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The reactions of B-heptafluoropropane (GEHFCR, HFC-227ea) with GP) and H atoms have been studied

at high temperatures by using a shock tube technique coupled with atomic resonance absorption spectroscopy.
Electronically ground-state oxygen and hydrogen atoms were produced by the laser photolysis of sulfur dioxide
and the thermal decomposition of ethyl iodide, respectively. The rate coefficients for the reactigns CF
CHFCR + O(P) — i-CsF7 + OH (1a) and CECHFCR + H — i-CsF; + H, (2a) were experimentally
determined from the decay of @) and H atoms ak;, = 1071927067 exp[—(56 4 13) kJ mof/RT] cm?
molecule! s (880—-1180 K) andky, = 10 915066 exp[—(63 £ 14) kJ mol/RT] cm® molecule* s7* (1000-

1180 K). These results showed that reaction 2a was faster than reaction la by a fact@ ovef the

present experimental temperature range. Both rate coefficients were much smaller than the previous kinetic
data for the reactions of propane with®) and H atoms, because of an electron-attracting effect of fluorine
atoms. To compare the reactivities between isomers, the rate coefficients for the reactiohs of 1
heptafluoropropane, CHEFR,CF; + O(P) — n-CsF; + OH (3a) and CHECFR.CF; + H — n-CsF; + H,

(4a), were also determined by using the same techniqlg, as 1010-13052 exp[—(55 £ 10) kJ mol'Y/RT]

cnm® molecule® s1 (880-1180 K) andks, = 107244932 exp[—(57 & 7) kJ mol'/RT] cm® molecule® s™*
(1000-1180 K). Furthermore, the rate coefficients for reactions 1a and 2a were calculated with the transition-
state theory (TST). Structural parameters and vibrational frequencies of the reactants and the transition states
required for the TST calculation were obtained from the MP2(full)/6-31G(d) ab initio molecular orbital (MO)
calculation. The energy barrieEq*, was adjusted until the TST rate coefficient most closely matched the
observed one. The fitting results B§*(1a)= 51 kJ mof'* andEq*(2a) = 41 kJ mot* were in agreement with

the G2(MP2) energy barriers, within the expected uncertainty.

Introduction groupg® but cannot be accepted as comprehensively reliable
) o schemes, because most of the kinetic data for the elementary
Halons, bromine-containing perhalogenated carbon com- reactions involving C3 and C4 fluorocarbons are estimated from
pounds such as GBr, CRBrCl, and GF4Br, have been used  {hose for the analogous reactions of C2 fluorocarbons or
for many years as gaseous fire-extinguishing ageftey have fluorine-free hydrocarbons.
high fire-extinguishing abilities because of their chemical Since some years ago, we have performed kinetic studies on
suppression mechanism; that is, bromine-containing species carney reactions for the HFC-23 combustion and were successful
catalytically remove active species from the combustion Zohe. obtaining some important resufsi! As the next, new
Due to serious concerns about ozone depletion in the stratoSyegearch project, we are interested in the kinetics of the
phere? however, the production of halons has been prohibited gjementary reactions for HFC-227ea combustion. Recently,

and intensive research programs have been undertaken to ﬂ”q-lynes et al2 have experimentally determined the rate coef-
effective replacements. Around 10 years ago, hydrofluorocar- ficients for the following reactions:

bons and perfluorocarbons were proposed as one of the

candidates to replace halons. Some of them, such as HFC-23 CF,CHFCK, + F—i-C;F;, + HF (6)

(CHRs), HFC-227ea (CECHFCR), and FC-3-1—10 (C4F19),

have already been commercialized. CF,CHFCF, — CF,CHF + CF, (7a)
The construction of the reaction mechanism for fluorocarbons

is needed not only to understand their chemical roles in a flame CK,CHFCEF,— C,;F; + HF (7b)

but also to find other fluorocarbons that have higher fire-

extinguishing abilities. Under these circumstances, a researchBut there are no previous works for the other reactions involving

group of the National Institute of Standards and Technology in CRCHFCFR. In the present study, we focused on the bimo-

the U.S.A® has constructed the detailed reaction mechanism lecular reactions of GFEHFCR; with OP) and H atoms, which

for C1 and C2 fluorocarbons, so that the modeling of the gHF are among the most important chain carriers in combustion

inhibited flames became possible. The reaction mechanisms forreactions. These rate coefficients were directly measured at high

fluorocarbons higher than C2 have also been reported by somelemperatures by using a shock tube technique coupled with

atomic resonance absorption spectroscopy (ARAS). To compare

* Corresponding author. Phonek:81-3-3238-3457. Fax:-81-3-3238- the reactivities between iSOmerS, the kinetics of the reactions
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f ARAS. Details of the principles and procedures have been
Wi described elsewhefd® The calibration results could not follow
Icrowave .
cavity the Lambert-Beer law, due to self-absorption or self-reversal.

