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Abstract

CF3Br—Hj, mixtures highly diluted with Ar were studied by using a time-resolved IR-
emission of HBr and a gas-chromatography for reaction products. The temperature range
covered was 1000-1600 K and the total pressure behind the reflected shock waves used
was 1.2-2.6 atm. CF3H, C3Fg, and CoF4 were produced and the yields of these products
were determined as a function of temperature. The main product under our experimental
conditions was CFgH. The mechanism and the rate constants of CFgBr—Hy reaction at high
temperatures were discussed. The experimental data was satisfactorily modeled using a 14-
reaction mechanism. Reaction (5) played an important role in the formation of CFzH together
with reaction (4).

4) CF3 + HBr — CF3H + Br
(5) CF; + Ho — CFsH + H

The rate constant expression ks = 2.2 X 1013 exp(~12 kcal/RT) cm?® mol ! s~1 gave the best
agreement between the calculated and observed results. © 1993 John Wiley & Sons, Inc.

Introduction

CF3Br is a known flame inhibiting agent. The main features of the
high temperature mechanism for the CF3Br—Hz;—O; system have been
established {1,2], but no previous work on the mechanism of the CFsBr—H,
reaction at high temperatures (above 1000 K) has been reported.

In this article we present the results of a shock tube study of the
CF3Br—H; system carried out in order to obtain insight into the values of
the rate-constants of the reactions involved at high temperatures.

Experimental

The magic-hole-type shock tube employed in this experiment serves func-
tions of both single-pulse and time-resolved spectroscopic methods [3-5].
The apparatus and procedures have been described in detail previously
[3-5]. Two CaF; windows, a barium titanate gauge and a pipe (0.5 mm
in inner diameter and 6 cm in length) connecting a valve used for gas
collection were located at 1 cm from the end plate. IR-emission from a
HBr molecule was observed through the CaF; window, an interference
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filter (Apax = 3.70 pm, half-width = 0.18 um) and two 0.8 mm slits with
Fuyjitsu IV-200C4 InSb detector. The reacted gases were analyzed on a gas-
chromatograph (Shimazu GC-3BT1) with a thermal-conductivity detector,
as described previously, [3—5]. The gas-chromatographic analysis of the
reacted gas was done for carbon-containing compounds. An effective heating
time was determined using the same method as that described previously
[3,4]. The reaction was assumed to be frozen perfectly at the effective
heating time, which was defined as the time between the arrival point of the
reflected shock front and 80% point of the reflected shock-front pressure.

The reaction mixtures used were A (1% CF3Br, 4% Hy, 95% Ar), B
(2% CF3Br, 2% Hg, 96% Ar), and C (4% CF3Br, 1% Hy, 95% Ar). The initial
pressure used was 50 torr. The Ar (Teisan Co.) and Hs (Chuunenfaingasu
Co.), specified to be 99.99% and 99.99% pure, respectively, were obtained
from commercial cylinders and used without further purification. The
CF3Br (Daikin Kogyo Co.), specified to be 99.6% pure, was purified by
trap-to-trap distillation before use.

Data interpretation was carried out by computer simulation in essentially
the same manner as described previously [3,4]. Thermochemical properties
were computed from polynomial fits to JANAF data [6]. All references to
temperature herein refer to the full relaxation, no-reaction shock front
value.

Results and Discussion

The product distributions with mixtures A (1% CF3Br, 4% Hs, 95% Ar),
B (2% CF3Br, 2% Hs, 96% Ar), and C (4% CF3Br, 1% Hs, 95% Ar) are
summarized in Table I. Under our experimental conditions, CF3Br, CF3H,
CyFg, and CoF4 were detected by the gas-chromatograph, but fluorinated
Ci- and Cg-hydrocarbons, other than CF3Br, CF3H, CoFg, and CoFy4, were
not detected. The increase of the [Holo/[CF3Br]g ratio brought about an in-
creased rate of CF3Br consumption, where [Hglo and [CF3Br]; are the initial
concentrations of Hy and CF3Br, respectively. The ratio of [CF3H]/[CF3Br],
in mixture A at a given temperature was the largest. In every mixture, the
yield of CF3H was always larger than those of CoFg and C3F4. The ratio of
[CeF4]/[CF3Brly was always smaller than that of [CoFgl/[CF3Brl,.

