J. Phys. Chem. A999,103,59675977 5967
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The kinetics of the high-temperature oxidation af€by OGP) have been studied by experiment, using a
single-pulse shock tube, and by kinetic modeling. The O atoms were generated by the thermal decomposition
of N,O. Three mixtures, each diluted in argon, were studied: 0.6 mol %6f With 1.5 mol % NO; 6.2

mol % of GFs with 0.6 mol % of NO; and 6.3 mol % of BO and 0.7 mol % of gFs. The temperatures were

in the range 13001600 K, the residence times behind the reflected shock were in the range8560s,

and the pressures were between 16 and 20 atm. Fluorinated products have been quantified with gas
chromatography, oxidized products with Fourier transform infrared spectroscopy; identification of unknown
fluorocarbons has been performed with gas chromatograpiags spectrometry. The most significant products
detected were &, CF4, CRO, CO, CQ, and CR. A detailed kinetic scheme is presented to model the
experimental reactant and product yields as a function of temperature. Modeling showed that O-addition to
either carbon of the double bond offs occurs. The rate constant for O-addition to the terminal carbon of

the double bond, §&s + OCP) — 3CRCF + CF,0, was deduced to be; = 10 T%%exp(—0.4 kJ motY/

RT) cm?® mol~! s7%, and for addition to the central carbonsFg + O(CP) — CF; + CR,CF=0, k;, = 10'%°

cm® mol™! s%. Under oxidizer-rich conditions, ignition of thesEs occurred. Rate of production analyses
showed that ignition was propagated by an F atom chain involving the+C® and unimolecular CFO
decomposition reactions. UndegRs-rich conditions, single- and double-bond pyrolysis were the important
destruction routes.

Introduction In the case of @4, there is also a lack of high-temperature

Hydrofluorocarbons such as 2-H heptafluoropropanes- CF (i.e., above 500 K) kin_e_tic data for O atom _a_ddition. A recent
CHFCF, have become viable alternatives to ozone-depleting C,F,—0; flame study utilizes an O-atom addition rate constant

halons for flame inhibition. Recent flarh@nd shock tue  Of 8:13x 10:2exp(=5.3 kI mol*/RT) cm?® mol™* s However,
studies on 2-H heptafluoropropane show that an important thiS rate constant cannot be used as an analogy for $fe-£
product of inhibitor decomposition is 4€s, produced by the O(P) reaction because the latter reaction would be expected to
1,2 elimination of HF. Since the flame chemistry ofFg is have two channels: addition to the central carbon atom, which
uncertain at present, it is of interest to study in detail the high- Might be expected to form GEFO and triplet CE; and addition

temperature oxidation of &. For this purpose, the thermal t© the terminal carbon, which should lead to tripletsCF
decomposition of BD is used to produce O atoms. The Carbene (initially) and CO. _ o
advantage of using 40 is that it begins to decompose and There_fore, the purpose of this work is to study the oxidation
liberate O atoms at temperatures well below those required for ©f CsFe in the presence of 2D. By measuring stable product
pyrolysis of GFs. Thus, at least for temperatures below the onset yields as a function of |_n|t|al concentration of reactants and
of pyrolysis, NO should be a useful precursor of O atoms to temperature and comparing these yleld_s_ to numerically modeled
study the reactions between these atoms asi.C profiles, the rate constants for the addition of O atoms 46;C

To date, little is known of the O atom addition kinetics to @0 be deduced. The rate constants for other secondary processes

unsaturated fluorocarbons at high temperatures. Heicklen and"ill @lso be determined.

Saunder% previously studied addition of O tozE; at room
temperature, using the mercury-sensitized decomposition®f N
as a source of O atoms. An important observation was the®CF Quantification of the reactants and the fluorinated products
was a major product and the @FFO yield was substantially  is carried out with a Hewlett-Packard 6890 gas chromatograph
less. The rate constant for the reaction of O wiggproducing equipped with a 25 m SGE-BP1 columng film thickness)
CRO and CRCF, measured in competition with,8,, was operated isothermally at20 °C. Detection was by FID. pO,
found to be 2.1x 10%° cm® mol~! s 1 at 297 K. The other O, and N, were quantified using the same GC equipped with
O-addition channel producing @EFO and Ckin an assumed a HP PLOT Molecular Sieve 5A column, operated with a
triplet state was found to be 6.5 times slower than that which temperature program of10 °C isothermal for 7 min, then
produces C§O. ramped up to 200C to elute the MO. Detection was by TCD.
" : : In this work, the oxidation of hexafluoropropene was studied
e o s oo S E TS/ a4 diuted in argon in three concentration ranges. First, the
t'School of Chemistry. decomposition of a near-stoichiometric mixture of 0.6 mol %
* Department of Mechanical and Mechatronic Engineering. CsFs and 1.5 mol % MO was studied. In the second study, a
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large excess of PO was used, 6.3 mol %D with 0.7% GFe.
Third, an excess amount okkEs, 6.2 mol %, was reacted with 100 e o
0.6 mol % of NO. The assumed stoichiometry of this reaction
(to be discussed later) is

C,F; + 3N,0— CF,0 + CF, + CO, + 3N,

Yield

050
The diluent gas was argon (British Oxygen Corporation Gases
99.995%; minimum purity). Pure hexafluoropropene (Mathe-
sons; 99 % purity) was analyzed by GC and showed no 025
impurities; it was used without purification. The nitrous oxide &
(British Oxygen Corporation Gases; 99.5% mimimum purity) I o R et Y%
was similarly analyzed. An atmosphere of th&Nshowed small ] I A
traces of N (0.25%) and @(0.066%). When used diluted, these P oo e - Py
two impurities were undetectable by GC. A preshock GC Temperature (K)
analysis (using both thermal conductivity and flame ionization Figyre 1. variation with temperature of the experimentaFg CoFs,
detection) of the eFs/N2O/Ar reactant mixture did not reveal  and GF yields. The respective experimental points are represented
the presence of any significant impurities. by the symbols®, O, ¥); model profiles are indicated by the lines:

The pressure and temperature behind the reflected shock werd— - - - - — -). Initial mixture: 0.6 mol % GFs and 1.5 mol % NO.
calculated from the measured incident and reflected shock
velocities. Residence times were obtained from the pressure
profiles measured using Kistler pressure transducers. Signals
were then collected by a Tektronix TDS 430A two-channel  %%|
digitizing oscilloscope. Experiments with excessONwere
performed over the temperature range 130850 K, while otsf
experiments with excesssks were performed over the range
1400-1650 K. Typical residence times behind the reflected
shocks were 550850 us, with pressures between 16 and 20
atm. The excess4Es runs had residence times that were shorter
than the excess # runs by~100 us. 0.06 I