So we assumed the modified LambeBeer equation:

1% Oz/He
1% Ha/He |
1-¢=1-exq —o,TI[X]"}
Lens 0
'x\\ Mirror wherel means the optical path length§.23 cm). The following
Shock tube il = three parameterso, 3, andy were determined for both atoms
6.2 cm¢ )< by least-squares methods and were used to convert from
Quartz absorptions to absolute concentrations:
bl 0(0) = 107 105#0¥ em¥ K B(0)=0
KrF: 248 nm y(0)=0.714+0.041  at 130.26 nm
VUV _ —13.06£1.31 3y—11,—f —
Solar-blind Monochromator op(H) =10 cm” K B(H) =1.46+0.40
PMT y(H) =0.6504+ 0.031  at121.6 nm
Digital memory  jmeed  PC Laser Equipment for Photolysis. ArF and KrF excimer

Figure 1. Schematic apparatus for @) and H atom detections and lasers (LAMBDA PHYSIK COMPex 10.2)’ of which Wa}ve—
laser photolysis arranged at the end of the shock tube. lengths were 193 and 248 nm, respectively, were applied for
the photolysis. The laser beam was ignited with a 28@elay
Furthermore, these rate coefficients were calculated with the ftér the arrival of a reflected shock wave and was introduced
transition-state theory (TST). The validity of the experimental t© theé ARAS optical path throlga 1 cmthick quartz end-
results is discussed. plate of the shock tube, as shown in Figure 1. The beam size
was 38x 8 mn? at the observation station and the intensities

Experimental Section were 3.6x 106 photons cm? for the ArF laser and 1.& 10V
) _ photons cm? for the KrF laser.
Shock Tube. All experiments were performed behind re- Measurements and GasesMeasurements of the rate coef-

flected shock waves in a diaphragmless stainless steel shockicient for the reaction CFCHFCF; + O(P) were carried out
tube, which consists of a 5.84driver sectionand a4.6 mlong  in mixtures of CRCHFCR;, SO, and Ar by detecting GP)

test section with 6.23 cm i.d. Details of the structure and the atoms. Triplet electronic state oxygen atoms were generated by
performance have been described previofidife test section the laser photolysis of SO On the other hand, the rate
was evacuated by a turbomolecular pump to pressures down tooefficient for the reaction GEHFCF; + H were obtained from

1 x 107*Pa, in which the residual gas was practically free from the decay of H atoms in mixtures of @EHFCF, C;Hsl, and
hydrocarbons. To measure incident shock velocity, three Ar. Hydrogen atoms were yielded through the thermal decom-
piezoelectric pressure transducers were mounted on the shoclposition of GHsl. The experimental temperature ranges were
tube walls at 25 cm intervals from the end of the test section. 880-1180 K for the OfP) atom reaction and 106180 K

The temperature and pressure of the shock-heated test gas wemgr the H atom reaction, respectively, and the total density was
calculated from the incident shock velocity using the conven- fixed at 6.0 x 108 molecules cm? in all experiments. To
tional method. Driver gases were prepared by mixing helium, compare with these results, we also studied the reactions of
nitrogen, and carbon dioxide, depending on requested temper-CHR,CF,CF; with OGP) and H atoms under the same experi-
atures. _ o mental conditions.

Optical System for Atom Detection and Calibration. The 1H- and H-heptafluoropropanes used in the present experi-
time-resolved concentrations of electronically ground-state O ments were produced by SynQuest Labs.; their purities were
(2p* *Py) and H (1°Sy) atoms were monitored by ARAS. Figure  >97% and>98%. Ethyl iodide (Aldrich;>99%) was purified
1 shows a schematic apparatus for ARAS and laser photolysiswith trap-to-trap distillation, and research grade sulfur dioxide
arranged near the end of the test section. A microwave discharggTakachiho;>99.9%) was used as delivered. These agents were
lamp, in which helium containing 1% oxygen or hydrogen was diluted in scientific grade argon (Nippon Sansd9.9999%).
flowing at a pressure of 4 1% Pa, was used as a light source.

The wavelengths of monitored resonance light were 130.2, Results and Discussion

0 — 3
130.4, and 130.6 nm (38" -— 2p* *P) for OCP) atoms and Reaction of CFCHFCF3 with O(3P). For the reaction of

121.6 nm (2p?Py; — 1s 2Sy) for H atoms. The resonance . . )
radiation from the lamp passed through two Mgfndows (1 ngZgilglsngalevylth O(P), the following three abstraction channels

mm thickness) mounted on the shock tube walls at a position 2

cm from the end. The transmitted light was isolated by a 20 3 .

cm VUV monochromator (Minutesm?an 302-VM), which was CFCHFCR; + O(P) —i-C4F + OH (1a)
evacuated to a pressure less thar 302 Pa and detected by 3 ]

a solar-blind photomultiplier tube (Hamamatsu Photonics CF,CHFCF,; + O(P) — i-C;HFg + OF (1b)
R1459). The signal was then recorded by a digital storage

oscilloscope (Hitachi VC-6165). CF,CHFCK, + oepP)— n-C;HF, + OF (1c)

