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The kinetics of the high-temperature reactions of @fdicals with OfP) and H atoms has been investigated
experimentally and theoretically. The product channels of the €P©FP) and Ck + H reactions were
examined by calculating their branching fractions with the multichannel-R@mspergerKasset-Marcus
(RRKM) theory. Structural parameters, vibrational frequencies, and threshold energy required for the RRKM
calculation were obtained from an ab initio MO calculation. The theoretical calculation showed that the
productions of CFO + F and CRK(*A;) + HF were the unique possible channels for thes @FO(CP) and

CF; + H reactions, respectively, and that the other channels such as deactivation were negligible for both the
reactions. The rate coefficients for these reactions were experimentally determined by using a sheck tube
atomic resonance absorption spectroscopy technique over the temperature ranges-8830Gihd 1156

1380 K and the total density ranges of &210'8—1.2 x 10'° and 6.1x 10'¥-9.8 x 10'® moleculescm 3,

Nitrous oxide and ethyl iodide were used as precursors of electronically ground-state oxygen and hydrogen
atoms, respectively. Trifluoromethyl radicals were produced through the thermal dissociatiogl.ofTGE

rate coefficients for the reactions €F O(CP)— CR0 + F (1b) and CE+ H — CF(*A;) + HF (2c) were
obtained from the decay profiles of O- and H-atom concentrationspas (2.55+0.23) x 10t andky =
(8.86+0.32) x 107! cm?® molecule® st (error limits at the one standard deviation level). Neither rate
coefficient had any temperature or pressure dependence under the present experimental conditions; the values
were in good agreement with some room-temperature data reported previously.

Introduction CF; + O(P)— products (1)

Halons, bromine-containing perhalogenated carbons such as
CRsBr, CRBrCl, and GF4Br», have been used for many years
as gaseous fire-extinguishing agents. They have high fire-

CF; + H— products (2)

Reactions 1 and 2 also have practical significance in the fields

extinguishing abilities because of their chemical suppression . . :
mechanism, that is, bromine-containing species can catalyticallyo.f plz_asma qhemlstry and atm_osphenc chemistry, and several
’ ’ kinetic studies on these reactions have been reported at room

remove active species from the combustion zone. Due to Serlou%emperature. The overall rate coefficients for reactions 1 and

concerns about ozone depletion in the stratosphere, however : . : :
) N o2 first det dbyR d Plutd disch
the production of halons has already been prohibited along with ﬂov\\,lveiem;:s gpeer(r;?rlgzcop{/ t)é?:%sigue to h;z?'% a+ |s(():) a;ge

chlorofluorocarbons (CFCs), and the development of alternative (3.1+0.8) x 101t andk(CFs + H) = (8.9+1.8) x 101 cn?

compounds is proceeding rapidly. molecule? st at 295 K. Subsequently, Tsai and his co-
Recently, trifluoromethane (CHFHFC—23) is suggested as  worker$5 obtaineck(CF; + O) = (3.10.6) x 10~ andk(CF3
one of the candidates to replace halons. Nevertheless, its+ H) = (9.14+1.5) x 10! cm® molecule® st at 293 K by
inhibition mechanism is not yet known, due to the absence of the discharge-flow experiments with a photoionization mass
kinetic data for high-temperature reactions in the fluorocarbon spectrometer, in excellent accord with the results of Ryan and
combustion. So, in an earlier papere have reported the rate Plumb. On the other hand, Biordi etéteportedk(CFs + H)
coefficient for the reaction CHF H — CRs + Hy, which is = 3.3 x 1071t cm?® molecule’! s~ at 1540 K, which is small
an initial reaction in the CHfcombustion and one of the most  in comparison with the data at room temperature. This
important inhibition reactions. As the second part of our disagreement between room and high temperatures is unex-
research on the flame suppression by GHke focus on the pected, because the rate coefficients for atom-radical reactions
high-temperature kinetics of the subsequent reactions @f CF generally have little temperature dependence. The data of Biordi

radicals with some active species in the combustion. et al. were determined in methanexygen—argon flames
containing CEBr where complicated branching reactions occur
* Corresponding author. Phone:81-3-3238-3457. Fax:-81-3-3238- simultaneously. So there is some possibility that their results
3478. E-mail: takaha-k@hoffman.cc.sophia.ac.jp. are influenced by secondary reactions.
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TABLE 1: Experimental Conditions

composition of test
gas mixture (ppm)

monitored total density
reaction CHl N-O CoHsl atom temp (K) (moleculescm™3)
CF;+ OCP) 4-16 8 Oand| 19062330 8.2x 108—1.2 x 10
CR+H 2.5-4 1.25-2 Hand | 1156-1380 6.1x 10'8—9.8 x 108
In the present research, the product channels of the4€F 100

OCP) and CE + H reactions were first examined at high CF.+0CP)
temperatures by calculating their branching fractions with the 0 | emmtmm—
multichannel Rice-RamspergerKasset-Marcus (RRKM) s !
theory. Structural parameters, vibrational frequencies, and E oot '
threshold energy required for the RRKM calculation were 3 !
obtained from an ab initio MO calculation. Subsequently, the 2 o
rate coefficients for these reactions were experimentally deter- 8 200 1 CF,0 .
mined by using a shock tub@tomic resonance absorption ° | TS(1b) F.O+F (1b)
spectroscopy technique over the temperature ranges 0f-1900 % -300 ' ghor
2330 and 11561380 K. ] |