Quantification of fluorocarbons was performed by measuring
the FID response for £ (Sigma-Aldrich; 98+% purity) and 000
CsFs. The FID response of £4, for which calibration samples : A . . ‘
were not available, was assumed to be 0.667 of the response of 1300 1350 1400 1450 1500
CsFs on a molar basis. FTIR analysis was performed by taking Temperature {K)
~100 Torr of the reaction mixture and diluting it with argon to  Figure 2. Variation with temperature of the experimental CO.OF
1 atm. Sample CO and GQ@oncentrations were determined and CQ yields. The respective ex_perimer_ltal_points are rep_resented by
by comparing infrared peak areas with those of a gas mixture € SYMbols @, O, v); model profiles are indicated by the lines:(

- ) .. - - -, - — -). Initial mixture: 0.6 mol % GFs and 1.5 mol % NO.

(Scotty Specialty Gases, Mix 216) containing 1:6@.02% of
the said gases in nitrogen. Where sample concentrations wer
less than 1%, a second mixture (British Oxygen Corp. Gases
Special Beta Mixture) containing420 ppm of CO and C®
in N> was used. Sample GEoncentrations were determined
by comparing sample IR peak areas with those samples of the
pure compound (Mathesons 99.9% purity) diluted in argon.
CFR,0 was quantified by comparing sample peak areas with those
from a standard spectrum obtained at the same resolution an
same total pressure. All spectra were measured at a total pressu
of 1 atm with an instrument resolution of 0.5 cih FTIR
calibration for CERCFO (Fluorochem. Ltd.; 96.3% purity;
impurities due to CECCIO and traces of acetic acid) was
performed using small concentrations of the gas in argon.
Identification of heavier products was performed with a Hewlett-
Packard 5890 Il GC interfaced with a Hewlett-Packard 5898A
MS Engine, equipped with an SGE-BP1 column and operated
isothermally at—60 °C.

030

Yield

012

&he formation of higher molecular weight fluorocarbons, includ-
'ing polymers. However, polymers were not detected in the gas
samples.

Figures 3 show profiles of product yields versus the frozen
reflected shocked gas temperature. Yields for nitrogen-contain-
ing species are based on the initigkNconcentration, whereas

ields for fluorocarbon and partially and fully oxidized species
are based on the initial#€s concentration. Figure 1 shows that
rSignificant GFs decomposition occurs at temperatures above
1400 K. To verify that this was not due to pyrolysis, a small
number of runs was performed with 0.6 mol %Fgin argon.
These experiments showed that pyrolysis is significant only
above 1600 K. This result is in accord with theFg pyrolysis
study of Bauer et & The yields of GF, and GFs were similar

at temperatures up to 1500 K. The maximum yield of both
species at 1500 K was 0.25. The most significant of the oxidized
products was CO. At 1500 K, the yield of CO was 0.24
compared with the CI© yield of 0.12 and the CQyield of
only 0.03. An important observation was that4CIFO was not

1. Mixtures of 0.6 mol % CsFg and 1.5 mol % N,O (Near detected in any of the runs. This suggests that the room-
Stoichiometric). Elemental carbon, oxygen, fluorine, and temperature oxidation route proposed by Saunders and Heicklen
nitrogen mass balances of unconsumed reactants and recovereid inappropriate at high temperatures. Small quantities of NO
products in all sets were generally of the order of #00% were formed. However, quantification of this species was
for temperatures o£1500 K. At temperatures above 1560 K, difficult due to its low absorption coefficient and hence low
the fluorine and carbon recovery dropped to 80% suggesting signal-to-noise ratio. Subtractingfes, CF,0, and NO signals

Results and Discussion
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symbols ®, O); model profiles are indicated by the lines:~(- - -). respectively. Initial mixture: 0.7 mol % 465 and 6.3 mol % NO.

Initial mixture: 0.6 mol % GFs and 1.5 mol % NO.

from the product FTIR spectra did not reveal the presence of 100
any other significant species. Other species such adpOf
CROF, and FNG were searched for but not detected in the
infrared spectra. This is also true of the other two sets of 7|
experiments to be discussed below.

Arrhenius plots of the rate of disappearance gdNind GFg
and the rate of appearance of OFshowed that the activation
energy for NO and GFs decomposition and GB formation
were very similar. This indicates that the rate-determining step
in this series was the decomposition ofONto form O atoms.

Figure 3 shows a plot of X0 and N yields versus
temperature. These were the only significant nitrogenous
compounds detected in the product mixtures. At 1500 K, only

Yield

0.50

0.00

L L L

20% of the initial NO has decomposed, with the principal 1300 1350 1400 1450 1500 1850 1600

nitrogenous product being:,NNO, was not detected in any of Temperature (K)

the infrared spectra, and the NO was found in insignificant Figure 5. The variation with temperature of the experimentaFg

concentrations. CiF4, and GFs yields. The respective experimental points are repre-
2. Mixtures of 0.7 mol % CsFg and 6.3 mol % N,O (Excess ~ sented by the symbol®( O, v); model profiles are indicated by the

Oxidant). The oxidation process in this series was found to !ines: ¢ ---, - —-). Initial mixture: 0.7 mol % GFs and 6.3 mol %

differ considerably from that described in the first series. Over N2O.

the temperature range 1360400 K, the behavior of the two . L
series is similar. Above 1410 Kignition of the GFs was presumably more GFbecomes available for recombination.

observed along with the production of significant quantities of APOVe an initial temperature of 1450 K, both thefwand GFs