Calibration experiments were performed behind reflected
shock waves in 0564 ppm NO/Ar mixtures for the O atom To examine which is the main channel, an ab initio MO
ARAS and in 0.5-2 ppm GHsl/Ar mixtures for the H atom calculation was performed by using the Gaussian 98 progfam.
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Figure 2. Energy diagram for the reaction gEHFCFR + OCP). The Figure 4. Typical plot of logarithmical concentration of &X) atoms
energies are calculated at the G2(MP2) level and are corrected for theas a function of reaction time in 0.3% FHFCR/200 ppmSQAr
zero-point vibrations. mixture.
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Figure 3. Typical concentration profiles of €®) atoms in (a) 200
ppmSQ/Ar and (b) 0.3% CECHFCFR/200 ppmSQAr mixtures. Two -15 L L L
white lines denote profiles calculated on the basis of (A) only reaction 8 9 10 11 12
la and (B) scheme | shown in Table 1, which consists of reaction la
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Figure 5. Arrhenius plot of the rate coefficient for reaction 1aD)(
Figure 2 shows the energy diagram calculated at the G2(MP2)0.3% CRCHFCR/200 ppmS@Ar, ArF-LP; (a) 0.5% CRCHFCR/
level2* The calculation results show that the most energetically 200 ppmSQ@Ar, ArF-LP; (@) 0.1% CECHFCFMOO ppmMSQAr, KrF-
favorable channel is the H abstraction 1a by afRpatom and Iaznc(JtAe)sth:? ;Eﬁ:'r:afg‘goe%mi‘;?%ﬂh:fr':e;-;’mxg frglzse% line
that the F abstraction channels 1b and 1c are negligible due to. i-CsH + OH (30)2 The solid line shows the TST result calculated
their high energy barriers, over 250 kJ mblTherefore, the W|th Egf(1a)= 51 kJ mof™.

main product channel can be concluded to be reaction 1a.

Measurements of the rate coefficient for reaction la were by vibrationally excited products of the @EHFCFR; thermal
carried out in mixtures of 0:10.5% CRCHFCF; and 200- decomposition, was observed at temperatures higher than 1180
400 ppm SQdiluted in argon. A typical concentration profile K. So the upper limit of the experimental temperatures was set
of O(P) atoms is shown in Figure 3, together with a profile in to be 1180 K.
the mixture that did not contain GEHFCF;. Time zero in the In the present conditions, the concentration ofF)(atoms
figure denotes the arrival of a reflected shock wave at the generated by the photolysis is only a few ppm. This means the
observation station. Due to the relatively high concentrations following pseudo-first-order rate equation can be applied in this

of the reactants, the molecular absorptions o @HFCF; and system if any secondary reactions are negligible:

SO, were found to be around 30 and 20%, respectively. So the

net absorption obtained by subtracting these molecular absorp- In [O] = -k, [CF,CHFCF],t+ C

tions from the original ARAS signal was converted to the

absolute concentration of &) atoms. In the S@Ar mixture, wheret is the reaction time ané, is the second-order rate
the number of G) atoms rapidly rises due to the photolysis  coefficient for reaction 1a. An integration constant is expressed
of SG; induced by irradiation of the ArF excimer lasertat with C. Figure 4 shows that a linear relationship exists between

100us, which is S@ + hv — SO+ O(P) (14), and later the  the logarithm of [O] and. In all experiments, the straight line
concentration of GP) atoms takes a constant value. In the was drawn until the time when €K) atoms concentration was
presence of CFEHFCFs, OCP) atoms decay gradually through  decreased to 63% of the initial concentration. From the slope
reaction la after a rapid formation by the photolysis. The more of this straight line ki was determined. An Arrhenius plot of
remarkable decay of GR) atoms is favorable for the kinetic  k;, obtained in this method is shown in Figure 5. These
analysis, but such experimental conditions could not be estab-numerical data are summarized in the Supporting Information,
lished. If the initial concentration of GEHFCR; was higher together with the detailed experimental conditions. The mea-
to enhance reaction 1a, the molecular absorption gOEFCFR; sured values ok;, were found to be independent of the initial
was increased with the initial concentration, leading to dete- concentration of CFCHFCR;, which is an indirect piece of
rioration of the signal-to-noise ratio for the measured profiles. evidence that secondary reactions give no serious error in the
The absorption of unknown species, which is probably caused determination ok;». A KrF (248 nm) laser was also used instead



1420 J. Phys. Chem. A, Vol. 108, No. 8, 2004 Yamamoto et al.

TABLE 1: Reaction Schemes for (I) CRCHFCF3/SO, and (ll) CF ;CHFCF3/C,Hsl Systems
forward rate coefficiert