) , -400 | M
Experimental Section CF;0(1a)

Shock Tube and Optical System. All experiments were -500

performed behind reflected shock waves in a diaphragmless Reaction coordinate —
stainless-steel shock tube, which consists of a 5.8dver Figure 1. Energy diagram for the GF+ O(P) reaction. The energies

section and a 6.2-cm i.d. and 4.6-m long test section. The detailsare calculated at the G2(MP2) level and are corrected for the zero-
of its structure and its performance have been described point vibrations.
previously! The test section was evacuated by a turbomolecular
pump to pressures down tox11076 Torr, in which the residual ~ were performed during the measurements, confirming the
gas was practically free from hydrocarbons. To measure absence of background signals. For the thermal dissociation
incident shock velocity, three piezoelectric pressure transducersof CFsl, equimolecular amounts of GFadicals and | atoms
were mounted on the shock tube walls at 25-cm intervals from are formed. To monitor an initial production amount of CF
the end of the test section. Temperature and pressure of theradicals, I-ARAS tPs;—2P32, 183.0 nm) measurements were
shock-heated test gas were calculated from the incident shockalso carried out. The details of the calibrations for H- and
velocity. I-ARAS have been described elsewhéfe.The calibration
The time-resolved concentrations of electronically ground- experiments for O-ARAS were performed ir-20 ppm NO—
state OfP;) and HES;) atoms were monitored by atomic Ar mixtures at temperatures of approximately 2000 and 3000
resonance absorption spectroscopy (ARAS). A microwave K.
discharge lamp, in which helium containing a few percent of  High purity helium (99.995%) was used as the driver gas.
oxygen or hydrogen was flowing at a pressure of 4 Torr, was Scientific grade argon (99.9999%) was used as the diluent gas.
used as a light source of O- or H-ARAS. The wavelengths of Trifluoromethyl iodide (97%) and ethyl iodide (99.0%) were
monitored resonance light were 130.2, 130.4, and 130.6 nm purified by trap-to-trap distillation, while research grade nitrous

(3S1—3P;) for O atoms and 121.6 nn#R,,—2Sp) for H atoms.  oxide (99.99%) was used without further purification.
The resonant radiation from the lamp passed through two,MgF

windows (1-mm thickness) mounted on the shock tube walls at pasyits and Discussion
a position 2 cm from the end plate. The transmitted light was
isolated by a 20-cm VUV monochromator (Minutesman 302 Theoretical Examination for Reaction Channels. To
VM), which was evacuated to a pressure less thaxn 4075 examine the product channels of thesGF OCP) and Ck +
Torr, and detected by a solar-blind photomultiplier tube H reactions, an ab initio MO calculation was performed by using
(Hamamatsu Photonics R1459). The signal was then recordedthe Gaussian 94 prografnFigures 1 and 2 show the energy
by a digital storage oscilloscope (Hitachi V®165). diagrams for the G O(P) and Ck + H reactions calculated
Measurements and Gases. Measurements of the rate at the G2(MP2) level, respectively. The £F O(P) reaction
coefficient for the CE + O(CP) reaction were carried out in s initiated through an electrophilic addition step of oxygen atom
mixtures of CElI—N,O—Ar by detecting O atoms, while the to trifluoromethyl radical. Since the addition step is greatly
rate coefficient for the Cf+ H was obtained from the decay exothermic, chemically activated energized trifluoromethoxy
of H atoms in mixtures of Cff—CyHsl—Ar. The details of radical, CRO*, is formed. Subsequently, @B* is deactivated
these experimental conditions are shown in Table 1. Under theby the collisions with bath-gas molecules (1a) or dissociated to
present experimental conditions, £Fadicals are rapidly CR0 + F (1b). On the other hand, the first step of the;GF
produced through the thermal dissociation of trifluoromethyl H reaction is also an electrophilic addition of H atom to
iodide. Electronically ground-state oxygen atoms are formed trifluoromethyl radical. Vibrationally excited trifluoromethane,
through the thermal decomposition of nitrous oxide, although CHFs*, disappears through deactivation (2a) or F dissociation
the production rate of O atoms is much slower than that of CF (2b) like CRO*. In addition, CHR* is decomposed through
radicals. Hydrogen atoms are instantaneously formed throughHF elimination (2c) occurring with the three-centered transition
the thermal decomposition of ethyl iodide. Oxygen and state. The HF elimination (2c) is superior to the F dissociation
hydrogen atoms might be also generated due to wall contamina-(2b) since the energy barrier for channel (2c¢) is much lower
tions or resident impurities, so that blank tests with argon alone than that for channel (2b), as shown in Figure 2.
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Figure 2. Energy diagram for the GF+ H reaction. The energies are
calculated at the G2(MP2) level and are corrected for the zero-point
vibrations.
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Figure 3. Model for the product channels of the &F O(P) reaction
used in the calculation of branching fractions.

