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The reaction of CHF3 (HFC-23) with H atoms has been investigated by using a shock tube-atomic resonance
absorption spectroscopy technique over the temperature range 1100-1350 K and the total concentration range
5.5× 1018-8.5× 1018 molecules cm-3. Ethyl iodide was used as a precursor of hydrogen atoms. The rate
coefficient for the reaction CHF3 + H f CF3 + H2 (1a) was determined from the decay profiles of H-atom
concentration to bek1a ) 10-9.80(0.10 exp[-(64.6( 2.3) kJ mol-1/RT] cm3 molecule-1 s-1 (error limits at the
1 standard deviation level), which is 50-60% smaller than the value recommended by the NIST group. The
rate coefficient was also calculated with the transition-state theory (TST). Structural parameters and vibrational
frequencies of the reactants and transition state required for the TST calculation were obtained from an ab
initio molecular orbital (MO) calculation. The energy barrier,E0q, which is the most sensitive parameter in
the calculation, was adjusted until the TST rate coefficient most closely matched the observed one. This
fitting yieldedE0q ) 59.0 kJ mol-1, in excellent accord with the barrier of 62.0 kJ mol-1 calculated with the
ab initio MO method at the G2(MP2) level.

Introduction

Halons, bromine-containing perhalogenated carbons such as
CF3Br, CF2BrCl, and C2F4Br2, have been used for many years
as gaseous fire-extinguishing agents. They have high fire-ex-
tinguishing abilities because of their chemical suppression mech-
anism, that is, bromine-containing species can catalytically re-
move active species from the combustion zone.1 Due to serious
concerns about ozone depletion in the stratosphere, however,
the production of halons has already been prohibited and the
development of alternative compounds is proceeding rapidly.
Recently, trifluoromethane (CHF3, HFC-23) was noted as one

of the candidates to replace halons. Nevertheless, its inhibition
mechanism is unknown so far, due to the absence of kinetic
data for high-temperature reactions in fluorocarbon combustion.
As a first step in our research on the flame suppression by CHF3,
we focus on the kinetics of the reaction

which is one of the most important inhibition reactions. The
rate coefficient for reaction 1a was reported to bek1a )
10-19.55T3.00 exp(-35.6 kJ mol-1/RT) cm3 molecule-1 s-1 2 by
the NIST group, and later revised downward to bek1a )
10-19.83T3.00 exp(-38.9 kJ mol-1/RT) cm3 molecule-1 s-1.3

These rate coefficients are fairly uncertain because they have
been estimated from the rates of the reverse reaction

In the present study, the forward rate coefficient for reaction
(1a) was experimentally determined by using a shock tube-
atomic resonance absorption spectroscopy technique over the
temperature range 1100-1350 K. To evaluate the validity of
the experimental results, the rate coefficient was also calculated
via the transition-state theory.

Experimental Section

Shock Tube. All experiments were performed behind
reflected shock waves in a diaphragmless stainless steel shock

tube. This shock tube is structurally similar to that reported by
Koshi et al.4 and consists of a 19.3-cm diameter× 23.5-cm
long driver section and a 6.2-cm diameter× 460-cm long test
section which are separated by an aluminum piston. Each shock
wave was generated by removing the piston rapidly. With this
system, the inner wall of the shock tube could be spared from
various contaminations because it was not exposed to atmo-
spheric components during the experiments. The test section
was evacuated by a turbomolecular pump to pressures down to
1 × 10-6 Torr, in which the residual gas was practically free
from hydrocarbons. To measure the incident shock velocity,
three piezoelectric pressure transducers were mounted on the
shock tube wall at 25-cm intervals near the end of the test
section. The temperature and pressure of the shock-heated test
gas were calculated from the incident shock velocity using
standard methods.
ARAS. The time-resolved concentration of H (2S0, the

ground state) atoms was monitored by atomic resonance
absorption spectroscopy (ARAS). A microwave discharge lamp,
in which helium containing 1% hydrogen was flowing at a
pressure of 4 Torr, was used as a light source of H-ARAS. The
resonant radiation (2P1/2-2S0, 121.6 nm) from the lamp passed
through two MgF2 windows (1-mm thickness) mounted on the
shock tube walls at a position 2 cm from the end plate. The
transmitted light was isolated by a 20-cm vacuum ultraviolet
monochromator (Minutesman 302-VM), which was evacuated
to a pressure less than 4× 10-5 Torr, and detected by a solar-
blind photomultiplier tube (Hamamatsu Photonics R1459). The
signal was then recorded on a digital storage oscilloscope
(Hitachi VC-6165).
Measurements.Measurements of the rate coefficient for the