no. reaction scheme log A n E/R ref
la CRCHFCR + O(CP)— CRCFCR + OH | —10.27 0.00 6740 c
2a CRCHFCR + H — CRCFCR + H2 1] adjusted
5 CRCHFCRK + OH— CRCFCR; + H,0 | —11.78 0.00 2010 8
7a CRCHFCR, — CRCHF + CR; &1l 15.90 0.00 42800 12
b CRCHFCR — CgFs + HF I &Il 12.90 0.00 35000 12
8 CRCFCR + O(P)— CRCFO+ CR; I —10.40 0.00 0 8
9 CRCFCR + H — CsFg + HF I 39.60 —13.90 22500 8
10 CRCFCK + OH— CRCO + CR; + HF I —10.44 0.00 0 8
11 CRCFCR— CRCF+ CRs 1&1 14.00 0.00 38200 8
12 CR+ OCP)—CRO+F I —10.59 0.00 0 10
13 Ck+H—CRK + HF 1] —10.05 0.00 0 10
15 SQ + M = SO+ OFP) + M¢ I -7.33 0.00 58600 17
16 SQ + O(CP)= SO+ Of I —11.08 0.00 9800 18
17 OCP)+ OCP)+ M = O, + M4 I —34.28 0.00 —900 19
18a GHsl = CoHs + 14 1] adjusted
18b GHsl = C;Hy + HI9 I 11.11 0.00 19500 20
19 H+ CoHa(+M) = CoHs(+M)de I high —10.44 0.00 1030 21
low —19.76 —2.80 —24 21
20 GHsl + H = C,Hs + HId 1] —9.24 0.00 1760 22
21 GHsl +1=CoHs + 14 1] —10.18 0.00 8410 22
22 F+F+M=F,+Md I —33.56 0.00 0 22
23 F+H+M=HF+ M4 1] —29.58 —1.00 0 22
24 R+H=HF+F I —9.70 0.00 1210 22
25 HF+H=H,+ Fd 1] —9.44 0.00 17000 22
26 I+1+M=Il+Md I —34.57 1.00 0 22
27 I+H+M=HI+Md 1] —34.48 1.00 0 22
28 l,+H=HI+1d I -9.39 0.00 0 22
29 HI+H=H,+ 4 1] —10.26 0.00 0 22

aSchemes | and Il mean the kinetic models used in theCEIFCR/SO, and CRCHFCR/C,Hsl systems, respectively.Forward rate coefficients
in the form k=ATexp(—E4RT), in cn¥, molecule, and s unit$.Determined in this work? Reverse rate coefficients were calculated from the
forward ones and the equilibrium constaritBressure-dependent falloff reaction. At any pressure, the rate coefficient was calculatie Krfko[M]/
Ko)/(1 + ko[M]/ kw)] whereky andk. are low- and high-pressure limit rate coefficients.

of ArF (193 nm), resulting in the same valuelaf. This result of i-C3F; begins to occur and to affect the consumption ofF)(
confirms that laser light has little effect on species other than atoms.
SO, e.g., fluorocarbons. A least-squares fit of the data yielded

the following Arrhenius expression over the temperature range

of 880 to 1180 K:

i-C4F, — CF,CF + CF, (11)

However, the contribution of these secondary reactions appears
only after a large number of-CsF; are produced through
reaction 1la. The pseudo-first-order approximation can be applied
until a reaction extent of 50%, so that no secondary reactions
e . are concluded to affect the determinationkefin the present
where all error I!mlts expressed in the present paper mean two,, o
standard deviations. , , The kinetic data for reaction 1a have not previously been
To check the influence of secondary reactions more strictly, reported at any temperatures. To discuss the validity of the
a numerical calculation was performed by using the Sandia present result, the measured valueskgfare compared with

CHEMKlN'” o .and SENKING.program codes. The Qetaileq the kinetic data for the reaction of fluorine-free propane with
reaction model is summarized in scheme | of Table 1: it consists OCP).

of reaction la and 10 other side reactions. The Arrhenius
expression ofk;, determined under the pseudo-first-order

approximation was used in the calculation. An example of the
numerical results is shown with line B in Figure 3, and line A - e rate coefficient for reaction 30 has been studied very well,

means the concentration profile calculated on the basis of only 5« reviewed by Tsar@.Here, note that reaction path degen-
reaction la. A slight difference between lines A and B is found eracy, I, is different for reac'tion 1a and for reaction 30. i.e.

in the reaction time later than 4Q@s; line B reproduces the I*(1a)= 1 andI*(30) = 2. So a half-value Oksois shown with

observed profile better than line A. In the detailed reaction o proken line in Figure 5. The present resulkafis found to
model,i-CgF radicals formed through the focus reaction 1areact po much smaller thahso/2, suggesting that the €H bond

with O(P) atoms. Subsequently, the product@dicals also  gyrength in CRCHFCR; molecules is enhanced by an electron-
consume GP) atoms. attracting effect of the surrounding fluorine atoms. The G2-
(MP2) ab initio calculation also supports this suggestion: the

— (1022067
k,,=10 X

exp[—(56 + 13) kJ mol /RT] cm® molecule * s*

C;Hg + OCP)—i-C;H, + OH (30)

i-CqF7 + O(ap)_’ CRCFO+ CF; (8) energy barrier of reaction 1a is 56 kJ mblwhereas that of
. reaction 30 is only 23 kJ mot.
CF,+ O(P)—CF,O+F (12) Reaction of CRRCHFCF3 with H. Figure 6 shows the energy

diagram for the following competing channels in the reaction
At temperatures higher than 1050 K, the thermal decomposition of CF;CHFCF; with H:
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CF,CHFCF, + H—i-CjF, + H, (2a) 300
_ 5 G2(MP2) Tss for F-Absts.
CF,CHFCF, + H — i-C,HF, + HF (2b) g 200 f H--F--C.HF,
—
X
— = | Y/ \\
CF,CHFCF, + H — n-C;HF, + HF (2¢) 3, 100 TS for HAbS o
i ; 2 H--H--C,F 2
The energy barriers of reactions 2b and 2c are 80 and 118 kJ s 0 C_%
1 hi - : > FsCHFCF,
mol~* higher than that of reaction 2a, although the enthalpies g +H n-CsHFg+HF (2¢)
of the F abstractions are smaller than that of the H abstraction. ® -100 L CHTTE )
These differences in energy barrier mean that the branching & e
ratios, kop/koa andkogkos can be estimated to bexl 10~4 and -200
2 x 1076 at 1100 K, assuming that their preexponential factors Reaction coordinate —