CF,+H

ko | ke
kzﬂf

GHF, (20) 4@) koo CF,('AJHF (20)

Figure 4. Model for the product channels of the £fF H reaction
used in the calculation of branching fractions.
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CHF,

The branching fraction for each product channel was calcu-
lated with the multichannel RRKM theory. For the £F O(P)
and Ck; + H reactions, the models used in the calculation are
illustrated in Figures 3 and 4. In Figure 3, the rate coefficients
for channels (1a) and (1§, andkip, can be given as follows

o Kix(€)
kl‘/;z’l D,(e)

K __d[products]/d
Y O[CRII0]

f(¢) de
(i: a,b;X: A, B)

whereDj(e) = k-1(€) + kia(€) + kig(e) andE—; is threshold
energy for reaction-1. The chemical activation distribution
function at a specific energy, f(¢), can be expressed as

9g(e) exp(—elkgT)
1579(e) exp(—elkyT) de

where g(€) is the density of states arkg is the Boltzmann
constant. The RRKM rate coefficients were appliedKoi(¢)
andkig(e)

f(e) =

_ QG —Ey
Krricm(€) = 9 hoo

s
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TABLE 2: RRKM Parameters for the CF 3 + O(%P)
Reaction

CRO* — CRO*
transition state
— a
reactant TSC1)
CRO modell modelll TS(1b)
Eo (kImol™?) 412.2 120.8
reaction path degeneracy 1 3
moments of inertia
la (10-38 g-cn®) 1.403 1.479 1.51F 1.282
Ip (1038 g-cnP) 1448 1.683 3.388 1.596
Ic (1038 g-cnm) 1516 1.689 3.38% 1.747
vibrational frequencies (crd) 1310 1286 1483
1278 1286 1333
1275 1086 919
883 677 578
607 49 559
583 492 446
572 409 11d 304
411 393 110 250
223

a Channel without a saddle point. See the text for models | and .
b Calculated dissociation energy of the bond being broken at 0 K.
cd Calculated from the geometries optimized partiallyrg&—0) =
1.776 and 3.142 AeFrequencies calculated for €F Soft bending
frequency of the bond being broken, estimated from that faO0Eee
the text).

wherekEy is threshold energy for each chann®(¢—Ey) is the
sum of states, anlis the Planck constantQ, andQ,* are the
rotational partition functions for the energized reactant and the
transition state, respectively. The density of states and the sum
of states were calculated by using the Whitt&abinovitch
formulas?1® On the other hand, the deactivation rate coefficient
kia(e) was given as the product of the Lennattbnes (=-J)
collision frequencyZ, ; and the collision efficiency.. Thef.
value was evaluated from Troe's expressibnThe average
energy transferred per collision for bath-gas argdnEL]which
was necessary to calculgtg was taken to be 310 crhfrom
Gardiner and Troé?

For the Ck + H system, the rate coefficients for channels
(2a) to (2c),kz4 to ko, can also be given as follows

o Kox(€)

__d[products)/d
2 E-2D,(¢)

27 [CRyMH]

=~

f(¢€) de
(i: a,b,c;X: A, B,C)

where Dz(e) = k_z(e) + kZA(E) + sz(E) + kzc and E_» is
threshold energy for reaction2. The RRKM rate coefficients
were applied folk_,(¢), kog(€), andkac(€), while the values of
Z, 3. were substituted fokpa(e).

The L—J parameters are required to calculate the deactivation
rate coefficientkia(e) andkya(e). The parameters;; andeiy/
kg were taken from the NASA technical repBrto be 4.33 A
and 240 K for CHE and to be 3.542 A and 93.3 K for Ar.
Since the I=-J parameters for G were unknown, they were
estimated from the polarizability as described by Cambi ét al.
The polarizability of CEO was derived by the ab initio MO
calculation at the HF/631G(d) level. Thus, the parameters
oLy and e ks were found to be 3.90 A and 262 K for .
The RRKM parameters for the GF- O(P) and Ck + H
reactions are summarized in Tables 2 and 3, respectively. The
geometries of the reactants and the transition states for the
channels with a saddle point were optimized by an ab initio
MO calculation at MP2(full)/6-31G() level, and their threshold
energiesEy's were calculated at the G2(MP2) level. The
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TABLE 3: RRKM Parameters for the CF 3 + H Reaction

CHR* — CHR#
transition state
—2)a
reactant TS(2) TS(2by
CHFR; model | model Il model | model Il TS(2c)
Eo (kJmol™?) 446.2 539.3 306.6
reaction path degeneracy 1 3 3
moments of inertia
la (1038 g-cnr) 0.8213 0.8324 0.9109 0.8214 0.860% 0.7674
Ip (1038 g-cnP) 0.8213 0.8324 0.9114 1.097 2.760 1.258
I (1038 g-cnP) 1.498 1.493 1.507 1.758 3.429 1.900
vibrational frequencies (cnd) 3036 1286 3308 2300
1414 1286 1343 1363
1414 1086 1181 1226
1186 677 1150' 1188
1186 493 1041 831
1127 49% 521 627
681 1033 362 334 92 250
492 1033 362 334 92 206
492

a Channel without a saddle point. See the text models | antdQhlculated dissociation energy of the bond being broken at ®' Kalculated
from the geometries optimized partially d€C—H) = 1.415 and 2.504 As Calculated from the geometries optimized partially @—F) = 1.746
and 3.089 Agh Frequencies calculated for ¢Bnd CHE. ' Soft bending frequency of the bond being broken, estimated from that fog GidE
the text).