IR-emission profiles were observed for mixtures A, B, and C. A typical
profile is shown in Figure 1. A relationship between the HBr concentration
and the temperature was determined by using the same method mentioned
in a previous report [5]. These relationships at 100 us, 200 us, and 400 us
with mixtures A, B, and C are shown in Table II. At a given temperature
below 1300 K, the HBr concentration for mixture A is comparable to those
for mixtures B and C, but at a given temperature above 1300 K, the HBr
concentration for mixture A is smaller than those for mixtures B and C.

At first, a combination of two published mechanisms [5,7] was tried:
one was a pyrolysis mechanism of CF3Br over the temperature range
1100-1600 K at pressure 1.5-2.6 atm [5], the other was a pyrolysis mech-
anism of CF3H over the temperature range of 1150-1570 K at pres-
sure 1.5-2.6 atm [7]. The CF3H concentration calculated was definitely
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Figure 1. Comparison of the observed [HBr] with the calculated one. O: observed
with mixture A at 1500 K; : calculated with the mechanism and the rate
constant expressions shown in Table I; —--—: calculated by using Table I in which
the rate constant expression k3 = 4.4 X 10 exp(—9.46 kcal/RT) cm® mol~! 571 for
reaction (3) was changed to k3 = 2.2 X 10'* exp(—9.46 kcal/RT) cm3 mol™? s71; and
—-—: calculated by using Table I in which the rate constant expression k5 = 2.2 X
10'3 exp(—12 kecal/RT) cm3 mol~! s~ for reaction (5) was changed to k5 = 1.1 X 1013
exp(~12 keal/RT) cm® mol~! s71,

smaller than the observed one. To solve this problem, reaction (5), CF3 +
H; — CFsH + H with k5 = 5.01 X 10! exp(—9.3 kcal/RT) cm® mol™! s~1
[14], was introduced. Reaction (6), CF3 + H— CFe + HF kg = 5.5 X
1013 em3 mol~! 571 [20], was also included to account for the observed CsF,
formation at higher temperatures. However, though this mechanism and
the rate constant expressions could roughly interpret our observed results,
these could not interpret well our observed results.

To account for the data of the CF3Br—H; reaction, computer modeling
was performed. Through trial and error, we endeavored to find a mechanism
and the corresponding rate constant expressions that were able to predict
our results.

Though the main product CFsH is formed by reactions (4), (5), and (8)
under our experimental conditions, it was found that these reactions (4)
and (5) were the more important. The yield of CFsH is also strongly
dependent upon the values of the rate constants of reactions (1), (3), (4),
(5), and (7), as shown in Table III. The yield of HBr is strongly dependent
upon the values of the rate constants of reactions (1), (3), (5), (7), and (11).
Therefore, we discuss the influence of the rate constants ki, ks, k4, ks, k7,
and kq; upon [CF3H] and [HBr], and then determine a final mechanism
and the rate constant expressions which can account for both our present
results and reported results [5], as mentioned below. The final mechanism
and the rate constant expressions determined are shown in Table IV.

In a previous article [5] we evaluated 2, = 8.80 X 107 exp(—60 kcal/RT)
cm® mol~! s71 for reaction (1) assuming reaction CFs + CF; + M = CyFg +
M with k7 = 8.0 X 105 ¢cm® mol~2 s~1. However, Glanzer et al. [8] showed
that the rate constant at =1300 K and =2 atm ([Ar] = 1.7 X 10~5 mol/cc)
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TaBLE II. HBr concentration at each time.