CHF3 + H reaction were carried out in a mixture of 2 ppm
C2H5I-0.2% CHF3-Ar by monitoring H-atom concentration
in real time. The experimental temperature and total concentra-
tion ranges were 1100-1350 K and 5.5× 1018-8.5 × 1018

molecules cm-3, respectively. Under the present experimental
conditions, H atoms were rapidly produced through thermal
decomposition of ethyl iodide. Hydrogen atoms might also have
been generated due to wall contaminations or resident impurities,
thus blank tests with argon alone were performed during the
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CHF3 + H f CF3 + H2 (1a)

CF3 + H2 f CHF3 + H (-1a)
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measurements, confirming the absence of background signals.
Calibration for H-ARAS was performed in mixtures of 0.5-4
ppm C2H5I diluted in argon by monitoring both H and I atoms.
For the thermal decomposition of ethyl iodide, as mentioned
later, equimolecular amounts of H and I atoms are formed. The
absolute concentration of iodine atoms was determined by
I-ARAS (4P5/2-2P3/2, 183.0 nm), for which the calibration was
previously discussed.5

Gases.High purity helium (99.995%) was used as the driver
gas. Scientific grade argon (99.9999%) was the diluent gas.
Ethyl iodide (99.0%) was purified by trap-to-trap distillation,
while trifluoromethane (99.95%) was used without further
purification.

Results

Calibration for H-ARAS. The calibration experiments for
H-ARAS were performed in mixtures of C2H5I highly diluted
in argon. A typical absorption profile of H atoms at 121.6 nm
is shown in Figure 1a. Immediately after the arrival of a
reflected shock wave, the absorption of H atoms rapidly rises
to reach a nearly constant value. At temperatures above 1100
K, ethyl iodide is decomposed via two channels:

Subsequently, the ethyl radical produced through reaction 2a
rapidly decays to become ethylene and hydrogen atom.

Wintergerst and Frank6 have experimentally confirmed that the
ratios of H and I atoms formed via the thermal decomposition
of ethyl iodide were 1.0( 0.1 during the reaction time, and
that the ethyl iodide could be exploited as a quantitative H atom
source if the absolute concentration of I atoms was found. In
this work, the absorption of I atoms at 183.0 nm (4P5/2-2P3/2)
was also monitored under the same experimental conditions as
the H-ARAS measurements, as shown in Figure 1b. The
comparison between parts a and b of Figure 1 shows that the
sensitivity for I-ARAS is lower than that for H-ARAS. Win-
tergerst and Frank6 performed the calibration with I-ARAS at
164.2 nm (4P1/2-2P3/2) and obtained the same sensitivity as
H-ARAS. We could not calibrate with I-ARAS at 164.2 nm
because CF3I was used as a source gas of the resonance lamp
and the light emitted from the excited carbon atoms overlapped
with the resonance light of iodine atoms at 164.2 nm. However,
the use of I-ARAS at 183.0 nm appears to give no serious error
for the determination of the rate coefficient. The calibration
for I-ARAS at 183.0 nm was performed previously in shock-
tube experiments that employed mixtures of CH3I-Ar and
CF3I-Ar.5 Therefore, the calibration for H-ARAS was per-
formed by making the H-atom absorbance correspond to the
absolute I-atom concentration after both atom concentrations
reached steady states.

The calibration results for H-ARAS are shown in Figure 2.
The Beer-Lambert law cannot be applied in the present study.
The apparent absorption coefficients, which mean the tangential
slopes of the calibration curves, decrease with the H-atom
concentration due to self-absorption or self-reversal. At the
same H-atom concentration, the absorbance increases somewhat
with the temperature, because the Doppler width of the
absorption line broadens with temperature. Assuming the
modified Beer-Lambert equation

we determined values for the three parameters (R, â, andγ) by
a least-squares method as follows:

Figure 1. Typical atomic absorption profiles in 2 ppm C2H5I-Ar
mixture. (a) H-ARAS signal at 121.6 nm. (b) I-ARAS signal at 183.0
nm. t ) 0 denotes the arrival of reflected shock wave at the observation
station of ARAS.