TABLE 4: Branching Fractions Calculated for the CF3 +

vibrational frequencies were computed at the HRB&G() .
O(®P) and CF; + H Reactions

level and scaled by a factor of 0.89230 eliminate known
systematic errors. As channelsX), (—2), and (2b) were the branching fractiof (%)
dissociation channels without a saddle point, two models were 1200 K 2000 K
adopted as the critical configurations for these channels. The
geometries of TS(1), (—2), and (2b) were determined by the
MP2(full)/6—31G(d) partial optimization, during which the
lengths of the bonds being broken were fixed to 1.3 times (model

model model model model
reaction channel | 1l | 1l

CF; + OCP) — CF:O (la) 0.005 0.005 0.004 0.004

. X N CFRO+F 1b) 99.995 99.995 99.996 99.996
) and 2.3 times (model Il) the lengths at their equilibrium cp4+H  — CEZFB ((Za)) 0.158 0.158 0.092 0.092
structures, because the looseness of the critical configurations CHR +F (2b) 0.000 0.000 0.000 0.000

for simple-bond-fission channels was generally within this range. CR(*A1) + HF (2c) 99.842 99.842 99.908 99.908
For these channels, the bond dissociation energies calculated a caicylated at [Mj= 1 x 10:° moleculescm .
at the G2(MP2) level were substituted for the threshold energies
Eo's. In the vibrational motion for these critical configurations, The reliability of these theoretical predictions greatly depends
the frequencies representing the soft bending vibrations of theon the accuracy of the threshold enei§y because, is the
bonds being broken were evaluated from the following fordfula most sensitive parameter in the calculation. In the present
calculation, the G2(MP2) energies were usedegls. For the
r—re CFs + H reaction, ifEy of TS(—2) is overestimated or i of
u(r) = u(re) exr{— 1_04,8) TS(2c) is underestimated, the calculation must yield a small
branching fraction to the deactivation channels (2a). In practice,
wherer is the length of the bond being brokes (.3 and whenE, of TS(—2) is decreased by 70 #dol~! or whenE, of
2.3re for models | and Il, respectively) and s its equilibrium TS(2¢) is increased by 40 dol™1, the branching fraction of
length. The remaining vibrational frequencies were taken from channel (2a) becomes more than 1% at 1250 K. For the CF
the frequencies calculated for the products. Such approximation+ O(P) reaction, the revision d, by more than 100 kanol~*
of the RRKM parameters fde(¢), k—2(€), andkzg(e€) is rather gives the branching fraction of 1% to channel (1a). However,
rough; but it is acceptable, because these channels have highesuch a great error cannot be includedbecause the average
energy barriers and so they are inferior to other competing absolute deviation was reported to He5.61 kdmol=t for
channels. various relative energies calculated at the G2(MP2) I&Vel.
Table 4 shows the branching fraction calculated for each Therefore, we can conclude that the productions of CH F
product channel of the GF- OCP) and Ck + H reactions at and CR(*A;) + HF are the only channels possible under the
high temperatures. The results completely agreed betweenpresent conditions for the GA- OCP) and Ck + H reactions,
models | and Il in this calculation. The branching fractions of respectively.
the F dissociation channel (1b) for the £F O(P) reaction Determination of Rate Coefficients. Preliminarily, the
and the HF elimination channel (2c) for the £F H reaction calibration experiments for O-ARAS were performed in mix-
are more than 99%,; the other channels are negligible for bothtures of NO highly diluted in argon. Figure 5 shows the
the reactions. The pressures at which the branching fractionscalibration curves which were prepared by making the O-atom
of the deactivation channels (1a) and (2a) are more than 1%absorbance at the steady-state correspond to the initial concen-
over the temperature range of 1268000 K were calculated  tration of NNO. The LambertBeer law cannot be applied in
to be 316-780 and 16-30 atm for the CE+ O(P) and Ck the present study. The apparent absorption coefficients, which
+ H reactions, respectively, and so these deactivation processesnean the tangential slopes of the calibration curves, decrease
contribute only at rather high pressures. with the O-atom concentration due to self-absorption or self-
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Figure 5. Calibration curves for O-ARAS & = (M) 2000+ 30 and
(0% 31004 40 K. The solid line denotes the curSIe)s fitted by the least- 7 (b) 8pPmCF3l-8ppmN,O-Ar
squares method (see text). g 8 F
reversal. The temperature dependence was not found. Assum- Ug’ 6 | “
ing the modified LambertBeer equation, we determined two = Hu.'
parameters oft and y by a least-squares method as follows: 2 4t V’ 'W" %
° T s,y |
lo ~ 2053 K, 2.933 atm WM
In I_ = a[o]}/ 8 2 F [CF41,=8.39x10" molecules-cm™
— [N20]0=8.39x10” molecules-cm™
o = 107 1040:024 (225 4 075 0 . 1 L L
-200 0 200 400 600 800
y =0.746+ 0.018 £/ us
The calibration curve calculated from this expression ap-
proximates the experimental data well, as shown in Figure 5. 15
This result indicates that an absorption of 50% corresponds to ., (c) 8ppmGCF3l-8ppmN,0-Ar
a concentration of 5.% 10'® atomscm™3, which is consistent 'E
with the value reported by Klatt et d€ but larger than that in : 10 F
Thielen and Roth’s data (1.5 10 atomscm3).1° The £
sensitivity for O-ARAS depends on the light path length for 2 " TCFll,
absorption and additionally on the experimental conditions under =
which the light source are operated. Thielen and Roth S 5}t
performed the experiments in a 7.9-cm i.d. shock tube and used ™ 2026 K, 2.878 atm N
1% O,—He mixture as a light source of O-ARAS to prevent = [OF(1;=634x10 " molecules-om
the self-absorption. Due to longer light path and less self- 0 [N.zo]o=8.34xl? molecule.s-cm
absorption, they established a more sensitive O-atom detection
system than we have done. Taking account of these factors, —200 0 200 400 600 800
we can conclude that the sensitivity for O-ARAS measured in t/ us