CF,and Q. NO and NQ were observed: however, because of profiles drop to zero. Figure 6 shov_vs the profiles onOFC_:O,
the presence of £In the products, secondary oxidation occurred 2Nd CQ. Above 1450 K, a CEO yield of 0.9 was obtained;
within the infrared cell, making the quantification of these CO and CQ yields were 0.5 and 0.3, respectively. This is

species difficult. A good indication that ignition had indeed different from the previous series where the major partially
occurred is given by comparing shock tube pressure traces atoXidized product was CO. Product yields show a large increase
temperatures above and below the ignition temperature. Theabove the temperature for ignition. Figure 7 shows the profile
variation of pressure with time is shown in Figure 4. The post- 0f CFs (max. yield of~1.0) and Q. The appearance of Gfat
ignition run reaches a higher pressure20.5 atm, compared ~ temperatures above 1450 K is related to the appearance of the
with the pre-ignition run which reached 16.5 atm. The oscilla- SPike in the GFe profile. This is again due to the large increase
tions in the post-ignition run may be due to detonation effects in concentration at 1450 K of GFadicals, which recombine
or acoustic waves travelling in the body of the shock tube. to Yyield GFs. The appearance of GBuggests the presence of
Kinetic modeling (discussed below) did not support the pos- a large concentration of F atoms which are terminated by
sibility of oscillating kinetics. TheAt in the figure refers to the ~ recombination with Ck The kinetics of the ignition process
ignition delay, which is measured to be 24060 us where the will be discussed in the numerical modeling section. Figure 8
initial shocked gas temperature is 1540 K. shows the yield profiles for pO and N. This plot shows that
Figure 5 shows yield versus temperature plots fgfsOCoF4, above 1450 K the pD has almost entirely decomposed tg N
and GFs. Unlike the first series, the 46¢ is completely As mentioned above, NO and N@ere observed in the product
decomposed when the initial reflected shocked gas temperaturgmixture, with maximum measured yields 0.1 each. Second-
is above 1450 K. The £F, and GFs profiles show a steady  ary reactions involving NO and LOwithin the infrared cell
increase up until 1430 K, after which, theF; yield drops to prevented accurate concentration measurements, and these are
zero at 1450 K. However, the,Es shows a sharp increase, as not reported in this work.
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and CQ yields. The respective experimental points are represented by and GFs yields. The respective experimental points are represented
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- - -, - — -). Initial mixture: 0.7 mol % GFs and 6.3 mol % NO.
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Figure 7. Variation with temperature of the experimental &d Q

by the symbols @, O, ¥); model profiles are indicated by the lines:
(=, ---, - — -). Note that the &F, yields have been multiplied by 2
for clarity. Initial mixture: 6.2 mol % GFs and 0.6 mol % NO.

for F atoms at equilibrium. The stoichiometry predicts a yield
of 1.0 for CQ; experimentally, CO and C{are both observed
with a combined yield of 0.8. This indicates that, at 1600 K,
partial, rather than complete, oxidation to £i® occurring.

3. Mixtures of 6.2 mol % C3Fs and 0.6 mol % N,O (Fuel
Rich). This series also shows somewhat different decomposition
characteristics from the previous two series. As there is a large
excess of GFg in the mixture, it is expected that some pyrolysis
will occur. Figure 9 shows the variation with temperature of
the GFs, CoF4, and GFs yields. At a temperature of 1640 K,
only 20—25% of the GFs has decomposed. The major products
of decomposition in this series argiz (maximum yield at 1640
K of ~0.09) and GFs (0.035). Note in Figure 9 that the;k,
yields have been multiplied by two for clarity. GC-MS was used
to detect heavier fluorocarbon compounds in this series, and
the two most important wereso-C4Fs (CF,—CF(CF;),) and

yields. The respective experimental points are represented by thep.C,F; (CRCR=CF,CFs). The maximum yields of each of

symbols @, O); model profiles are indicated by the lines—,(- - -).
Initial mixture: 0.7 mol % GFs and 6.3 mol % NO.
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Figure 8. Variation with temperature of the experimentalNand

N yields. The respective experimental points are represented by th

symbols @, O); model profiles are indicated by the lines—,(- - -).
Initial mixture: 0.7 mol % GFs and 6.3 mol % NO.

In terms of the stoichiometry proposed above for thEC

oxidation, the measured yields ofL.0 for both Ciz and CRLO

these species at 1640 K were 0.025 and 0.011, respectively.
Other heavier fluorocarbons include octafluoropropangsC
(identified as hexafluoro-2-butyne), perfluorinated cyclobutenes,
hexafluorobenzene, pentafluorocyclopentadiene, and pentafluo-
ro(trifluoromethyl)benzene. Figure 10 shows theGFCO, and

CO;, product yields. Note that both the g and CQ yields
have been multiplied by two for clarity. The yields of these
species are quite low with the maximum £LFyield of 0.018

at 1640 K. The yields of CO and G@t this temperature were
0.017 and 0.0015, respectively. The yields of the twbsC
isomers are consistently low in all three sets of experiments.
Figure 11 shows the XD and N profiles where essentially all

of the nitrogen in the PD is converted to B Small yields
(<0.01) of NO and N@were detected in the infrared spectra.
In the presence of a large excess of RO may be oxidized to
NO; in the infrared cell and the appearance of the;Mt@y be

an artifact. This oxidation of NO is supported by the loss ef O

at temperatures where morg i@ expected and by the low levels

of NO recorded. Thus, the NO and N@easurements are not

creliable and are not reported here. Also, nosCFO was

detected in any of the product gas samples.

The Reaction Model. A 77-step reaction model with 38
species was assembled in this work to model the oxidation of
CsFs, as summarized in Table 1. It should be noted that the
reverse Arrhenius parameters are fitted witfi®adependence

are consistent. Further, these two products are the major sinksn order to verify the accuracy of the thermochemical data. In
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0.040 The self-reaction, pD + N2O = N2 + O + N0, is also a
O sensitive reaction whose rate constant ok 41.0'8T-973exp-
ooa - (—266 kJ mot%/RT) cm?® mol~* s7 was obtained in this work.

The A-factor obtained for this reaction agrees well with that of
Vandooren et afl® while the barrier is 3 kJ/mol higher than
theirs. Also important is the reaction,® + CO = CO, + Na.

The A-factor of 8 x 1012 s71 and the barrier of 151 kJ/mol
were derived in this work. The resulting rate constant showed
good agreement with the available literature vallesthough

the scatter in the literature is large.