are identical. So we can conclude that reaction 2a is the Figure 6. Energy diagram for the reaction GEHFCR + H. The
dominant channel, and that reactions 2b and 2c are negligible.energies are calculated at the G2(MP2) level and are corrected for the
To research the kinetics of reaction 2a, we measured H atomzero-point vibrations.
decay in mixtures of 0.050.1% CRCHFCF and 2-4 ppm 25
C,Hsl diluted in argon. Figure 7 shows typical concentration 4ppmC,Hsl/Ar (a) Without CF;CHFCF4
profiles of H atoms in the @1sI/Ar mixtures with and without 1072 K
CRCHFCEFs. In the GHsl/Ar mixture, H atoms are immediately | 0.905 atm
produced through a series of reactions 18a afi® and then
the concentration reaches a nearly constant value.

= N
o O

[H]/ 10" atoms-cm™
>

5 F (b) With 500ppm
CoHgl = CHs + 1 (182) o CF:CHFCF,
C,Hg(+M) — C,H, + H(+M) (—19) 5 \ ) )
-200 0 200 400 600

At temperatures lower than 1000 K, this initial formation of H
atoms was not enough to research the kinetics, so that all of
the experiments for the reaction §FHFCR + H were Figure 7. Typical concentration profiles of H atoms in (a) 4 ppm
performed over 1000 K. On the other hand, in the presence of C2Hsl/Ar and (b) 500 ppm CECHECF/4 ppm GHl/Ar mixtures. The

. white and the two black lines denote profiles calculated by varying
CRCHFCE, _H_ {itoms are _gradually reduced through reaction the rate coefficient for reaction 2a in scheme Il of Table 1.
2a after the initial production.

t/us

To determineky,, the concentration profiles of H atoms were 1
calculated by numerically integrating the rate equations 500ppmCF;CHFCF3/4ppmC.Hsl/Ar
in scheme Il of Table 1. Time-resolved profiles of the normal- o (18a) 1072 K
ized first-order sensitivity coefficients for H atom concentration, fe) 0.905 atm
d(log [H])/(0 log k), are shown in Figure 8. The analysis shows e 0 Others
that the concentration of H atoms is greatly influenced by T ﬁ\
reaction 18a at the early reaction time and by reaction 2a at the o (9)” (18Db)
later time, and that the contribution of the other reactions is o (2a)
negligible. Because the time range when reaction 2a has an
influence on the H atom concentration is different from that of -1 * *
reaction 18a, the rate coefficientgg, and ko, were simulta- 0 200 400 600
neously optimized by fitting the calculated profiles to the t/ ps

observed ones, as shown [n F'Qure 7 Figure 8. Sensitivity analysis of the rate coefficients for H atom
The values okiga determined in this procedure are plotted concentration in 500 ppm GEHFCR/4 ppm GHsl/Ar mixture.

in Figure 9. The present results are in excellent agreement with Numbers in the figure denote the reaction numbers defined in Table 1.

our colleague’s previous daté,which have been obtained .

directly by monitoring H and | atoms behind shock waves. This The measureﬂza.ls larger tharlua by a factor of 78 over

confirms that the simultaneous determinatiorkgf, andkz, is the present experimental temperature range. Genera}lly, the

essentially correct. An Arrhenius plot ki, is shown in Figure relat_lonsh|p of the rate coeff|_C|ents between the reactions of

10. These numerical data are summarized in the Supporting/luorine-free alkanes, Eizn.2, with OCP) and H atoms is either

Information, together with the detailed experimental conditions. K(CoHani2+0) > K(CoHaniztH) or k(CoHani2+0) ~ K(Cp-

The measured values &, have no dependence on the initial 2n2TH), contrary to the order of the reactions of SGHFCFs.

concentration of CIEHFCFR. A least-squares fit of the data This dlsagre_ement seems to be caused by the following reason:

yielded the following Arrhenius expression over the temperature (€ electronic density around a hydrogen atom abstracted from

range of 1000 to 1180 K: CRCHFCR is much lower than that from ".Hz"”’ dge to an
electron-attracting effect of the surrounding fluorine atoms.
K — 109165066 When such electron-attracting groups exist in the molecules,
2a the reaction with G) atoms is deactivated more than that with
exp[—(63 + 14) kJ mol'/RT] cm® molecule * s * H atoms, because ) atoms act as a strong electrophilic

reagent. The G2(MP2) ab initio calculation also supports this
The present result d&,is much smaller than the half-value of  consideration: the energy barriers of reactions la and 2a are
the rate coefficient for the reactionslds + H — i-CsH7 + H; 56 and 53 kJ mott, whereas those of reactions 30 and 31 are
(31)28 similarly to the reactions with GP) atoms. 23 and 37 kJ mot.
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5 31G(d) level. The vibrational frequencies were computed at the

HF/6-31G(d) level and scaled by a factor of 0.8%2%0

k compensate for known systematic errors. All internal rotations

18a

4} were treated as free rotors. The paramdiewas roughly

N estimated by using the Wigner expresgfibased on the
’é imaginary frequency for motion along the reaction coordinate,

vi, because the tunneling effect was not large under the present

conditions.