the present work is reasonable in comparison with the results

previously reported by many workets.
Measurements of the rate coefficient for the reaction 1b were
performed in mixtures of Gffand N,O highly diluted in argon.
CF,+ O(P)—~ CF,0+F (1b)
Figure 6 shows typical concentration profiles of O atoms in 8
ppm N;O—Ar mixtures (a) without CEl and (b) with 8 ppm

Figure 6. Typical concentration profiles of (a) O atoms in 8 pprON-
Ar, (b) O atoms in 8 ppm Cff—8 ppm NO—Ar, and (c) | atoms in 8
ppm CRI—8 ppm NO—Ar mixtures. The white curve in part (b)
denotes the profile calculated in the reaction scheme of Table 5.
dissociation of CH, the I-atom concentration immediately
jumps to an equivalent value with the initial g leoncentration.

CFI(+M) — CF, + I(+M) (11)

CFl. These absolute concentrations were converted using the The comparison between Figure 6b,c indicates that the produc-

above approximate formula from the absorption at 130.20.6
nm. In the NO—Ar mixture, the O-atom concentration

tion of CFK; radicals via reaction 11 completes before the O-atom
production. From the kinetic data for reaction2tthe times

increases gradually through reaction 31 to reach a saturatedvhen 99% of CHl is dissociated to C&+ | are estimated to

value, while in the presence of gFoxygen atoms get to a
maximum value at 20@s and then decay.

N,O+M—N,+O0+M (31)

be 1.38us at 1900 K and 0.38s at 2330 K with a total density
of 1.0 x 10 moleculescm™3. These experimental and
calculated results confirm that the O-atom decay after 200
found in Figure 6b is caused by the £F O(P) reaction but

not by the CEl + O(P) reaction.

Figure 6¢ shows the concentration profile of | atoms measured On the other hand, the rate coefficient for reaction 2c was

under the same conditions as Figure 6b. Due to thermal

measured in mixtures of GFand GHsl highly diluted in argon.



8344 J. Phys. Chem. A, Vol. 102, No. 43, 1998

12
- (a) 2ppmC,HgI-Ar
g 10 -‘_1)51._[92!"_5']0‘ . .l.llll]l.‘l-llhlnulll““ -
ol
o
® 6 F
o,
~
T 2 | 1262 K, 1.078 1astm .
— [C4H5115=1.23x10" molecules:cm
0 I L 1
-200 0 200 400 600 800
t/ us
12
o (b) 4ppmCF4l-2ppmC,H;i-Ar
e 10 s -
o [CF,11=2.46x10" molecules:cm
(.é) 8 ! [C,H5l]=1.23x10" molecules-cm™
]
| MM
©
= 4}
': lmh - ek
L 2 1250 K, 1.047 atm
0 YT ATY 1 1 1
-200 0 200 400 600 800
t/ us
8
- (¢) 4ppmCF;l-2ppmC,Hsl-Ar
‘£ 1236 K, 1.028 atm
o6
»
§  |oadcaHil,
AT Horg)
o [T L I i
=L AT
= [CF4i];=2.44x10" molecules-om™®
0 [SH515=1.22x10" molecules-om™
-200 0 200 400 600 800
t/ us

Figure 7. Typical concentration profiles of (a) H atoms in 2 ppm
C:Hsl—Ar, (b) H atoms in 4 ppm C—2 ppm GHsl—Ar, and (c) |
atoms in 4 ppm CH—2 ppm GHsl—Ar mixtures. In parts (a) and (c),
®41, means the branching ratidgid(ksia + kaip), of the thermal
decomposition reactions 41a and 41b gHg shown in Table 6. The
white curve in part (b) denotes the profile calculated in the reaction
scheme of Table 6.

CF,+H—CF('A) + HF (2c)
Figure 7 shows typical concentration profiles of H atoms in 2
ppm GHsl—Ar mixtures (a) without CEl and (b) with 4 ppm
CFRsl. In the GHsl—Ar mixture, the H-atom concentration

Takahashi et al.

TABLE 5: Reaction Scheme for the CRI—N,O System

forward rate coefficierit

no. reaction loA n E/R ref
b CR+0=CRO+F adjusted
11 CRI(+M)=CFR+I(+M) high 14.40 0.00 26500 21
low —9.15 0.00 14500 21
12 CRI+I1=CR+I; —10.47 0.00 8540 22
14 CR+ CR=CyFs —10.50 0.00 O 23
21 F+F+M=FR+M —33.56 0.00 O 24
25 I+1+M=1,+M —34.57 —-1.00 0 24
31 NO+M=N+0+M 0.06 —2.50 32710 25
32 0O+0+M=0+M —34.28 0.00 —900 26

aForward rate coefficients in the forik = AT" exp(—E4/RT), in
cm?, molecule, and s units. Reverse rate coefficients were calculated
from the forward ones and the equilibrium constants.