0.024 -

Yield

0.016

o008 There are only three reactions linking the fluorine and
nitrogen chemistry in this mechanism. The first is the termo-
0.000 | lecular reaction of F atoms with NO forming FNO. For this
. . ‘ . reaction, the rate data used in the model are based on a fit of
1425 1475 1525 1575 1625 the available literature values; however, the data were measured

Temperature (K) at room temperature and therefore some uncertainty is associated
Figure 10. Variation with temperature of the experimental CO ,OF with the rate constant. FNO was not detected in the second set
and CQyields. The respective experimental points are represented by of experiments, although the model does predict its presence.
the Symb())ISNQc;t Sihva)t; trl?gdceﬂl) pggeé Sf;é?éisicﬁéii tt)))égr;errlmisﬁi?o:_liéd This may be attributed to its known high reactivity with metal
R o s surfaces? The second reaction is GF- NO = CRNO whose
by 2 for clarity. Initial mixture: 6.2 mol % &Fs and 0.6 mol % O rate constant is based on the room-temperature data of Masanet
et al!® and uncertainties would also be expected with this rate

100 [ constant. Ckcan also react with FNO, yielding Gand NO.
® ® The chosen rate constant is similar to that for thg €FCINO
reaction at 298 K4
0.75 ® The most important reactions involvingfg are the addition
% of O atoms across the double bond. The addition is complicated

by the possibility that O atoms can attack either carbon of the
double bond; therefore, rate constants for attack at both these
- centers were included in the model. When the O atom adds to
ete) O the terminal carbon, a triplet biradical is assumed to forny-CF
o o @/6// CPCFR,0. This biradical is estimated to lie130 kJ/mol below
e the energy of the reactants. This estimate is based on preliminary
G2-MP2 calculation$®> An error of at least 40 kJ/mol is
. L ‘ ‘ assumed. The biradical can undergo three possible reactions.
1425 1475 1525 1575 1625 First, 1,2 F atom shift to form GEF, + CFO is possible. A
Temperature (K) barrier of 155 kJ/mol was estimated on the basis of the
Figure 11. Variation with temperature of the experimentaiNand calculated barriép for 1,2 F shift in the singlet CGfEF — CoFy
N yields. The respective experimental points are represented by thereaction. The products lie60 kJ/mol below the biradical.
symbols @, O); model profiles are indicated by the lines:(- - -).
Initial mixture: 6.2 mol % GFs and 0.6 mol % NO. CF,CFCR,0" — CR,CF, + CFO AH = —60 kd/mol

0.50

Yield

0.00

the actual numerical modeling, the reverse rate parameters areSecond, GC rupture may occur to form the triplet @&F and
computed from the equilibrium constant at each temperature. CR,0. These products also lie60 kJ/mol below the energy of
The temperature dependences of fafactors are included. the biradical.
Many of the rate constants used for the fluorine chemistry .
were obtained from Burgess et%The nitrogen chemistry was ~ CF,CFCF,0" — *CF,CF + CF,0 AH = —60 kd/mol
obtained from Vandooren et #l.Some rate constants were
obtained by fitting the known experimental data from a kinetic Third, F loss may occur to form GEFCFO + F (both
databasé! Where these sources were insufficient, other refer- doublets). The enthalpy of formation of gFEFCF=0 (AfH°20s
ences were used or estimates were made in this work. = —1045 kJ/mol) was estimated using the enthalpy of the
The thermochemical data used in the modeling have beenaldehyde, CECF,CF=0 (AtH°293 = —1465 kJ/mol; calculated
described in ref 2 except for that of @EF, which has been by group additivities) and a-€F bond enthalpy of~500 kJ/
modified in this work (vide infra). mol. The products of this channel were estimated to~&2
Since it is the decomposition of® that produces the €R) kJ/mol above the triplet biradical.
atoms, the kinetics of O atom formation are first discussed. The
most important route for the destruction of®lis the unimo- CRCFCRO — CRCFCFO +F
lecular decomposition, #0 = N, + O. The barrier of 265 kJ/ AH =42 kJ/mol
mol and anA-factor of 2.7 x 10 s7* derived in this work
yield a rate constant which, over the temperature range of2000 A QRRK calculatioA® was performed considering all three
2000 K, is in good agreement with current literature valtles. channels. The high-pressure addition rate constant of 3.0'2
It should be noted that under the experimental conditions cm® mol~-! s! was assumed, equivalent to that for O addition
(pressures- 20 atm) this reaction should be at, or close to, the to C,F, at 1500 K? For the dissociation of the biradical back
high-pressure limit. It is also a highly sensitive reaction, and to reactants, aA-factor and barrier of 5.6« 10'® s~ and 130
the A-factor has thus been deduced with high precision. kJ/mol were used. ThA-factor and barrier for dissociation of
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TABLE 1: Reaction Model for C 3Fg Oxidation in N,O2

