D' = zk'(E)[N(E)]SS forall E > E;
S+D+D =1
1E-1L 0' - '3|5' - '4|0' - '4|5' - 'Slo' - '55 Thus, the amounts of decomposition and stabilization can be
' ' 1060/T (K.-l) ' ' calculated from theék(E)'s and the Boltzmann distribution at
] ) ) ambient temperature and pressure.
Figure 4. Arrhenius plot for the Fp) + C.H, reaction. Separate plots To calculate thé(E)'s, vibrational frequencies and moments

are shown for the H abstraction channel (open circles)and for the

addition—decomposition channel (open squardg), Solid lines are of inertia for the transmpn states gnc&lﬁF radical must b.e. .
obtained from linear least-squares analyses of thgswms T~ and the known. There are no direct experiments; however, ab initio
In kyp vs T-* data and yield the Arrhenius expressions given in the text. Calculations for the radical and transition states have been
Error bars indicatet1o plus 15% for bothk;, and kyp. reportec®® In the present kinetic calculations the previously

reported vibrational frequencies and geometries were used; the
energetics were optimized with respect to the present experi-
mental observations.
The details ofk(E',E) are not known a priori; often the
i) observed pressure dependence S or D'/D is used to
— H+CHF parametrizek(E',E). Typically, three parameters are used to
parametrizek(E,E):*° the Lennard-Jones collision frequenay (
ande), the shape of the energy-transfer distribution (exponential,
Gaussian, or step ladder), and the average energy removed per
AE(C,H,F, C;HF) collision, [LAE4LJAn exponential model is often chosen for weak
colliders such as the rare gases, and the Lennard-Jones collision
parameters can be estimated. There are no reported values for
[AE40in the GH4F system; however, an estimate can be made
ok CHF by comparing similar systems, i.e. radicals with similar excita-
tion and critical energies. The chemically activated ethghd
butyl*? radicals with~40 kcal mof? of internal energy are
formed by the addition of H to the appropriate olefin. The critical
energies for decomposition are 40 and 33 kcal thébr the
In these experiments the deactivator (M), helium, is known to ethyl and butyl radicals, respectively. The reported results
be a weak collidef? i.e., helium does not remove sufficient indicate thatfAEsOfor helium is independent of temperature
energy from GH4F to completely quench reactions'land between 78 and 300 K and is400 cnt!l. The Michael
—1b. The strong collision assumption requires that stabilization groug™-*® has also extensively studied and performed RRKM
is the result of a single collision. Thus, for a weak collider, calculations on chemically activated ethyl radicals. However,
stabilization results from sequential collisions; at low collision their strong collider calculations used a pressure-independent
rates, i.e., low pressures, the unimolecular processes arecollisional efficiency factor for helium, i.e. simple pressure
enhanced. displacement. Thus, their calculations did not include a colli-
The populations can be calculated by solving the master sional deactivation cascade; this is important for low-pressure
equation systems.

50 —

&
(=}

Eo(C,H,F, C,H,

w
=4

N
=
I

AE((C,H,, C,H,F)

Energy (kcal/mol)

10 —

Reaction Coordinate

Figure 5. Potential energy profile for ££1,F system depicting energies
for reactants, intermediates, transition states, and products.
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Figure 6. Plots of log&D) vs log(pressure) at 202 K for strong collider
(dashed line) for exponential models withEy[= 327 (dasheedotted
line), 414 (solid line), and 498 (dastdot—dotted line) cm* and for

the 414 exponential model at 298 K (dotted line). The critical energies

areEq = 38.2 kcal mot! andEy = 46.0 kcal mot! with Efin = 7.8
kcal mol™.
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Figure 7. Plots of log§D) vs log(pressure) af = 202 K for an
exponential model WitHAEqsO= 414 cnt®: Ey’ = 46.0 kcal moi?
with E; = 40.2 (dasheddot—dotted line), 38.2 (solid line), and 36.2

(dash-dotted line) kcal moi* andEy = 38.2 kcal mof?! with Ey
44.0 (dotted line) andy = 48.0 (dashed line) kcal mol.

9

oo

EminT (kcal/mole)

A%

40 41 42 43 44 45 46 48

Eo' (kcal/mole)

Figure 8. Plots of E*min vs Eg' for three values o§D: SD = 0.008
(solid line), 0.005 (dotted line), and 0.002 (dashed line).