TABLE 6: Reaction Scheme for the CRl—C,Hsl System
forward rate coefficiert

no. reaction loA n E/R ref
2c CR+ H=CR(*A;) + HF adjusted
11 CRI(+M) =CR+I(+M) high 14.40 0.00 26500 21
low —9.15 0.00 14500 21
12 CRI+I1=CR+I; —10.47 0.00 8540 22
13 CRI+H=CR+HI —10.08 0.00 510 27
14 CR+ CR=CFs —-10.50 0.00 O 23
15 CR(*A;)) + H=CF+HF —10.40 0.00 O 5
21 F+F+M=FR+M —3356 0.00 O 24
22 R+H=HF+F —-9.70 0.00 1210 24
23 F+H+M=HF+M —29.58 —1.00 0 24
24 HF+H=H+F —-9.44 0.00 17000 24
25 I+I+M=1,+M —34.57 —-1.00 0 24
26 L+H=HI+I -9.39 000 O 24
27 I+H+M=HI+M —34.48 —1.00 0 24
28 HI+H=H;+1 —-10.26 0.00 O 24
41a GHsl = CHs + | 11.79 0.00 20200 28
41b GHsl = CoHy + HI 11.11 0.00 19500 28
42 GHsl +1=CyHs + I, —10.18 0.00 8410 24
43 GHsl + H = CyHs + HI —-9.24 0.00 1760 24
44  GH4+ H(+M) = C;Hs(+M) high —10.44 0.00 1030 29
low —19.76 —2.80 —24 29
45 H+H+M=H,+M —29.56 —1.00 0 29

aForward rate coefficients in the fortk = AT" exp(—E4/RT), in
cm?®, molecule, and s units. Reverse rate coefficients were calculated
from the forward ones and the equilibrium constants.

The ethyl radicals produced through reaction 41a immediately

decay to become ethylene and hydrogen atoms.
C,Hg(+M) — C,H, + H(+M) (—44)

If other reactions producing and consuming hydrogen atoms

do not occur along with the above reactions, the final H-atom

concentration [H]can be related to the initial concentration of
ethyl iodide by the following formula

[H]s = @4, {C;Hsl]o

where®,;,is the branching ratids14(Ksia+ Kaip). As shown

in Figure 7a, [H] calculated from this expression is in good
agreement with the final value of H-atom concentration obtained
experimentally. This confirms that the formation of hydrogen

rapidly raises to reach a nearly constant value. AttemperatureéSsiom from ethyl iodide can be explained only by reactions 41a,

above 1100 K, ethyl iodide is decomposed via the following
two channels.
CHgl = C,H; + 1 (41a)

C,Hgl — C,H, + HI (41b)

41b, and—44.

As shown in Figure 7b, the addition of glFapparently
reduces H atoms as well as O atoms. Figure 7c shows the
concentration profile of | atoms measured under the same
conditions as Figure 7b. The I-atom concentration rapidly jumps
to an equivalent value with the sum of [gfp and®4;{C-Hsl] .
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TABLE 7: Summary of Rate Coefficients Measured for the Reaction Ck + O(°P) — CF,0 + F (1b)
reflected shock region

P ue T M] [CFsl]o [N2OJo Kip
(Torr) (m:ms™?) (K) (moleculescm2) (moleculescm3) (moleculescm™3) (cm® molecule s71)
[M] = (8.24+ 0.09) x 10* moleculescm 2
41.0 0.906 1912 8.34 108 6.67 x 101 6.67 x 101 2.16x 104
40.0 0.920 1969 8.24 108 6.59x 104 6.59x 108 2.33x 10°%
40.0 0.929 2006 8.3@ 108 6.64 x 10 6.64 x 10% 233x 104
40.0 0.931 2015 8.32 108 6.66 x 104 6.66 x 108 2.33x 1071
40.0 0.938 2043 8.3% 108 6.70 x 10 6.70x 10% 2.33x 104
40.0 0.939 2046 8.38 108 6.70x 10% 6.70x 108 2.49x 1071
39.0 0.946 2074 8.2% 108 6.57 x 10 6.57 x 10" 2.82x 104
39.0 0.954 2106 8.26 108 6.61x 105 6.61x 108 2.99x 1071
38.0 0.954 2109 8.06 108 6.45x 108 6.45x 108 2.82x 10711
38.0 0.970 2174 8.15 108 6.52x 101 6.52x 108 2.82x 1071
38.0 0.974 2193 8.18 108 6.55x 108 6.55x 108 2.33x 107
38.0 0.976 2200 8.19 108 6.55x 101 6.55x 101 2.66x 10711
38.0 0.985 2239 8.25 108 6.60x 104 6.60x 108 249x 101
38.0 0.999 2398 8.33 108 6.66x 101 6.66 x 101 2.49x 101
37.0 1.004 2321 8.14 108 6.51x 10% 6.51x 108 2.49x 1071
37.0 1.004 2323 8.14 108 6.51x 101 6.51x 101 2.49x 104
[M] = (1.244 0.01) x 10* moleculescm™3
61.0 0.904 1906 1.24 101 9.91x 10% 9.91x 108 2.49x 1071
61.0 0.906 1914 1.24 10% 9.93x 10 9.93x 10% 2.49x 104
61.0 0.909 1925 1.24 10¥° 9.95x 104 9.95x 108 2.33x 1071
60.0 0.927 1999 1.24 10% 9.95x 10 9.95x 10% 249x 101
60.0 0.930 2011 1.2% 10¥° 9.98x 101 9.98x 108 2.82x 1071
60.0 0.933 2020 1.25 10 1.00x 10* 1.00x 10* 2.66x 1011
58.0 0.944 2068 1.22 101 9.76 x 108 9.76 x 101 2.33x 1071
58.0 0.949 2087 1.22 10¥° 9.79x 10% 9.79x 108 2.99x 104
58.0 0.953 2103 1.23 101 9.82x 101 9.82x 101 2.82x 1071