forward reaction reverse reactionref. forward reaction reverse reactiorpef.
reaction logA n E logAn E note reaction lo\ n E logAn E note
1 20+M=0,+M 133 0 —7.5 147 0 488.6 33 40 CF® F=CR0O 120 O 0.0 146 0 497.2 PW
2 N O=0+ Nz 114 0 2657 9.8 0 108.0 PW 41 CFOF,=CRO+F 128 O 13.4 143 0 356.3 11;fit
3 2N, O=N+ O+ N,O 18.6 —0.73 265.7 14.3 0 100.3 PW 42 CFOCO+ F 25.0 —4.46 141.0 8.5 0-43.5 PW
4 N O+ O=2NO 138 0 107.2 12.2 0 2655 10 43 CHOO=CO,+F 139 O© 0.0 15.8 0 390.5 9A3
5 NoO+O0=Nz+ O, 13.9 0 1145 13.6 0 453.7 11;fit 44 2CFOCO+ CR0 133 0 1.3 154 0 365.9 41
6 NO+ N=N,+0O 125 03 0.0 142 0 318.1 10 45 20F CR—CR 135 0 0.0 17.3 0 381.8 42
7 NO+M=N+0O+M 151 0 6210 144 0 -8.7 10 46 CE—CR +0— 133 0 0.0 0.0 9
CR+ CFO+F
8 NO+O=N+0, 96 1 1731 138 0 51.1 10 47 eFCR,+ 0= 130 O 0.0 13.1 0 43859
CRO + CR
9 N+NO=N+NO 130 O 83.1 12.0 0 556.0 10 48 eFCR=CR+CF, 156 0 2354 133 0 209 43
10 NO+O=NO+0, 126 0 —1.0 121 0 1948 34 49 GFCR,+F=2CKR 135 0 0.0 129 0 1353 461;
oHs+H
11 NO+M =NO + 153 0 2929 124 0-7.4 11;fit 50 CRCR =2CRK 167 0 2926 135 0 30.5 45
OoO+M
12 Nz(g-oi-ZCO= 129 0 150.6 13.6 0 516.8 PW 51 €= CRCR 122 0 150.6 13.0 0 288.9 14
+ N2
13 2N+ M =N+ M 157 O 0.0 17.1 0 944.4 11;fit 52 GER+O= 93 1 0.0 12.0 0 402.6 9
CR+ CRO
14 2NO+ O, =2NO;, 91 O 44 115 0 1089 35 53 @BF+ O = 26.7 —4.55 229 109 0 53259
CRO0 + CFO
15 NO+ N,O = 144 0 209.2 146 0 352.6 11;fit 54 gFF+O= 135 0 0.0 143 0 246.0 9
N2 + NO, CRCO+F
16 2NO=Nz+ O 132 0 254.8 145 0 4358 11;fit 55 2GFCyF» 137 0 0.0 17.3 0 441.7 estd
17 O+ CO+M = 19.0 -15 209 16.0 0 526.6 36 56,6+ 0= 70 2 7.9 128 0 155.6 9
CO,+M CFCO+F
18 %+CO=0+C0O, 124 0 200.0 134 0 227.0 33 57 @F=CF +F 133 0 3347 131 0 26.2 estd
19 2F+M =R+ M 10.1  0.77 117.2 11.7 0-28.1 2 58 CECO+ O = 130 O 335 136 0 71359
CRO + CO
20 F+tNO+M = 162 O 25 174 0 229.7 11;fit 59 CFCOO= 140 O 0.0 145 0 613.0 9
FNO+ M CFO+ CO
22 CR+ NO=CRNO 130 O 0.0 154 0 132.6 12 60 CFCGOF=CFR+CO 135 0 0.0 142 0 457.2 93
21 CR+ FNO= 115 O 0.0 13,5 0 307.2 13 61 gB + F= 138 0 0.0 12.3 0 87.7 9®R
CF:+ NO CR+CR
23 CR+F=CHK 130 O 0.0 16.2 0 534.4 15 62 g+ F= 138 0 325 147 0 334.7 2
CR—CR
24 CR+FR=CR+F 124 0 10.5 14.4 0 390.7 37 63 &+ F=2CkR 133 0 0.0 13.2 0 249.7 9
25 Ck+M=CR + 16.0 0 3489 142 0-0.9 PW 64 cyclo-GFs — 130 0 1820 0.0 2
F+M CRCR, + CR
26 Ck+0,=CRO+0O0 94 114 90.0 136 0 559 65 §IFF|2+CF2—> 115 05 356 0.0 2
cyclo-GFs
27 Ck+0O0=CRO+F 130 O 0.0 136 0 303.%/38; 66 2CRCF = 2-CsFs 117 0 12.6 14.2 0 550.9 &/10
2
28 CRO + F=CRO 124 0 339 13.3 0 129.1 39 67 26CH = C4Fs 125 0 0.0 175 0 5515 2
29 CRO+ F=CROF 130 O 0.0 145 0 206.7A/§0; 68 GFs + CF, = i-CsFg 120 0 1339 159 0 402.2 2/40
30 Ch+0,=CRO+0 133 0 1109 143 0 267.8 25 69%Fs + F = 134 0 0.0 12.8 0 44.7 PW
CR-CR +CR
31 CRCF+ O, = 133 0 1109 14.0 O 370.6 estd TQFe+ F= 135 0 50.2 13.0 0 4.3 PW
CRCOF+ O CRCF+ CR
32 CRh+0O=CFO+F 136 O 42 134 0 160.1 &2 71 GF¢+O= 12,7 0.05 04 127 0 257.6 PW;QRRK
CRCF+ CRO fit
33 CRCF+ 0= 130 O 0.0 12.1 0 381.8 PW 72365+ O — 125 0 0.0 00 O 00 PW
CFO+ CRs CR; + CRCF=0
34 CRCF+F= 130 O 42 123 0 230.1 PW 73 =0 — 153 0 250.0
CR+CR CFO+CRk
35 CRCF=CFR; + CF 150 0 288.7 125 0 147 PW 74k =CR+CRCF 167 0 4418 139 0 224 PW
36 CF+F=CR 138 0 0.0 15.6 0 500.0 9 7536 =CRCF+CFR 157 0 4017 134 0 6.0 PW
37 CF+0,=CFO+0O0 133 © 75 135 0 167.3 9 76 Q-Fé:Fg—l-CFg: 126 O 84 14.8 0 2056 2
n-CsF7
38 CF+O=CO+F 139 0 42 15.0 0 527.4 9;A*2 T7Th-CsFr= 147 0 190.0 13.3 0 404 245
CRCR, + CRs
39 F+CFO=F,+CO 111 O 335 11.7 0 55.1 9 78 %I—ng 105 O 0.0 11.4 0 124.7 estd
+ChR

aUnits for A, cm® mol~! s7% or s™* as appropriate. Units fdg, kJ/mol. PW indicates rate constant evaluated in the present work. Estd. indicates
rate constant was estimated in the present work; fit indicates that the database of ref 11 was used to provide a fit to currently knownAate data; 2
andA/2 indicatesA-factor multiplied and divided by 2 for this work. The carbene;CF produced in reaction 71 is assumed to be initially a triplet,
but at~20 atm, rapid spin relaxation to the singlet state is expected to occur (see text).

the biradical via the first channel are 16102 s and 155 several orders of magnitude faster than the first channel and at
kJ/mol; the parameters for the second channel werex210%> least a factor of 100 faster than the third channel. Therefore,

st and 13 kJ/mol. The parameters for the third channel were the overall rate constant for O-addition to form tripletCF

A =2 x 10" st and 55 kJ/mol (reaction endothermicity plus and CRO is 3.2x 102cm? mol-1 s~ at 1500 K (note that the

a 13 kJ/mol barrier). The calculation showed that the second QRRK fit is used as the rate constant for reaction 71 in Table

channel, with its negligible barrier, proceeds with a rate that is 1).
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Under the high-pressure conditions of these experiments, it
is assumed that the triplet @&F will undergo rapid collision-
induced spin relaxation to form the singlet carbene. This
assumption is justified in part by the quenching rate constant
of 3CF, by O, of 2.5 x 102 cm?® mol~t s~ The3CF, quenching
experiments of Young et af show that NO and @ are
significantly better quenchers than Ar. The predicted concentra-
tions of NO in the first and third sets of experiments in this
paper are~1 x 1072 mol cn3; in the second set, [NC¥ 1 x
106 mol cm 3. The quenching rate constant determined by
Koda'® for 3CF, and NO of 2.9x 10 cm® mol~! s71 gives a
lifetime of ~25 us for sets | and lll; for set Il, the lifetime is
only 0.03us. Another indication is given by the rate constant
for triplet SQ; relaxatiorf® with argon as the collider species.
The rate constant fofSQ; spin relaxation is 3.3< 10 cm?®
mol~! s1, and this gives the triplet state lifetime of Q.8 at
20 atm and 1500 K.