47

The results of the steady-state calculations are summarized

in Figures 6-9. The effect of the dependence®D on pressure,
temperature, an@\Eyllis shown in Figure 6. For all collision
models (strong collider and exponential models Vil Cof
327, 414, and 498 cm) 9D decreases with decreasing pressure;

the strong collider exhibits near-linearity over the whole pressure

range, whileS'D for the weak colliders exhibit a large deviation

J. Phys. Chem. A, Vol. 103, No. 23, 199477
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Figure 9. Plots ofD'/D vs log(pressure) as a function of temperature
for a strong collider:T = 202 K (solid line), 236 K (long dashed line),
and 298 K (short dashed line). Similar plots for an exponential model
with [AEsO= 414 cnt?! as a function of temperature are also shown:
T = 202 K (dasheédotted line), 236 K (dashdot—dotted line), and
298 K (dotted line). The critical energies dg= 38.2 kcal mof* and

Ey = 46.0 kcal mot?! with Efin = 7.8 kcal mot™.

collision efficiency is<0.01. Also to be noted is that for all
pressures a decrease in ambient temperature produces an
increase inSD; thus, in this work where an upper limit f&

of 0.005 is reported (i.eSD ~ 5 x 1073, sinceD = 1) the
lowest temperature (202 K) is used for the comparison. A change
in §D with decreasing temperature is due to two effects: the
collision number and the average energy of reacting radicals.
A decrease in temperature produces a net increase in the
collision frequency, which results in ancreaseof D, while

a decrease in temperature also reduces the average energy of
radicals so that fewer “weak” collisions are required for
stabilization, i.e.S/D increaseswith decreasing temperature for
a constantfAE4] Thus, both factors predict th&/D will
increasewith decreasing temperature.

The dependence &D vs pressure at 202 K oy and E¢’
are shown in Figure 7. An increase ' or a decrease iy
decrease§/D. There are a number of combinationsEfand
Ey' that are consistent with the upper limit for the experimental
observation; in fact, only an upper limit &, for a givenky' or
a lower limit of Ey’ for a givenEg can be estimated. In Figure
8 a plot of Etin vs Eg' for three values oD (0.002, 0.005,
0.008) is shown; for the present experimental conditi&iis
~ S sinceD ~ 1. For the indicated range &D these plots
illustrate that9D is more sensitive t&* i, than it is toEy. To
maintain a constar¥D, a change irE™, of 1 kcal mof? is
equivalent to a change of 4.5 kcal mbin Ey'. Thus, the present
experiments can provide an estimate Eftyn.

By use of reported values for enthalpies of formation at 0 K
for F, GHg, H, and GHsF, AE,? = 13.0 kcal moi! and the
best estimate foEy = 46 kcal mof? gives ETmin > 7 kcal
mol~L. From the potential energy profile, it can be seen that

E+min = Ey(F) — Eo(H) + AEOO(CZHA;C2H3F)
so that

Eo(H) — Eo(F) =

AEL(C,H,;CH,F) — E ;. < 6 kcal mol'*

from the strong collider as the pressure decreases. At high g, with Eo(F) = 1 kcal mol, then

pressuresX100 Torr) a scale factor (collisional efficiency) of

~0.2 can be used in converting the weak collider pressure to E,(H) =

an effective strong collider pressure. However, below 100 Torr,
the collision efficiency is pressure-dependent; at 1 Torr the

Ey(F) + AE,X(C,H,;C,HsF) — E*,,, < 7 kcal mol'™
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Thus, the critical energy for H addition to;BsF is less than 6
kcal mol® larger than that for the addition of F to,K;, i.e.,
the electronegative fluorine atom reducesatedectron density

Nesbitt et al.

Perhaps a better, but not perfect, analogue of the F atom is
the cyano radical, CN, often referred to as a pseudo-hatégen
because of its high electron affinity (3.86 eV, ref 52), which is

and thus increases the critical energy for addition by less thancomparable to that of F (3.40 eV, ref 53). There have been

6 kcal mol™.
These energetics also predict the pressure dependeB&®of

numerous kinetic studies on the CNC,H, reaction4-62 but
there has been only one product branching fraction stéidg.

as a function of temperature as shown in Figure 9. For a given in the F+ C,H, reaction, the total rate of this reaction has been
pressureD'/D increases with increasing temperature. This is found to be independent of total pressbf€3.60.62However, a
understood, since the average energy of reacting moleculescomparison of the temperature dependency of these two reaction
increases with increasing temperature and the change in the slopeates shows major differences. In contrast to the €XC;H,4

of k(E) with energy increases more for reactierlly than it
does for 1B. The pressure dependenceddfD is more complex;

reaction, which has a reportég of —0.34 kcal mot? (ref 62),
we have observed a positive temperature dependence in the F

it involves both the increase of the average energy of reacting + C;H, reaction overall as well as separately in the abstraction

molecules with increasing pressure, which favbrsand the
increase in steady-state population belyy which favorsD.

channel and in the addition channel. There are significant
differences in the mechanisms between th¢ E;H, and the