aPressure ahead of incident shock wavimcident shock velocity.

TABLE 8: Summary of Rate Coefficients Measured for the Reaction Ck + H — CF,(*A;) + HF (2c)
reflected shock region

P2 K T M] [CFR3l]o [C2Hsl]o kac
(Torr) (m:ms™?) (K) (moleculescm™3) (moleculescm™—3) (moleculescm™3) (cm® molecule? s74)
[M] = (6.13+ 0.05) x 10'® moleculescm™2
40.0 0.688 1157 6.14 108 2.46 x 108 1.23x 10 9.13x 104
40.0 0.696 1180 6.23 108 2.49x 108 1.25x 10 8.97x 101
39.0 0.696 1182 6.08 108 2.43x 108 1.22x 10 9.05x 1071
39.0 0.706 1211 6.18 108 2.47 x 108 1.24x 10 8.88x 101
38.0 0.712 1229 6.08 108 2.43 x 108 1.22x 10 8.88x 1071
38.0 0.715 1239 6.1% 108 2.44 x 10% 1.22x 10 8.65x 101
38.0 0.718 1250 6.1% 108 2.46x 108 1.23x 10 9.13x 1071
38.0 0.719 1251 6.15 108 2.46 x 10 1.23x 10 9.22x 104
37.0 0.728 1279 6.08 108 2.43x 108 1.22x 10 8.64x 1071
37.0 0.737 1309 6.16 108 2.46 x 10 1.23x 10 9.13x 10°%
37.0 0.741 1323 6.28 108 2.48x 108 1.24x 10 8.72x 1071
36.0 0.746 1338 6.08 108 2.43x 10% 1.22x 10 8.85x 107
36.0 0.748 1344 6.09 108 2.44x 108 1.22x 10 9.55x 1071
36.0 0.751 1353 6.12 108 2.45x 10% 1.22x 10 8.97x 101
[M] = (9.81+ 0.04) x 10" moleculescm 2
64.0 0.687 1154 9.82 108 2.45x 108 1.23x 10 8.30x 10
63.0 0.694 1176 9.79 108 2.45x 108 1.22x 10 8.47x 1071
62.0 0.703 1203 9.78 108 2.44x 108 1.22x 10 8.88x 107
61.0 0.715 1240 9.82 108 2.45x 108 1.23x 10 9.13x 107
60.0 0.725 1271 9.8% 108 2.45x 10% 1.23x 10 8.64x 101
59.0 0.734 1299 9.78 108 2.44x 10% 1.22x 10 8.47x 1071
58.0 0.751 1356 9.8% 108 2.47 x 10% 1.23x 10 8.30x 10°%
58.0 0.752 1359 9.88 108 2.47 x 108 1.24x 10 9.13x 10°%
57.0 0.757 1373 9.7% 108 2.44 x 10% 1.22x 10 8.64x 101

2 Pressure ahead of incident shock waviacident shock velocity.

This result confirms that the thermal dissociation of;I0R1) appropriate reaction schemes of Tables 5 and 6. The values of
immediately completes even over the relative low temperature ki, and kyc were adjusted so that the calculated curves most
ranges of 11061380 K and that the H-atom decay found in closely matched the observed ones, as shown in Figures 6b and
Figure 7b is caused by the €F H reaction. 7b. Rate coefficient data for reactions 1b and 2c, derived under
To determine the rate coefficients for reactions 1b and 2c, various experimental conditions, are summarized in Tables 7
kip andky., the concentration profiles of O and H atoms were and 8, and the Arrhenius plots &f, and kyc: are shown in
calculated by numerically integrating the rate equations in the Figures 8 and 9, respectively. Neither rate coefficient had and
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Figure 10. Sensivity analysis of the rate coefficients for O-atom

~-11.0 . : : concentration in 8 ppm GF8 ppm NO—Ar mixture. Numbers in
4.0 45 5.0 55 6.0 the figure denote the reaction numbers given in Table 5.
T /107K ’
Figure 8. Arrhenius plot of the rate coefficients for the € O(P) 4ppmCF,i-2ppmC,Hsl—-Ar
reaction. @) and @) denote the present results measured atf\g.2 = 1250 K, 1.047 atm
x 10 and 1.2x 10 moleculescm™3, respectively. £ — —) The rate w 05 F
coefficient for the CH + O reaction recommended by Tsang and L (41a)
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0
T Others
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& In this study, the rate coefficients for reactions 1b and 2c
were determined indirectly by fitting the O- and H-atom
concentration profiles calculated by using the reaction schemes