Figure 2. Calibration curves for H-ARAS atT) (b) 1150, (2) 1250,
and (9) 1350 K. Three solid lines denote the curves fitted by the least-
squares method (see text).

ln(I0/I) ) RTâ[H]γ

C2H5I f C2H5 + I (2a)

C2H5I f C2H4 + HI (2b)

C2H5 (+ M) f C2H4 + H (+ M) (-3)
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The calibration curves calculated from this expression ap-
proximate the experimental data well, as shown in Figure 2.
Taking account of the light path-length for absorption, that is,
the diameter of shock tube, we conclude that the sensitivity for
H-ARAS measured in the present work is reasonable in
comparison with the results previously reported by other
workers.7

Rate Coefficient. The reaction of CHF3 with H involves
two competing channels

where the enthalpies of formation for these chemical species,
∆Hf°0K, were taken from the JANAF thermochemical tables8

except that for CHF2, which was taken from a NIST technical
report.2 To predict the branching ratio for the above channels,
an ab initio molecular orbital (MO) calculation was performed

by using the Gaussian 94 program.9 Figure 3 shows the energy
diagram for reactions 1a and 1b calculated at the G2(MP2)
level.10 The energy barrier of reaction 1b is about 115 kJ mol-1

higher than that of reaction 1a, although the enthalpy of reaction
1b is lower than that of reaction 1a. This difference in energy
barriers means that the branching ratio,k1b/k1a, can be estimated
to be (0.3-3.5)× 10-5 at 1150-1350 K, assuming that their
preexponential factors are identical. Therefore, reaction 1a was
estimated to be the dominant channel and reaction 1b negligible.
Measurements of the rate coefficient for the CHF3 + H

reaction were performed with a mixture of 2 ppm C2H5I and
2000 ppm CHF3, diluted in argon. A typical absorption profile
at 121.6 nm is shown in Figure 4 together with a profile for a
mixture that did not contain C2H5I. Due to relatively high
concentrations of CHF3, the absorptions of not only H but also

Figure 3. Energy diagram for CHF3 + H system. The energies are
calculated at the G2(MP2) level and are corrected for the zero-point
vibrations.

Figure 4. Typical absorption profiles at 121.6 nm in 2 ppm C2H5I-
0.2% CHF3-Ar and 0.2% CHF3-Ar mixtures.

R ) 10-13.15(0.65cm1.95atom-0.65K-1.46

â ) 1.46( 0.20

γ ) 0.650( 0.015

CHF3 + H f CF3 + H2 ∆H°0K ) 7.00 kJ mol-1 (1a)

CHF3 + H f CHF2 + HF ∆H°0K ) -42.2 kJ mol-1

(1b)

Figure 5. Typical concentration profile of H atoms in 2 ppm C2H5I-
0.2% CHF3-Ar mixture. Curve A, B, and C denote the profiles
calculated by varyingk1a in the reaction scheme of Table 1.

TABLE 1: Reaction Scheme for the C2H5I-CHF3 System

forward rate coefficienta

reaction logA n Ea/R ref

1a CHF3 + H f CF3 + H2 adjusted
2a C2H5I f C2H5 + I 11.79 0.00 20200 11
2b C2H5I f C2H4 + HI 11.11 0.00 19500 11
3 C2H4 + H (+ M) f high -10.44 0.00 1030 12

C2H5 (+ M)b low -19.76 -2.80 -24 12
4 CHF3 + M f

CF2 + HF+ M
6.60 -4.00 34700 2

5 CF3 + H f CF2 + HF -10.04 0.00 0 2
6 CF2 + H f CF+ HF -10.40 0.00 0 13
7 C2H5I + H f C2H5 + HI -9.24 0.00 1760 1
8 C2H5I + I f C2H5 + I2 -10.18 0.00 8410 1
9 F+ F+ M f F2 + M -33.56 0.00 0 1
10 F+ H + M f HF+ M -29.58 -1.00 0 1
11 F2 + H f HF+ F -9.70 0.00 1210 1
12 HF+ H f H2 + F -9.44 0.00 17000 1
13 I+ I + M f I2 + M -34.57 1.00 0 1
14 I+ H + M f HI + M -34.48 1.00 0 1
15 I2 + H f HI + I -9.39 0.00 0 1
16 HI+ H f H2 + I -10.26 0.00 0 1
17 H+ H + M f H2 + M -29.56 -1.00 0 12