Although the rate constant fGCFCF is not known, the
studies orfCF, and3SQ; suggest that the upper-limit lifetime
of 3CRCF should be fractions of microseconds. The shock-
tube experiments of this work have reaction times of hundreds
of microseconds. Second, NO,,Gand Ar are present in the
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*CRCF=0.

CF,CFOCF, — CF,CF=OCF, + F
AH = 110 kd/mol

Because of the endothermicity of these last two channels, it is
assumed that only the first channel is important.

The most likely fate of theCF,CFO radicals is €C rupture
to form singlet Ci; and CFO radicals. Although the bond
enthalpy is~250 kJ/mol, the high-factor (~10'° s~1) would
ensure that this is a rapid process.

‘CF,CFO— 1CF2 + CFO AH = 250 kd/mol

In the kinetic model, the O-addition to the central carbon is
treated as a two-step process. The reaction is assumed to rapidly
form *CR,CFO + CRs, with a rate constant of 3.2 102 cm?
mol~! s1. The second step is the irreversible decomposition
of the *CKCFO radicals to'CF, + CFO. The A-factor is
assumed to be 2 10! s~ with a barrier of 250 kJ/mol.

Both of the above additions could also proceed along singlet

reaction mixture, and these should adequately quench thesurfaces to form a stable epoxide;FgO, where the addition

3CFCF. Therefore, théCF:CF should not contribute signifi-
cantly to the overall chemistry of the system.

The singlet-triplet energy gap for the GEF has been
determined in recent difference-dedicated configuration interac-
tion calculations by Garcia et &.and CBS-Q calculations by
van Stekelenboré? A value of 72 kJ/mol was found, with the

reaction would have to proceed over a barrier associated with
triplet—singlet curve-crossing. However, epoxides were not
detected in any of the experiments, further indicating that both
reactions probably follow triplet surfaces.

When O atoms add to the central carbon gF4& traces of
CRCFO were observed in the room-temperature experiments

singlet being lower in energy. This energy gap further suggests of Saunders and HeicklérBecause the formation of GEFO

that rapid triplet-singlet conversion should occur, especially
when the singlet is thermodynamically more stable.

When O-addition to the central carbon occurs, it is suggested
that the triplet biradical CEFCFOCF; forms. Its energy is
assumed to liev130 kJ/mol below the reactants. This triplet
biradical can undergo-€C bond scission to form GFand*CF,-
CF=0 radicals (both doublets). The latter radical has an
estimatedAsH®,9s = —613 kJ/mol based on the enthalpy of
formation of CRCF=0 (AH°29s = —1024 kJ/mol; calculated
by isodesmic reactions at the G2-MP2 |éfeand a C-F bond
enthalpy of~500 kJ/mol. The energy of the products lies 75
kJ/mol below that of the triplet biradical; the rupture should be
rapid because of the higi-factor (~10'® s71) and large
exothermicity.

CF,'”CFOCF, — ‘CF,CFO+ CF, AH = —75kJ/mol
This biradical could also undergo—<C scission to form the

triplet CR, and singlet CECFO. To determine the energy of
the products, the enthalpy of formation of the triplet,@&7.4
kJ/mol) was required. This enthalpy was deduced by adding
the calculated singlettriplet energy gap (234 kJ/mél) to the
enthalpy of formation of the singlet«(186.6 kJ/mdl). The
energy of the products was found to €0 kJ/mol above that

of the Ck + *CRCF=0.

CF,'CFOCF,— CF,CF=0 + *CF,
AH = 19 kd/mol

A third possible channel is the elimination of F atoms from
the triplet biradical to form CJ¥£=0OCF, (estimatedAsH®298
—975 kJ/mol based oAtH29s = —1398 kJ/mol for CEC=
OCR2and a G-F bond enthalpy of-500 kJ/mol). The reaction
is endothermic and lies-185 kJ/mol above that of the GH-

and 3CF, from the triplet biradical is endothermic by 19 kJ/
mol the CRCFO could only form by way of a triplet to singlet
curve-crossing. As their experiments involved photosensitization
by the heavy atom Hg*, it is possible that triptedinglet
crossing could take place via spiorbit perturbations through

a short-lived complex incorporating the Hg.

The pyrolysis reactions for 46 were important in the
modeling of the third reaction set (excesg-€}. The A-factors
for both the unimolecular single- and double-bond rupture were
optimized to give the correct product distributions (residugtsC
and GF,). Rupture of the double bond leads to the singlet
carbenes CfEF and CFR. In previous work, the enthalpy of
formation for CRCF at 298 K was estimated by Hynes efal.
to be—586 kJ/mol. However, recent G2-MP2 isodesmic reaction
calculation$® now give the heat of formation at 298 K to be
—520 kJ/mol. This value is in excellent agreement with a value
of —523 kJ/mol computed at the CBS-Q level by van Steke-
lenborg?? The ab initio barrier and\-factor for the isomeriza-
tion1® of the carbene into £, result in a higheA value and a
lower activation energy compared with that found in previous
work2 These ab initio values are incorporated into the modeling
in this work.

The addition of F atoms to 4 was also complicated by
the possibility of addition to either carbon of the double bond,
and two reactions were included to describe these. Rate constants
for both of these reactions were estimated based on ihge-€
F rate constant of Burgess et?al.