{CF3Brly 100 us 200 us 400 us
[Halo [HBr}/10"7 mol cc™! [HBrl/10-7 mol cc™!  [HBr}/10~7 mol cc !
T/K %/ % obs obs obs
1276 0.20 0.31 0.54
1322 0.21 0.41 0.75
1410 1/4 0.62 1.11 1.39
1500 1.10 1.29 1.59
1531 1.32 1.51 1.68
1641 1.49 1.65 1.69
1224 0.08 0.14 0.26
1272 0.25 0.38 0.68
1341 4/1 0.50 0.92 1.52
1447 1.22 1.80 1.78
1544 1.85 1.51 1.20
1243 0.03 0.18 0.32
1256 0.14 0.28 0.47
1310 0.22 0.58 1.12
1379 2/2 0.58 1.13 1.80
1457 1.10 1.81 2.46
1507 1.72 2.31 2.70
1561 2.25 2.62 2.50

was in its unimolecular falloff range, and obtained the value k; = 5 X
10'2 cm® mol ™! s71; the high-pressure rate constant k; reported was 1.9 X
10'3 cm® mol ™! s~1. In our present work the quantities of products produced
in the simulations were very sensitive to the value of the recombination
rate constant, k7. Furthermore, reaction (7) had a large influence on the
evaluation of the rate constant of reaction (1). So, we tried to reevaluate
the k; value using reported rate constants of reaction (7) as follows. We
first used the Glanzer et al.’s value k7 = 5 X 102 ¢cm® mol~?! s7! [8] for
our simulation because our experimental pressure used was about 2 atm:
the high-pressure rate constant k; reported was 1.9 X 10!3 ¢cm® mol ! s71.
When the value 27 = 5 X 1012 ¢cm® mol ! s! was used for a simulation
of pyrolysis using a mixture (4% CF3Br, 96% Ar) shown in Figure 1 of
ref. [5], to predict well the pyrolysis data it was necessary to use k; =
1.37 x 10 exp(—60 kecal/RT) cm® mol~! s~! for reaction (1): this k; was
one fourth of that shown in Table IV. When these values, k; = 1.37 X
106 exp(—60 kcal/RT) cm® mol™! s7! and .7 = 5 X 102 ¢cm® mol™! s71,
were also applied for a simulation of mixture C, CF3Br, and HCIl con-
centrations calculated were much larger and smaller, respectively, than
the observed ones. These discrepancies, simulated to observed results,
were removed only when the rate constant values reported for reaction (5)
[2,13,14] were increased by a factor of about 10 to 150: this reaction is
very sensitive to CF3Br consumption and HBr production as may be seen
in Table III. However, the changes of values for reaction (5) of this order
are not acceptable. Thus, when Glanzer et al.’s value by = 5 X 10'2 cm?®
mol ™! s7! [8] was used for a prediction of both the CF3Br pyrolysis and
CF3Br—H,; data, we had to use the unacceptable value for the rate constant
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TaBLE IV. Elementary reactions and rate constant expression.?

No. Reaction A n E References
1) CF3Br + M=CFs + Br + M 5.50 X 1016 0.0 60000 See text
(2) CF3 + Brs = CF3Br + Br 1.48 X 1012 0.0 693 [16]

(3) CF3Br + H= CF3; + HBr 4.40 X 1014 0.0 9460 See text
4) CF3 + HBr = CF3H + Br 2.63 x 1011 0.0 2557 [16]

5) CF3 + Hp =CFsH + H 2.20 x 1018 0.0 12000 This work
(6) CF3 + H = CFy + HF 1.40 x 1018 0.0 0 See text
7 CF3 + CFg = CoFg 6.00 x 1011 0.0 0 See text
8) CFs +H+M=CFsH+ M 5.00 x 1013 0.0 4000 [2]

9) CFsH + M=CF; + HF + M 1.30 x 1016 0.0 58400 [7]

(10) CoFy + M =CFy + CFs + M 7.80 X 1015 0.5 55690 b

(11) Br + H = HBr + H 1.70 x 1014 0.0 19150 [15]

(12) Bry + H= HBr + Br 2.98 x 1011 0.0 4370 [15)

(13) Br+Br+M=Br; + M 1.48 x 1014 0.0 -200 [15]

(14) Br+H+M=HBr+M 1.91 x 102! -1.87 0 [15]