a Forward rate coefficients in the formk ) ATn exp(-Ea/RT), in
cm3, molecule, s, and K units. Reverse rate coefficients were calculated
from the forward ones and the equilibrium constants.b Pressure-
dependent falloff reaction. At any pressure, the rate coefficient was
calculated fromk ) k∞[(k0[M]/ k∞)/(1 + k0[M]/ k∞)] where k0 and k∞
were low- and high-pressure limit rate coefficients, respectively.
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CHF3were found at 121.6 nm. So the net absorption of H atoms
was obtained by correcting the ARAS signal with the CHF3-
C2H5I-Ar mixture for that due to absorption by the CHF3-Ar
mixture that was obtained under the same experimental condi-
tions. The concentration profile of H atoms determined from
the net absorption is shown in Figure 5. In the presence of
CHF3, hydrogen atoms formed initially in the pyrolysis of ethyl
iodide; namely, reactions 2a and-3 decay mainly through
reaction 1a. The concentration profiles of H atoms were
calculated by numerically integrating the rate equations in the
appropriate reaction scheme of Table 1. The rate coefficient
for reaction 1a,k1a, was adjusted so that the calculated curve
most closely matched the observed one, as shown in Figure 5.
The observed rate coefficient was found to be independent of
the initial concentration of CHF3. Rate coefficient values for
reaction 1a, derived under various experimental conditions, are
summarized in Table 2, and the Arrhenius plot ofk1a is shown
in Figure 6. A least-squares fit of the present experimental data
yielded the following Arrhenius expression over the temperature
range 1100-1350 K

where the error limits are given at the 1 standard deviation level.
As shown in Figure 6, the present results are 50-60% smaller
than the rate coefficient expression recommended in the NIST
report.3

To evaluate the validity of the experimental results, the rate
coefficient for reaction 1a was also calculated via the transition-
state theory (TST). The TST rate coefficient,k1aTST, can be
expressed as follows

whereΓ is a correction factor for quantum mechanical tunneling,
lq is the reaction path degeneracy,E0q is the energy barrier at 0
K, and theQ’s are the partition functions.kB and h are the
Boltzmann and Planck constants, respectively. All parameters
required for the TST calculation are summarized in Table 3.

The geometries for the reactants and transition state were deter-
mined by an ab initio MO calculation at the MP2(full)/6-31G-
(d) level. The vibrational frequencies were computed at the
HF/6-31G(d) level and scaled by a factor of 0.892914 to
compensate for known systematic errors.Γ was roughly esti-
mated by using the Wigner expression15 based on the imaginary
frequency for motion along the reaction coordinate,νi, because
the tunneling effect was not large under the present conditions.

TABLE 2: Summary of Rate Coefficients Measured for the Reaction CHF3 + H f CF3 + H2

reflected shock region

P1a

(Torr)
Us

b

(m ms-1)
T
(K)

[M]
(molecules cm-3)

[C2H5I] 0
(molecules cm-3)

[CHF3]0
(molecules cm-3)

k1a
(cm3 molecule-1 s-1)