Other important secondary reactions include reactions of F
atoms with radicals and other molecules. These include the
termination of Ck with F forming CF, a product that is only
detected in runs where ignition has occurred. The bimolecular
rate constant of Plumb and Rydmeasured at 298 K was used.
At ~20 atm, this reaction is likely to be close to the high-
pressure limit. The rate constant for the reaction o &kd O
yielding CFO and F is based on that of Burgess €t with the
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A-factor reduced by a factor of 2 in this work. The rate constant
for the reaction of CECF and O was estimated on the basis of 0|
the aforementioned reaction except that the barrier is assumed o7
to be negligible and thé-factor slightly lower. In this work, it
is assumed that the reactants singletCFand O¢P) correlate
with the products CFO and Gen a triplet surface, rather than 0.005
with CR:CFO on a singlet surface (which would include a barrier % oou|
for association and curve-crossing). The rate constant estimated’
for O, + CFCF is assumed to be equal to that derived by

Keating and Matul# for CF;, and Q. 0.002

A sensitive reaction in this study is the unimolecular  oco1|
decomposition of the FCO radical. Under the high-pressure
conditions of this work {20 atm), the termolecular association ‘ ‘ ‘ , ‘ .
rate Constant F‘_ CO + M — FCO+ M derived by Burgess et 0.00010 0.00015 0.00020 0.00025 0.00030 0.00035 0.00040
al® (at 1 atm) was found to be inappropriate under our Time (ms)
experimental conditions. Therefore, an RRKM calculation was Figure 12. Plot of CF model mole fractions=) versus time for an
performed for the unimolecular decomposition, FGOF + expe_ri_ment_ which exhibits ignition. The initial temperature was 1540
CO, with the UNIMOL25 program using the transition state K. Initial mixture: 0.7 mol % GFs and 6.3 mol % NO.
geometry of Francis@d calculated at the MP2 level and the
critical energies of Knyazev et &.The value offAE[own =
350 cnr! was used in the calculation. At 20 atm, a rate constant

0.006 -

0.003 [

0.000

The ignition delay mentioned above has been simulated using
the chemical kinetic model. To achieve this, the mode] @Ble
. .o ) » fraction was calculated with a constant-pressure model and
for the unimolecular decomposition reaction of 4% ~*“exp- plotted against time as shown in Figure 12. This species was
(—141 kJ motY/RT) was derived; however, tha-factor was chosen because it is present in significant quantities only after
reduced by a factor of 5 to ensure correct modeling of the ignition. The time required for the GFRo reach 50% of its
products. This RRKM calcglation for the FCO decomposition equilibrium mole fraction is about 22@s. This delay time is
showed good agreement with the 1 atm value of Burgess’et al. i, good agreement with the observed ignition delay time of 240
(the reverse rate constant is calculated from the equilibrium 4 5o us. Note that a constant volume calculation predicts a
constant at 1500 K) and the correct falloff behavior was delay time that is 5Qs shorter.
predicted when compared with the low-pressure experimental  Figures 9-11 show that the model has provided good fits to
results of Knyazev et & However, the high-pressure limitfor 5| the major species for the third set of experimental data. The
the FCO decomposition was not reached at 1000 atm wheretyo jsomers of GFs were also detected in low yields in the
the calculatedn/ks = 8 x 1072 at 1500 K. This suggests that  experiments. Although these species were accounted for in the
the rate constant used in this work is reasonable in light of the kinetic model, their yields are too small to model accurately
uncertainties in the RRKM calculations and the absence of a and their yield profiles were thus omitted in this work.
measured high-pressure limit value for the decomposition. Sensitivity and Rate of Production AnalysesReaction flux

Kinetic Modeling. Kinetic modeling with the mechanism  analyses for all sets were performed at a short reaction time of
given in Table 1 was performed with the Sandia code 100 us to avoid thermal equilibration. Also, the calculated
CHEMKIN?® together with a shock-tube coemodified to temperature, assuming a constant-pressure system, increases
include the effects of quenching by the reflected rarefaction rapidly after 100us in the set Il analyses due to ignition and
wave and the LSODE ordinary differential equation soffer.  decreases in set Il due to reaction cooling behind the reflected
The code SENKIRE was used for sensitivity analyses. shock front.

Figures 13 show the results of modeling the first set of Set I.In terms of the rate of production of O atoms, the
experimental data. These figures show that all major stable reaction with the most flux is reaction 3, the®lself-reaction,

product and unconsumed reactant yields have been modeled"hich accounts for 100% O atom production. O atom addition
successfully over the temperature range. to both the terminal and central carbons of the double bond

. . (reactions 71 and 72, respectively) is important in the destruction
Fl_gures_ &.9 S.h.OW the results of m(_)dellng the second data of the GFs. As the temperature rises from 1390 to 1495 K, the
set in which ignition takes place. In Figure 6, the model tends

. . addition of F atoms to the central carbon (reaction 69) becomes
to overpredict the rate of £ consumption somewhat. The peak ( )

. . . . the dominant gFg destruction route with 40% of the flux. The
C2Fs yield is predicted to be-40% higher than that observed addition of O atoms to either of the double-bonded carbons of

experimentally; however, this could also be attributed 10 ¢ £ 'hjavs 4 lesser role (30% by reaction 71, 15% by reaction
difficulties in obtaining experimental yield data at the precise 72). F atoms are produced predominantly by reaction 42 (CFO

temperature where ignition occurs. Thg=yield is also slightly = CO+ F; 33%) and reaction 32 (GR O = CFO+ F; 16%).
overpredicted by the model. Figure 7 shows that the model the major consumption route of F atoms is reaction 69. FCO
reproduces the "spike’ in the CO profile, and the &d CRO is an important radical in this system and is generated by reaction

profiles have also been succes_sfully modeled. Figure 8 show§73 (26%) and by reaction 32 (23%); reaction 42 is the primary
that good agreement was obtained between model and experi¢onsumption channel. An interesting feature of the rate of
mental Ckz and Q yield profiles. production analysis is that a radical chain mechanism operates,
As stated above, small yields of NO and N@ere detected  enabling F-atom attack to proceed more efficiently than O-atom
in the products, the latter products possibly arising from NO attack. The F atoms produced by reactions 42 and 32 are
oxidation by Q in the infrared cell. The kinetic model predicts consumed in the F attack orgfeg (reaction 69). The resulting
that NG, should be essentially undetectable under these shockfluoroethyl radicals undergo-©C rupture producing CHthe
conditions, further supporting the view that the measured NO primary production route for this radical) and £Fhe CF,
is indeed an artifact. produced by this reaction and reaction 5QKLCpyrolysis) is
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CFaCF=CF; CF.CF=CF,
X A
o CFsCF: + CF,0 o
o ’ CF4CF; + CFs : : / * CF4CF; + CF;
CF,=CF + CFs
CFa-CF: + CF,0 CF4CF +CF,
i CF, + CF, o i CF,+ CF,
CF3 + CF,.CFO s \¥ h \¥
CF»=CF, CFo-CFs CF,=CF; CF+-CF,
CF2+CF; CF, + CF,
xo xo
CFO«F CFO+F
+0 +0 x
+0
CO+F CO+F
+N.O X +N,O x
€O, CO;

Figure 13. Reaction fluxes for ¢Fs decomposition and product Figure 14. Reaction fluxes for gFs decomposition and product
formation. The largest arrows indicate the channels with the greatestformation. The largest arrows indicate the channels with the greatest
flux. The conditions are 1.5% 40 and 0.6% GFs at a temperature of  flux. The conditions are 0.6% D and 6.3% GFs at a temperature of
1500 K. 1600 K.