At 1 Torr of helium these effects cancel one another and it is CN + CyH4 reactions in the partitioning between the abstraction

also observed thdd'/D is nearly independent of the energy-
transfer model an®'/D increases from & 10~ at 202 K to
1.5x 1073 at 298 K. Thus, reactior 16 is unimportant. Details

and the additionrdecomposition channels. While the total rate
coefficient atT = 298 K for both reactions are almost the same,
k(298 K) = 3.0 x 10710 crm® molecule’! s71 andkxo(298 K)

of this reaction could be obtained by studying the addition of F = 2.5 x 1071 cm® molecule! s! (average of seven studies;

to cis-C,H2D2 or transCyHoDo.
Comparison of the Reactions of F, Cl, and CN with GH .

refs 56-62), the product branching fractions for the addition
decomposition channeld {yd-decomp are quite different. For

For any new kinetic results for an elementary reaction, it is the F reactionI'add-decompis 0.65 but only 0.20 for the CN
valuable to compare the new results to different but related reaction®® The F atom reaction occurs via two parallel

reactions. As discussed in our previous paie¢he reaction of
F with C;H,4 is not analogous to the reactions of the other

processes: direct H atom abstraction (reaction 1a) and addition
to the C-C double bond (reactions 1b and £éf.1° For the

halogen atoms Cl and Br with ethylene. For these reactions, CN reaction, all products are suggested to arise from a single

until recently, only the pressure-stabilized adductisl C|46-48
or CH,Br84° were reported as products. Thermochemical

calculations based on a heat of formation of the vinyl radical CN + C,H,— [C,H,—CN]* — C,H; + HCN

of 70.6 kcal mot? (ref 47) show that the additierdecomposi-

tion channel and the abstraction channel are endothermic for

activated comple&?3i.e.,

(20a)

—[C,H,~CNJ* — C,H,CN + H (20b)

these reactions. Recently, however, low-pressure experiments

(P = 0.2—20 Torr) by Kaiser and Wallingtdr and by Pilgrim
and Taatje¥ have verified the presence of an abstraction
channel in the CH C;H,4 reaction

Cl + C,H, — C,H, + HCI (19a)

and have measured a rate coefficienTat 297—383 K.

kiodT) = 6.0 x 10" exp(—32701)
cm® molecule* s (ref 47)

H atom abstraction is the minor channel for both-EIC,H,4
and F+ CyHa. For Cl+ CyHy, the abstraction channel has a
branching fraction of only 0.0035 & = 1 Torr, whereas it is
0.35 for F+ C;H4, a 100-fold differencé?

Since both the abstraction and the additia@lecomposition
channel are endothermic in the Gt C,H4 reaction, the
addition—stabilization channel is dominant Bt> 3 mTorr

Cl+ C,H, (+M) — C,H,CI (+M) (19b)
Kaiser and Wallingtof7 have reported a limiting high-pressure
rate coefficient for Cl+ CyH4 of ke 19 = 5.7 x 10710 cmd
molecule® s71, which is almost a factor of 2 faster than the
total rate constant for F- CHy, ki = 3.0 x 10710 cm?
molecule’® s™ at T = 298 K. The only effect of pressure in
the F + CyHs system will be on the partitioning between
addition—decomposition (reaction 1b) and additiestabilization
(reaction 1c). This results from the observation #{atdition)/
k(total) for F+ C;H,4 is 0.65 in 4000 Torr of S§ and in 0.7
Torr of He'® and is~0.75 in 2x 1074 Torr of CoH,.13

Evidence for this mechanism is twofold. First, all four temper-
ature-dependent rate studit$? observed a slightly negative
temperature dependence ultimately dowTte: 50 K81 and a
pressure independence upRo= 500 Torr of Arf2 Second,
even though the €H bond strength is larger in 8, than in
CoH4, the overall rate coefficients for both CN CoH4 and CN

+ C,H; are identical over the temperature rafige 100—704
K_59—62

Conclusion

The primary results of this study are threefold. First, the data
from our discharge flow mass spectrometry experiments at low
temperatures show that the#~ C;H, rate constant increases
with temperature. If an Arrhenius expression is used to fit the
data, activation barriers of 1.2 and 0.6 kcal mdre observed
for the H atom abstraction and the F atom addition channels,
respectively.

The second conclusion is that the branching fraction for the
addition—decomposition channel increases only marginally with
a decrease in temperature. Also, the additistabilization
product, GH4F, was not observed at low temperatures and at
P = 1 Torr. Thus, the FH C,H4 reaction can be used as a
convenient laboratory source otlds radicals at low temper-
atures if one recognizes complications from the production via
reaction 1b of hydrogen atoms that can react rapidly wiHsC

Finally, we have shown via RRKM calculations that the
critical energy for H addition to §HsF is less than 6 kcal mot
larger than that for the addition of F to,i@, and that the
competitive decomposition of chemically activategHgF
radicals favors €H bond rupture by a factor greater than 1000
over that for C-F bond rupture.
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