2 Rate constants in the form, AT" exp(—E/RT), in ¢m, mol, cal, and K units.
bThe reference is ref. [7].

of reaction (5). Hence, we did not adopt Glanzer value k7 = 5 X 10!2 ¢cm3

mol~! s,

Second, we tried to use Selamoglu et al. value [17] for our simulation.
They reported a smaller high-pressure rate-constant value of k; = 2.4 X
102 cm?® mol~! s~1. From this value and k;/k7 = 1/4 [8], we assumed
k7 = 6 X 10! cm® mol~! s7! at =2 atm ([Ar] = 1.7 X 1075 mol/cc) over
the temperature range 1100—1500 K because reaction (7) under our experi-
mental conditions might be in its unimolecular falloff range. When this
value k7 = 6 X 10" ecm?3 mol™! s7! was used for a prediction of pyrolysis
data using mixture of 4% CF3Br, 96% Ar shown in Figure 1 of ref. [5], to
predict well the pyrolysis data it was necessary to assume k; = 5.5 X 1016
exp(—60 kcal/RT) cm® mol~1 s~L. These values of k; = 6 X 10 ! em® mol !
s™! and k] = 5.5 X 10% exp(—60 kcal/RT) cm® mol~! s™! can also predict
well our experimental results, as shown in Figure 2. If we used values
higher than 6 X 10! ¢cm® mol~! s™! for reaction (7), we could not predict
both the CF3Br pyrolysis and CF3Br—H; data well using appropriate
values for reaction (5). Hence, we adopted k27 = 6 X 10! cm? mol~! s7!
as shown in Table IV.

When we used the expression k3 = 4.4 X 10'* exp(—9.46 kcal/RT) cm?®
mol~! s71, this being larger than Baulch et al.’s expression [15] by a factor
of about 3 and Westbrook’s expression [2] by a factor of about 2, the HBr
concentration was predicted well, as shown in Figures 1 and 3. If we used
Westbrook’s expression k3 = 2.20 X 10'* exp(—9.46 kcal/RT) cm?3 mol !
s~1, the [HBr] calculated for mixtures A were lower than the observed ones,
as shown in Figure 1. This tendency was observed in mixtures B and C.
Hence, the expression k3 = 4.4 X 10'* exp(—9.46 kcal/RT) cm® mol ! 57!
was adopted for reaction (3).

Three expressions for the rate constant for reaction (4) are found in
previous reports [2,11,16]. Weeks and Whittle’s expression [16] is similar
to Westbrook’s [2]. We adopted Weeks and Whittle’s expression, which had
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Figure 2. Product distribution with mixture C, 4% CF3Br, 1% Ha, 95% Ar. [CF3Brly is
the initial concentration of CF3Br, and C is the concentration of reactant or product at
the effective heating time ¢ at temperature T'. A: observed {CF3Br]; O: observed [C2Fs];
O: observed [CF3sH]; @: observed [C2F4]; : calculated with the mechanism and

the rate constant expressions shown in Table I; ------- : calculated by using Table I in
which the rate constant expression, k7 = 6.0 X 101! cm3 mol~! s~! for reaction (7) was
changed to k7 = 5.0 X 10*2 cm® mol™! s7! [8]; —-—: calculated by using Table I in

which the rate constant expression ks = 2.2 X 1018 exp(—12 keal/RT) cm3 mol~! s7!
for reaction (5) was changed to ks = 1.1 X 10'3 exp(—12 keal/RT) cm® mol~1 571,

values smaller than that of Amphlett and Whittle [11] by a factor of about 2.
If Amphlett and Whittle’s expression, k4 = 2.63 X 10! exp(—2.63 kcal/RT")
cm® mol™! s7! [11], was used in place of Weeks and Whittle’s expression
[16], the calculated values of [CF3H] were larger than the observed ones.
This tendency was especially large in mixture B. This expression for k4
could not give satisfactory results for the calculations of these species even
if the k5 value used was smaller than that in Table IV.