CF; (reaction 61). The CFreacts with O atoms (reaction 32)

to produce F and CFO. In this way, a high concentration of F
atoms build up, propagated by reactions 61 and 69. The F atom
attack reactions are all exothermic as writtéaH = —46 and

—80 kJ/mol for reactions 69 and 61, respectively) and the O
atom reactions are even more exothermg{ = —160,—255,

successively oxidized by O atoms to CFO and then CO, with F
production accompanying each reaction. The F so produced
reacts with GFg to continue the chain.

The formation and destruction channels of the important
stable products are shown schematically in Figure 130CF

under these conditions, is particularly stable and has 10 5n4 503 ky/mol for reactions 32, 71, and 72, respectively).
significant d§§omp03|t|9n chgnneI: Ignition in this set occurs due to the large concentration of O
The sensitive reactions involving & are the O-atom  5i5ms and the large flux through reactions 71 and 72. Reactions
addition reactions 71 and 72. Also important is the, &0 32 and 42 also have a greater flux than in set I. This creates a
reaction 32. The most sensitive reaction for all products,S N pool of F atoms that are consumed through reactions 69 and
decomposition (reaction 2). Also sensitive are reactions 12, 32,51 The constant pressure sensitivity calculations show an

and 43. increase in temperature 6f250 K at the end of the reaction
Set II. At temperatures below the point of ignition-1450 time.
K), the oxidation proceeds as described in set I. An analysis of  Set |II. Analysis of this set shows the expected pyrolytic
the flux data at 1550 K shows that decomposition aF€C  pehavior since a large excess affgwas used. The dominant
becomes driven by F addition reaction (reaCtion 69) This is a C3F6 decomposition pathways were reactions 75 (doub|e bond
result of significantly greater flux thrOUgh reactions 32 and 42. rupture) and 74 (Sing|e bond rupture). Reaction 75 dominated
The formation pathways for GB have also changed with  gver 74 as a result of its lower barrier. The flux through the
reaction 71 decreasing in flux and reaction 44 (CFO recombina- 0-addition channels is less than in the previous reaction sets
tion; 42%) becoming dominant. Reaction 27+{CCF;) accounts with only 3% consumption of & taking place at 1600 K
for 20% of CRO formation. In terms of CO and GO  through reaction 71. Reactions 75 and 71 produce the carbene
production, the pathways are similar to those described in the CF,CF and reaction 74 produces the fluorovinyl radicab&F
previous set except that greater flux passes through reaction 12CF. The primary decomposition routes for 0 are reactions
in the case of C@formation. GFs and GF, formation routes ~ —75 and the 1,2 F-shift isomerization reaction, 51, producing
are as described in Figure 13. C.F,. Reaction—74, producing GFs, and the recombination
Two species observed in set Il and not observed in set | areinto C4Fs consume the fluorovinyl radicals (reaction 67).
CF; and Q. The formation of the former was through reaction Since the O atom is in lower concentrations in this set, less
23 (99%), although the consumption of F by this channel was CFO is produced and hence less F. The F attack ¢ C
6% and CE consumption was less than 1%; formation was  (reaction 69) is less important in this series and consumes only
caused by reaction 5 where® consumes O. 6.5% of the GFs at 1600 K. Reactions producing F and CFO
Reaction rate sensitivities and fluxes are also used to explainare as described in the previous two sets. The flux diagram in
the basis of the ignition process. Sensitivities for this set are Figure 14 shows the production and consumption routes of the
studied at an initial temperature of 1550 K and 20 atm. At short major products. The formation and destruction eFg&and GF4
reaction times, the oxidation ofsE is dominated by O-addition are as described in sets | and Il. LLFis essentially formed by
reactions 71 and 72. From reactions 32 and 73 CFO is producedreaction 71, CO entirely by reaction 42, and {8y reactions
This subsequently breaks down to F and CO (reaction 42). At 12 (94%) and 43 (6%).
longer times, the F attacks theskg through reaction 69 At 1600 K and low residence times, theRKg mole fraction
producing CEk radicals. F also attacks,E, producing Ck and displays sensitivity to reactions 75, 51, 68, and 67. Significantly,
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reaction 75 has greater sensitivity than reaction 2. The, C  forms from the recombination of F and gFadicals. Despite

also displays sensitivity to reactions 75 and 51. The remaining the large concentration of O atoms in set Il, partial, rather than

products are sensitive to reactions already described in thecomplete, oxidation takes place, with £&Fand CO being the

previous two sets. major partially oxidized products. The rate constant far O
Role of CsF in C3 Fluorocarbon Flame Inhibition. In the oxidation of CO (reaction 18) has a high (200 kJ/mol) barrier,

context of flame inhibition by CFECHFCFR;, CsFg can play an and the Q@ concentration is relatively low except under the

important role. In lean, atmospheric pressure flahtas,thermal conditions of high temperatures and large O excess. The rate

decomposition route forming £ accounts for~40% of the constant for O atom oxidation of CO (reaction 17) is termo-

calculated CECHFCFR; decomposition channels. In these lean, lecular and therefore slow. The dominant route for CO oxidation

atmospheric pressure flamesFgcould not be detected inthe  to CO, is by N;O oxidation (reaction 12) by virtue of the large

postflame gases. Because flame radicals such as H, O, and OHN2O concentrations used.

are in superequilibrium concentrations in the reaction zone of Under GFe-rich conditions, pyrolysis was observed with the

the flame, rapid exothermic destruction of theFgis expected rupture of both single and double bonds being the principal

on the basis of the results of this work. The ignition behavior decomposition reactions.

of CsFg as described in set Il could, in part, account for the

large temperature increases observed wheyCBFCF; is added Acknowledgment. We thank Dr. G. B. Bacskay and Mr.

to a flame. The ignition process however depends on the relativeM. Smith for performing G2-MP2 calculations.

O and GFg concentrations. A near-stoichiometric mixture did
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