[CHF3]0 ) (1.14( 0.02)× 1016molecules cm-3

33.0 0.748 1341 5.64× 1018 1.13× 1013 1.13× 1016 5.31× 10-13

33.0 0.744 1327 5.60× 1018 1.12× 1013 1.12× 1016 5.15× 10-13

35.0 0.721 1255 5.74× 1018 1.15× 1013 1.15× 1016 3.32× 10-13

35.0 0.718 1246 5.71× 1018 1.14× 1013 1.14× 1016 2.99× 10-13

36.0 0.706 1208 5.75× 1018 1.15× 1013 1.15× 1016 2.66× 10-13

37.0 0.690 1159 5.75× 1018 1.15× 1013 1.15× 1016 2.16× 10-13

38.0 0.667 1090 5.65× 1018 1.13× 1013 1.13× 1016 1.33× 10-13

39.0 0.653 1050 5.64× 1018 1.13× 1013 1.13× 1016 9.96× 10-14

[CHF3]0 ) (1.65( 0.04)× 1016molecules cm-3

47.0 0.749 1345 8.03× 1018 1.61× 1013 1.61× 1016 4.98× 10-13

50.0 0.737 1304 8.40× 1018 1.68× 1013 1.68× 1016 3.99× 10-13

51.0 0.720 1251 8.35× 1018 1.67× 1013 1.67× 1016 2.76× 10-13

51.0 0.717 1241 8.31× 1018 1.66× 1013 1.66× 1016 2.99× 10-13

51.0 0.709 1218 8.20× 1018 1.64× 1013 1.64× 1016 2.49× 10-13

52.0 0.704 1202 8.29× 1018 1.66× 1013 1.66× 1016 2.37× 10-13

52.0 0.695 1175 8.15× 1018 1.63× 1013 1.63× 1016 2.04× 10-13

53.0 0.687 1149 8.19× 1018 1.64× 1013 1.64× 1016 1.65× 10-13

53.0 0.677 1121 8.05× 1018 1.61× 1013 1.61× 1016 1.58× 10-13

57.0 0.653 1052 8.26× 1018 1.65× 1013 1.65× 1016 1.02× 10-13

a Pressure ahead of incident shock wave.b Incident shock velocity.

k1a) 10-9.80(0.10exp[-(64.6( 2.3)

kJ mol-1/RT] cm3 molecule-1 s-1

k1a
TST ) Γlq

kBT

h
Qq

QCHF3
QH

exp[-
E0

q

RT]

Figure 6. Arrhenius plot of the rate coefficient (k1a) for the reaction
CHF3 + H f CF3 + H2. (b) Present results measured at [CHF3]0 )
1.1× 1016 molecules cm-3. (9) Present results measured at [CHF3]0
) 1.6 × 1016 molecules cm-3. (- - -) Recommendation by the NIST
group.3 (s) Results of TST calculation.

Γ ≈ 1- 1
24(hνi

kBT)2(1+
kBT

E0
q)
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The energy barrier,E0q, which is the most sensitive parameter
in the calculation, was adjusted until the TST rate coefficients
most closely matched our experimental results and the values
recommended by the NIST group.3 These TST rate coefficients
are drawn with two solid lines in Figure 6. The fitting to our
experimental results yieldedE0q ) 59.0 kJ mol-1, in excellent
accord with the barrier of 62.0 kJ mol-1 calculated with the ab
initio MOmethod at the G2(MP2) level.10 In contrast, the fitting
to the NIST’s recommended value led toE0q ) 51.3 kJ mol-1,
which was beyond the limits of the average absolute deviation
at the G2(MP2) level.

Discussion

In the present study, we first tried to derivek1a directly from
the following equation

whereΦ2a is the branching ratio,k2a/(k2a+ k2b). This equation
can be applied on the assumptions that (i) the production of
hydrogen atoms from ethyl iodide is completed immediately at
t ) 0 and (ii) the competitive reactions for H-atom consumption
are negligible. However, these two assumptions could not be
satisfied simultaneously in the present system. The times when
99% of hydrogen atoms are formed through the reaction
sequence, reactions 2a and-3, are estimated to be 512µs at
1100 K and 32µs at 1300 K, respectively, which are too long
to derivek1adirectly from the above equation. At temperatures
above 1500 K, although the formation rate of H atoms is fast
enough, reaction 4 and its subsequent reaction 6 become a

dominant pathway for H-atom consumption instead of the focus
reaction 1a.