1[wi)? kg T
o | Ia1— o] |1+ 2
Okada [20] 24 ks T B

The energy barriesg*, which is the most sensitive parameter

1 ! ! ! in the calculation, was adjusted until the TST rate coefficient

8 9 10 1 12 most closely matched the present experimental results. The TST
T/ 10% K results obtained in this way are shown with the solid lines in

i i ; + — 1
Figure 9. Arrhenius plot of the rate coefficient for reaction 18) ( Flgure¢s 5 and 10. The Ilttlngs yielddgy(1a) = 51 kJ mof
500 ppm CECHFCRy/2 ppm GHsl/Ar: (&) 0.1% CRCHFCR/2 ppm andEg*(2a)= 41 kJ mot . These values are somewhat smaller

log (k/s™
w

CoHsl/Ar; (O) 500 ppm CECHFCR/4 ppm GHsl/Ar; (2) 0.1% CR- than the energy barriers calculated at G2(MP2) but are within
CHFCRy/4 ppm GHsl/Ar. The solid line denotes the previous data the expected uncertainty of the calculated enertfi¢s6 4+ 13)
reported by Okad& and (53+ 13) kJ mot? for reactions la and 2a. So the

experimentally determined rate coefficients were confirmed to

-10 be theoretically acceptable.
Reactions of CHR,CF,CF3 with O(°P) and H. Straight-
r’('n‘ chain heptafluoropropanes have two structural isomers depend-
W T ing on the location of a hydrogen atom: {FHFCF and
3 —— K31/2 [23] CHRCFCFs. To compare the reactivities between these
% T~ - isomers, we determined the rate coefficients for the reactions
£ -12 AN . CHFR,CFR,CF; + O(P) — n-C3F7 + OH (3a) and CHECF,CFR3
£ ‘%é TST + H — n-CsF; + H, (4a) experimentally by using the same
N k technique. The measured valueskef and ky, are plotted in
< 5l e, 2a Figure 11, together with;, andkys These numerical data can
L . be found in the Supporting Information. The Arrhenius expres-
........... sions were obtained by least-squares fits as follows:
-14 L L L _ 1~10.13:0.52
8 9 10 11 12 Ka = 10 *
T 0t K exp[—(55 = 10) kJ mol /RT] cm® molecule* s™*
Figure 10. Arrhenius plot of the rate coefficient for reaction 2a. (880-1180K)
Symbols mean the mixtures with the same compositions as those iny — 1g~944:0-32
Figure 9. The rate coefficient for reactions 1a is also described with 42
the dotted lines to compare with, The broken line denotes half of exp[—(57 + 7) kJ mol'/RT] cm® molecule*s™*
the reaction gHg + H — i-C3H7 + H; (31) 2 The solid line shows the (1000-1180 K)

TST result calculated witlEy*(2a) = 41 kJ mot™.

] . ) Figure 11 shows that the absolute valueksgére approximately
TST Calculation. To evaluate the validity of the experimental 500y |arger than those ¢, whereasua has the same values
results, the rate coefficienta, and ko, were calculated with  5q,

the transition-state theory (TST). The TST rate coefficient can  1¢ giscuss this difference in reactivities, we calculated the

be expressed as follows: energy barriers of reactions +da at the G2(MP2) level. The
. results are summarized in Table Bl-Heptafluoropropanes have
TST _ FI*E Q % two conformers: hydrogen atoms are locatedd) énd out
FyCHFCR+X h' Qcr,chrerQx (B) of the C-C—C plane. The energy gap between conformers

: a andp is only 1.0 kJ mot! (E(a) > E(B)), and the energy
ex;{— Ey (CR,CHFCR+X) barrier of a transition frona to 8 is 11.7 kJ mot?. This means
RT that both conformers can freely be changed to each other in the
present temperature range. Table 3 shows that reactions 3a and
wherel is a correction factor for quantum mechanical tunneling, 4a proceed via conformer, because the energy barriers of the
I* is the reaction path degenera& is the energy barrier at 0  reactions of conformem with O(P) and H atoms are:3.0 kJ
K, and QF and Qg (R: CRCHFCR; and X) are the partition mol~! lower than those of conformes. The differences in
functions of the transition state and the reactants, respectively.calculated energy barriers are 6.2 kJ mdbetween reactions
ks andh are the Boltzmann and Planck constants. All parameters 1a and 3a but only 1.8 kJ nmdl between reactions 2a and 4a,
required for the TST calculation are summarized in Table 2. resulting in the relationships dga ~ 1.53 andksa ~ koa
The geometries of the transition states and the reactants, which Such a large difference in energy barriers between reactions
are necessary to get the moments of inertia, were taken fromla and 3a can be explained as follows: as mentioned in the
the results of an ab initio MO calculation at the MP2(full)/6- above subsection, the reactivity with3®}] atoms is dependent
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TABLE 2: TST Parameters for the Reactions CRCHFCF3 + O(®P) — CF3;CFCF; + OH (1a) and CRCHFCF; + H —
CF5sCFCF3 + H» (2a)