-11.0 L L L proposed in Tables 5 and 6 to the observed ones. To check the
7.0 75 8.0 85 9.0 influence of secondary reactions on the determinatiomk;pf
T /107 K™ andky, sensitivity analyses were made by using the CHEMKIN

1130 and SENKIN! program codes. In the GF-N,O—Ar and

reaction. @) and @) denote the present results measured atMj.1 CRl —C_22H5I fAr mixtures, t_y_p|_0a| tlme.'r.esowed profiles of the
x 108 and 9.8x 101 moleculescm 3, respectively. £ — —) The rate normalized first-order sensitivity coefficients for O- and H-atom

coefficient for the CH + H reaction recommended by Tsang and concentrationsg(log[O])/(slog k) and d(log[H])/(dlog k), are
Hampsor?® shown in Figures 10 and 11, respectively. In thelciN,O—

Ar mixture, the calculation shows that other side reactions
temperature or pressure dependence; the values were determindakesides reactions 1b and 31 have no influence on O-atom
to bekyp = (2.55£0.23) x 10" andky. = (8.86+0.32) x 10711 concentration. Reaction 31 is the most sensitive until 260
cm? molecule! st over the temperature ranges of 19830 when O-atom concentration gets to a maximum (cf. Figure 6b),
and 1156-1380 K (error limits at the one standard deviation but the focus reaction 1b strongly affects the O-atom concentra-
level). These results were in good agreement with some room-tion instead of reaction 31 after 20&. The kinetic data for
temperature data reported by Ryan and PRiframd Tsai and reaction 31 have already been reported by numerous workers.
his co-workerd.® This agreement looks reasonable, because Some extensive literature revietk$§? about it have also been
the rate coefficients for atom-radical reactions generally have published. In this workks; is cited from the review of Hanson
little temperature dependence. At high temperatlkgsyere and Salimiar?® and it is examined to have only an error of
researched by Biordi et &.but ky, was not yet studied. The  +20% in the review. Ifks; have a large error, the calculated
previousk,. data of Biordi et al. is only one-third of the value  O-atom concentration profiles cannot be fitted to the observed
yielded in this work. Their data were determined by monitoring ones by adjusting, only, because reaction 31 has more
CFR; radicals in methaneoxygen-argon flames containing GF sensitivity at the early stage of reaction time but reaction 1b
Br, where complicated branching reactions occur simulta- contributes later. Therefore, the uncertaintykef cannot be
neously. Furthemore, an initial concentration ofsBFwhich considered to influence the determinationkaf directly. In
Biordi et al. have used as a precursor ofsC&dical is three the CRI—C;Hsl —Ar mixture, reactions 2c, 41a, and 41b have
powers of ten higher than our initial concentration of the relatively high sensitivity to H-atom concentration. In contrast,
precursor (CE). So there is some possibility that their results reactions 1+13, 15, 2128, and 42-45 give no effect. Since
are influenced by other secondary reactions. the kinetic data for reactions 41a and 41b cited in this work

Figure 9. Arrhenius plot of the rate coefficients for the €F H
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have directly and exactly been measured by using a shock-tube
ARAS technigue by our grouf¥ these rate coefficients cannot
create a large error in the determinatiorkgf The sensitivity
coefficient for reaction 14 is also not 0 but is very small. For
example, an uncertainty af50% fork;4 only causes an error
of 3—5% toky.. Therefore, we can conclude thHat has little
serious error due to the uncertainty of kinetic data for these
side reactions.

The rate coefficients of collisions between £&nd OFP)
and between CGfand H were calculated with electronic
degeneracy factorg's under the |=J interaction potentials

+ gﬂkBT 12
=92 9(2,2»( )
(9192) 1272 Uy

whereu;; is the reduced mass betweensC&dical and O or H
atom. The reduced collision integr&3?* was given by
Troe's approximatio! The parameters; and e ks were
taken from the NASA technical repétto be 4.320 A and 121.0
K for CF; radical, to be 3.050 A and 106.7 K for O atom, and
to be 2.708 A and 37.0 K for H atom, respectively. The
calculation gives j(CFs + O) = (1.0-1.4) x 1071 andk s
(CR + H) = (2.4-4.7) x 1071° cm?® molecule’! s™1 over the
temperature range of 362500 K, which are much larger than
the experimental results. The variational transition state tF&8ry
must be applied to discuss in more detail, but the relation
between Ck+ O(CP) and Ck+ H systems in the £J collision
rate coefficients ik j(CF; + H) > k. s(CF; + O) in agreement
with the relation of the experimental rate coefficierits, >
Kip.

The rate coefficients for the high-temperature CHOEP)
and CH + H reactions have already been determined by

ke
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(b) The rate coefficients for the reactions ££F O(P) —
CRO + F (1b) and CE + H — CFRx(*A;) + HF (2c) were
experimentally determined to He, = (2.55£0.23) x 101!
andkye = (8.86+0.32) x 1071 cm® molecule® s™ over the
temperature ranges of 1962330 and 11561380 K, respec-
tively. These results were in good agreement with some room-
temperature data reported previously.

(c) From comparison of the rate coefficients, the dominant
channel of Cg consumption in the combustion is estimated to
be the reaction with H atoms, but not¥®j atoms, differing
from CH; consumption.
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