The sensitivity spectra pS at 100 and 1000 ws at 1300 K using mixture C
are also shown in Table III. Reaction (5) is sensitive for the formation of
HBr, C;Fg, and CF3H, and also for CF3Br consumption. The expression
ks = 1.1 X 103 exp(—12 kcal/RT') cm?® mol~! s~! gives good predictions for
the CF3Br, CF3H, and C2F¢ concentrations, as shown in Figure 2. How-
ever, the calculated [HBr] are lower than the observed ones, as shown in
Figures 1 and 3. On the other hand, the rate constant expression ks =
2.2 X 10'3 exp(—12 keal/RT) cm?® mol™! s™! gives good agreement be-
tween the observed HBr concentration and the calculated one, as shown
in Figures 1 and 3, but the calculated CF3Br and CF3H concentrations
at lower temperatures are somewhat lower and higher, respectively, than
the observed ones. Values smaller than the expression ks = 1.1 X 1013
exp(—12 kcal/RT") cm3 mol™! s~} brought about a larger discrepancy be-
tween the calculated CF3H concentrations and the observed ones. Hence,
we1 adopted the expression k5 = 2.2 X 101 exp(—12 kcal/RT') cm® mol~?
s™* for reaction (5): the expression k5 = 1.1 X 10'® exp(—12 keal/RT) cm3
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Figure 3. Comparison of the calculated [HBr] with those observed at 100 us, 200 us,
and 400 us with mixture B. A\: observed [HBrl at 100 us; A: observed [HBr] at
200 us; A: observed [HBr] at 400 us; : calculated lines as in Figure 1; and —-—:
calculated lines as in Figure 1.

mol~! s7! seemed to be a minimum value for reaction (5). A comparison

of the present k5 expression with reported ones is shown in Figure 4. The
present value of k5 at about 1100 K is similar to that of the Westbrook [2]
and the extrapolated values of our k5 are similar to those of Fagarash et al.
(131, and Ayscough et al. [9], as shown in Figure 4.

Bopp et al. [18] studied the reaction of Hy and Brg over the temperature
range of 1400—2000 K and modeled their results well using 2,7 = 1.39 X
10 exp(—19.6 kcal/RT) cm® mol~! s™!. This rate constant is smaller than
that of Baulch et al. [15] by a factor of about 1.4. Results calculated by
using Bopp et al.’s value scarcely differed from our final calculated results:
the yield of products varied within 1%. The calculated results were also
similar to those obtained by using Table IV even when the rate constant
of reactions (13) was changed to that recommended by Kerr and Moss [19]:
the yield of products varied within 1%. From the description above, we can
see that the influence of reactions (11) and (13) upon [CF3H], [C2F¢), and
[HBr] is small.

Tsai and McFadden [20] recently evaluated ks = 5.5 X 103 ¢cm® mol ™!
s”1 at 298 K from experiments in a gas flow system using photoionization
mass spectrometry. When this expression was used in calculations, the
calculated yield of CoF4 was considerably larger than the observed one.
To match the calculated [C2F4] to observed one, we had to use a quarter
of its value when k3 = 4.4 X 104 exp(—9.46 kcal/RT) cm® mol™! s~! and
ks = 2.2 X 1018 exp(—12 keal/RT) cm® mol~! s™! were used.
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Figure 4. Comparison of the reported rate constants k5 with that used for an interpre-

tation of our data. : this work;— - —: reported by Westbrook [2]; ------ : reported
by Skinner and Ringrose [1]; — --- —: reported by Kibby and Weston [12]); ———:
reported by Ayscough et al. [9]; —--—: reported by Fagarash et al. [13]; and e——e:

Berces et al. [14].

Tsai and McFadden [20] also evaluated k15 = 2.3 X 1013 cm® mol ™! 71
for reaction CFy; + H — CF + Hj (15). On the other hand, Ryan and Plumb
[21] reported k15 = 9.6 X 101° cm® mol~! s~! at 298 K. If we used the value
of Tsai and McFadden for reaction (15), k15 = 2.3 X 1013 ¢cm® mol™! s71,
the CF concentration reached 16% of the initial concentration of CF3Br at
2000 us at 1300 K. The CF is considered to form CaF2 by the following
reaction

(16) CF+CF+M — CGF,+ M AHy = —116 kcal/mol

The rate constant for reaction (16) may be assumed from the behavior of
the similar reaction CFy; + CFy + M — CF4 + M, AHy = —69 kcal/mol:
the value assumed for reaction (16) was 1.0 X 10'® cm® mol~? s™!. When
we added this reaction to Table IV and simulated the yield at 1300 K
for mixtures A and B, CyFy of about 2—4% of the initial concentration
of CF3Br was produced. However, under our experimental conditions,
products other than CF3Br, CyFg, CoF4, and CF3H were not detected.
Hence, the rate constant of reaction (15) is inferred to be much smaller
than 2.3 X 108 cm® mol~! s71.
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