reactant transition state
CRCHFCR OCP) H TS (1a) TS (2a)
molecular weight, g mok 170.030 15.999 1.008 186.029 171.038
spin multiplicity singlet triplet doublet triplet doublet
Eo*, kJ mol? adjusted adjusted
| 1 1
freedom of external rotations 3 0 0 3 3
la g CNP 4.034x 10738 6.241x 10738 4.199x 10738
lp, g CNP 7.853x 10738 8.951x 10738 8.104x 10738
le, g Cn? 8.928x 10738 1.022x 10737 9.032x 10738
freedom of internal rotations 2 0 0 2 2
l1, g CN? 1.149x 10738 1.209x 10738 1.143x 10738
Iz, g C? 1.149x 10738 1.209x 10738 1.143x 10738
vibrational frequencies, cm 2966 281 21782
1428 1356 1386
1392 1351 1369
1324 1292 1345
1296 1274 1286
1280 1254 1264
1242 1231 1242
1224 1189 1227
1150 1040 1191
1131 928 1135
896 905 1127
853 873 935
725 740 789
669 680 706
593 595 681
535 537 598
519 520 541
502 517 520
442 444 500
335 335 445
314 330 337
283 309 315
231 286 310
214 235 283
152 197 270
149 231
91 196
72 146

aImaginary frequencies with the reaction coordinates.

TABLE 3: Energy Barriers Calculated at the G2(MP2)
Level for the Reactions of H- and 2H-Heptafluoropropanes
with O(3P) and H Atoms?

12 Kaz CHR.CR.CF;
reactant CECHFCR conformera® conformer3®
O@P) 56.4 50.2 52.7
H 525 50.7 53.7

aEnergy barriers in kJ mot. ? Conformersa. and 8 mean that
hydrogen atoms are located in and out of the-Gc-C plane,
respectively.

log (k / cm®molecule’s™)
1
w
L

a bigger positive value than that in CHFFRCF;, leading to
E(1a) > E(3a), i.e.,ksa > kia This feature can also be found

-15 : : : for the reactions of propane with &%) atoms; the abstraction
8 9 10 11 12 of primary H atoms occurs more easily than that of secondary
23
T /104 K" H atoms:
Figure 11. Arrhenius plots of the rate coefficients for reactions 3a .
Conclusions

and 4a: Q) 0.1% CHRCFRCF/200 ppm SQAr, ArF-LP; (Od) 0.2%
CHFR,CR,CF/200 ppm SQ@Ar, ArF-LP; (a) 0.3% CHRCRCFR/200

ppm SQ/Ar, ArF-LP for k. (®) 500 ppm CHECR.CR/4 ppm GHsl/

Ar; (A) 0.1% CHRCFR,.CFR/4 ppm GHsl/Ar for kqs The rate coefficients

for reactions la and 2a are also described with the dotted lines to
compare withks, and ksa,

The rate coefficients for the reactions df-heptafluoropro-
pane with OfP) and H atoms were experimentally determined
first by the present work. These results showed that reaction 2a
was faster than reaction 1a by a factor ef§ contrary to the
reactions of fluorine-free alkanes with®{ and H atoms. Both
on the electronic density around atoms or functional groups kia and ko, were much smaller than the previous kinetic data
attacked by GfP) atoms, because ) atoms act as a strong  for the analogous reactions of propane, demonstrating that the
electrophilic reagent. Mulliken’s population analysis shows that C—H bond strength in CJf2eHFCR molecules was enhanced
the electronic charge of a hydrogen atom irsCHFCF; takes by an electron-attracting effect of the surrounding fluorine
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atoms. The TST calculation proved that the present experimental ~ (2) Rosser, W. A.; Wise, H.; Miller, Seventh Symposium (Interna-
results were theoretically valid tional) on CombustionThe Combustion Institute: Pittsburgh, PA, 1959; p
: . : . 75.

The reaction mechanism for GEHFCF; has prewously begn (3) Biordi, J. C.; Lazzara, C. P.; Papp, J.J-Phys. Cheml97§ 82,
reported by only two research groufgshut most of the kinetic 125.
data _for the elementary steps of C3 fluorocarbons, containing  (4) westbrook, C. KCombust. Sci. Technal983 34, 201.
reactions la and 2a, are estimated from those for the analogous  (5) Molina, M. J.; Rowland, F. SNature 1974 249, 810.
reactions of C2 fluorocarbons or fluorine-free hydrocarbons. The  (6) Burgess, D. R. F, Jr.; Zachariah, M.; Tsang, W.; Westmoreland, P.
values ofky, estimated by Hynes et &lare on average 3-fold ~ R.Prog. Energy Combust. SA995 21, 453. _
larger than the present data, whereas tkgiis only one-fiftieth . g) Islaé)ngO?gi’Z O-égelfaU, J--L.; Akrich, R.; Vovelle, Combust. Sci.
of ours. So, we investigated how much these big differences ec(;)‘)"_' o RZG  Mackie, 3. C.: Masri, A. Rombust, Flamd 998
affected the results of the numerical simulation forkCHAFCR;- 113 554'y B T T ust:
inhibited flames_. The model c_alculat|on was qarned out_for (9) Takahashi, K.; Yamamori, Y.; Inomata T. Phys. Chem. A997,
freely propagating steady laminar one-dimensional premixed 101, 9105.