So the rate coefficient for reaction 1a had to be determined
indirectly by fitting the H-atom concentration profiles calculated
by using the reaction scheme proposed in Table 1 to the
observed ones. To check the influence of reactions 2-17 on
the determination ofk1a, sensivity analyses were made by using
the CHEMKIN-II16 and SENKIN17 program codes. Typical
time-resolved profiles of the normarized first-order sensitivity
coefficients for H-atom concentration,∂(log [H])/(∂log kj), are
shown in Figure 7. The calculation shows that reaction 1a is
most sensitive for H-atom concentration and that the present
experimental conditions are suitable to derivek1a. In contrast,
the concentration of H atoms will never be affected by reactions
3 and 7-17. The kinetic data cited for reactions 2a and 2b
have been directly measured by using a shock tube-ARAS
technique.11 Even if they are not accurate, these rate coefficients
cannot create a large error in the determination ofk1a. The
sensitivity coefficients for reactions 4-6 are also not 0, but they
are very small. For example, an uncertainty of(50% fork4-
k6 only causes an error of 3-5% tok1a at 1250 K. Therefore,
we can conclude thatk1a has no serious error due to the
uncertainty of kinetic data for these side reactions.
The TST calculation yieldedE0q ) 59.0 kJ mol-1 from fitting

to our measured rate coefficient, in excellent accord with the
barrier of 62.0 kJ mol-1 calculated with the G2(MP2) theory.10

In contrast, the fitting to the NIST’s recommendation values3

led toE0q ) 51.3 kJ mol-1. Curtiss et al.10 reported that the
average absolute deviation was(6.61 kJ mol-1 for various

TABLE 3: TST Calculation Parameters for the Reaction
CHF3 + H f CF3 + H2

reactant transition state

CHF3 H TS(1a)

molecular weight, g mol-1 70.014 1.008 71.022
spin multiplicity singlet doublet doublet
E0q, kJ mol-1 adjusted
lq 1
structural parameters
point group C3V C3V
r(H′-H), Å 0.879
r(C-H), Å 1.089 1.423
r(C-F), Å 1.343 1.332
θ(H′-H-C), deg 180.0
θ(H-C-F), deg 110.5 108.8
θ(F-C-F), deg 108.4 110.1

moments of inertia
Ia, g cm2 8.213× 10-39 9.491× 10-39

Ib, g cm2 8.213× 10-39 9.491× 10-39

Ic, g cm2 1.498× 10-38 1.505× 10-38

vibrational frequencies, cm-1 3036 2147i
1414 (2) 1441
1186 (2) 1302 (2)
1127 1146 (2)
681 1005
492 (2) 662

496 (2)
271 (2)

TABLE 4: Comparison of Rate Coefficients for the Reactions CHnF4-n + H f CHn-1F4-n + H2

D0
298K(C-H) rate coefficient at 1250 K

reaction lq (kJ mol-1) ref (cm3 molecule-1 s-1) ref

CH3F+ H f CH2F+ H2 3 423.8 18 1.0× 10-12 20
CH2F2 + H f CHF2 + H2 2 431.8 19 5.6× 10-13 21
CHF3 + H f CF3 + H2 1 446.4 19 3.2× 10-13 this work

6.9× 10-13 3

k1a) - 1
Φ2a[CHF3]0[C2H5I] 0

d[H]
dt |t)0

Figure 7. Sensitivity analysis of the rate coefficients for H-atom
concentration in 2 ppm C2H5I-0.2% CHF3-Ar mixture. Numbers in
the figure denote the reaction numbers given in Table 1.

CHF3 + M f CF2 + HF+ M (4)

CF2 + H f CF+ HF (6)
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relative energies calculated at the G2(MP2) level. In the present
study, the enthalpy of reaction 1a was calculated to be 9.42 kJ
mol-1 at the G2(MP2) level, of which the absolute deviation
from the experimental data was only 2.42 kJ mol-1. This
excellent agreement shows that the G2(MP2) energies for the
CHF3 + H system can be calculated with a high accuracy and
that theE0q value obtained from fitting to the NIST recom-
mendation is too small.
Several kinetic studies on the reactions of other fluoro-

methanes with hydrogen atoms have been previously performed
at high temperatures. The rate coefficients for the reactions
CHnF4-n + H f CHn-1F4-n + H2 at 1250 K are summarized
in Table 4 together with the reaction path degeneracies,lq’s,
and the dissociation energies of C-H bonds,D0

298K(C-H)’s.
Taking the present value fork1a, these rate coefficients appear
to increase as the number of abstractable H atoms from the
fluorocarbons becomes larger and as the dissociation energies
of the C-H bonds become smaller. In contrast, the NIST
recommendation fork1adoes not fit this simple trend. Therefore,
we conclude that the rate coefficient for reaction 1a determined
in the present study is more reasonable than the NIST recom-
mendation.
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