flames by using the Sandia PREMIX program cégidhe (10) Takahashi, K.; Sekiuji, Y.; Yamamori, Y.; Inomata T.; Yokoyama,
reaction mechanism used was composed of three distinctK- J- Phys. Chem. A998 102, 8339.
submechanisms: GRI-Meghfor hydrogen and hydrocarbon ~ _(11) Yamamori, Y.; Takahashi, K. Inomata I..Phys. Chem. A999

S . ) . 103 8803.
oxidation (36 species and 194 reactions), a comprehensive C1 (12) Hynes, R. G.: Mackie, J. C.: Masri, A. & Phys. Chem. 4999

and C2 hydrofluorocarbon mechan®&itb1 species and 585 103 54,
reactions), and the QEHF_CE oxidation mec_hanism pUbliShe_d (13) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
by Hynes et af (9 species and 42 reactions). The burning M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
velocity of an uninhibi flame formed in a mixture of 9.5% Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
CeHOC tydOl a O/u d'Ib teéii. ame 1o eld | ad tg € 07 ? 5% D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
4 and 19.0% @ iluted in N; was calculated to be 37. Cm. M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
s 1 at atmospheric pressure. On the other hand, the burningochterski, J.; Petersson, G. A.; Ayala, P.Y.; Cui, Q.; Morokuma, K.; Rega,
velocity of a flame inhibited with 0.5% GEHFCF; was 31.9 g-? ﬁalvaorlloh_ i-: EaﬂnenbeB@J,BJ- CJ :Vlallckky JD'oKt"; Fjagucg, bA' ID-Aj
1 P aghavachari, K.; Foresman, J. b.; Closlowskil, J.; Ortiz, J. V.; baboul, A.
cm s when the present data fbfaan,dkzawere used',ThIS IS ,G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
exactly the same value as the velocity calculated using Hynes’ Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
original kinetic data fork;s and kp, demonstrating that the  C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.;
modifications ofkia and kea give no effect on the burning ~ hen W. Wong, M. W.; Andres, J. L., Gonzalez, C., Head-Gordon, M.;

. . L Replogle, E. S.; Pople, J. Saussian 98Revision A.11.3; Gaussian, Inc.:
velocity. However, a total flux analysis, which integrates each Pm‘;bﬁ’rgh, PA, 206)2_ 8

reaction rate f"»"cmg the flow line from= —co FO +o0, showed (14) Curtiss, L. A.; Raghavachari, K.; Pople, J.JAChem. Phys1993
that the reaction pathway for the consumption okCHFCF; 98, 1293.
demonstrated a big difference due to the modification&;of (15) Kee, R. J.; Rupley, F. M.; Miller, J. AChemkin-II: A Fortran

; ¥ TP Chemical Kinetics Package for the Analysis of Gas-Phase Chemical
andkz, In the reactlon .mOdel bgfore the modifications, only Kinetics Sandia National Laboratories Report SAND89-8009; Sandia
the thermal decomposition reactions 7a and 7b can be regardeq aporatories: Albuquerque, NM, 1993.

as main channels of the @EHFCH; consumption, and their (16) Lutz, A. E.; Kee, R. J.; Miller, J. ASENKIN: A Fortran Program
contribution ratios are 0.46 and 0.47. In the revised reaction for Predicting Homogeneous Gas Phase Chemical Kinetics with Setysiti
model, the rate of reaction 2a becomes larger, and reactiong®nalysis Sandia National Laboratories Report SAND87-8248; Sandia

. . . Laboratories: Albuquerque, NM, 1991.
2a, 7a, and 7b contribute with ratios of 0.38, 0.28, and 0.30, (17) Just, Th.; Rimpel, GEleventh Symposium (International) on Shock

respectively. T_hiS means that not Onllélf—@ and CECHF but Tubes and Wees Springer-Verlag: Berlin, 1978; p 226.

also CRCFCFsis very important as a major product of the£F (18) Singleton, D. L.; Cvetanovic, R. J. Phys. Chem. Ref. Da:88
CHFCR; consumption, and that subsequent reactions of these17, 1377.

species need to be studied to construct a comprehensive reaction (19) Baulch, D. L.; Drysdale, D. D.; Duxbury, J.; Grant, SEdaluated

i ; inati Kinetic Data for High Temperature Reactions. Volume 3 Homogeneous
mechanism for the GEHFCH combustion. The kinetics of Gas Phase Reactions of the-O3 System, the CO0O,-H, System, and of

the reactions of Cf£FCR; radicals, which has never previously  gyiphur-containing SpecieButterworths: London, 1976; p 33.
been researched at any temperatures, will be clarified in our  (20) okada, K. M.S. Thesis: Sophia University, 1996.

next paper. (21) Miller, J. A.; Bowman, C. TProg. Energy Combust. Sci989
15, 287.
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