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ABSTRACT: The thermal dissociation reaction C,F,(+ M) — 2CF,(+ M) was studied in shock waves monitoring CF, radicals
by their UV absorption. The absorption coefficients as functions of wavelength and temperature were redetermined and are
represented in analytical form. Dissociation rate constants as functions of bath gas concentration [M] and temperature, from
previous and the present work, are presented analytically employing falloff expressions from unimolecular rate theory.
Equilibrium constants are determined between 1200 and 1500 K. The data are shown to be consistent, with a C—C bond energy
of 67.5 (+0.5) kcal mol™". High-pressure limiting rate constants for dissociation and recombination are found to be unusually
small. This phenomenon can be attributed to an unusually pronounced anisotropy of the potential energy surface, such as
demonstrated by quantum-chemical calculations of the potential energy surface.

1. INTRODUCTION

The thermal decomposition of C,F,,

CE(+ M) - 2CE(+ M) (1)
and the reverse recombination of CF, radicals,

CE + CE(+ M) - GE(+ M) (2)

are remarkable in several ways. Unlike the analogous
decomposition of C,H,, which is dominated by the competing
channels' C,H, = C,H, + H, and C,H, — C,H; + H, the
decomposition of C,F, proceeds by fission of the C—C bond.
Furthermore, in comparison with the recombination of CF;
radicals forming C,F¢ with a room temperature high-pressure
rate constant® of 7.8-10'2 cm® mol™! s, and the recombination
of CHj radicals forming C,Hy with a room temperature high
pressure rate constant’ of 3.5-10'* cm?® mol™! s7!, the
recombination of CF, radicals has a room temperature high
pressure rate constant as low as* 2.4-10'° cm® mol™ s\ One of
the aims of the present study is the identification of the reasons
for this small value in terms of the properties of the potential
energy surface of the C,F, & 2CF, system.

With increasing temperature, reaction 2 should increasingly
deviate from low-temperature, high-pressure behavior. The first
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indications of this were found in the recombination study of ref 4
near 900 K. Further increasing the temperature, the dissociation
reaction 1 has generally been found to be far from the limiting
high-pressure regime.®> Then a representation of the complete
temperature- and pressure-dependence of the rate constant, k;,
over the full falloff range of the reaction needs to be elaborated.
First steps in this direction have been made in the dissociation
study of ref S. In other dissociation experiments, such as refs 6—9,
oversimplified assumptions about the pressure dependence of
reaction 1 were made. The problem of the pressure dependence
did not have to be accounted for in most of the recombination
studies, such as refs 4 and 10—16, which were generally
performed under conditions such that limiting high-pressure,
second-order behavior was observed. It is the second goal of the
present work to analyze the available dissociation and
recombination data in terms of unimolecular rate theory. The
results of this analysis are representations of the temperature and
pressure dependences of k; and k, over their full falloff ranges
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(k, is defined through d[C,F,]/dt = —k,[C,F,], whereas k, is
defined as d[C,F,]/dt = k,[CF,]%).

The analysis of k, and k; is based on the molecular parameters
of C,F, and CF,. Of particular importance is the dissociation
energy, Ey, of C,F,, which strongly influences k;. At the same
time, the molecular parameters, particularly E,, are contained in
the equilibrium constant

K. =k /k, (©)
Our analysis, thus, has to be internally consistent and
reproduce ky, k,, and K_ at the same time. Previous measurements
of K, differed considerably.>”® The reasons for this were
different and internally inconsistent UV absorption coeflicients
of the monitored CF, radicals. In addition, reaction 1 generally
was studied under conditions where the dissociation was not
complete such that part of the measurements of k; were also
affected by uncertainties in K, and in the absorption coeflicients
of CF,. For this reason, we have remeasured CF, absorption
coefficients together with dissociation rate constants k; and
equilibrium constants K. Our results for the absorption
coefficients are consistent with the most general previous results
from ref 4 and, particularly, from ref 17. However, they differ
slightly from the results of refs S and 9 and more strongly from
refs 7 and 8. Redetermining K. with correct absorption
coefficients, therefore, was an important aspect of our work.
Analyzing K_leads to the enthalpy of the reaction AH," which
may be compared with other experimental determinations and
results from quantum-chemical calculations. The dissociation
energy, E, of C,F,, here given by the reaction enthalpy AHj , at
0 K is related to the heats of formation of CF, and C,F, at 0 K
through
Ey = Ang,O = ZAHf(,)o(CFz) - AHf(,)o(CzE;) 4)
Although earlier tabulations, such as ref 18 used AH{,(C,F,) =
—156.6 kcal mol™" (similar to the value of —157.5 kcal mol™
recommended in ref 19), more recent evaluations*°~** have led
to an experimental value of AHgO(C2F4) = —161.0 kcal mol™.
This is in close agreement with the recent high-level ab initio
calculation in ref 23, which gave —160.5 kcal mol™". Combining
the latter value for AH{\(C,F,) with AH{((CF,) from ab initio
calculations of ref 24 yielding AH{,(CF,) = —46.6 kcal mol™
(close to the value of —46.2 kcal mol™ from ref 25 and similar
values from refs 26 and 27) leads to E, = 67.3 kcal mol™. On the
other hand, AHgO(CFZ) = —45.82 kcal mol™! was recommended
in ref 21, which, with AH{(C,F,) = —160.59 kcal mol " from the
same reference, gives E, = 68.9 kcal mol™". With NIST-JANAF
values," one would have obtained E, = 69.4 kcal mol ™. There is,
thus, still a considerable uncertainty of the relevant value of E,,.
As the corresponding differences at temperatures in the range
1100—1600 K of the present work amount to up to a factor of
2 in the factor exp(—E,/RT), the effects of changing E, should
become detectable in our analysis of k;, k,, and K_. It is, therefore,
a third goal of this article to compare calculated K, and modeled
k, and k, with experimental results using E, as a fit parameter.
In this way, an experimental value for E, can be established, and
consistency between experimental and theoretical values of E,
can be tested.

2. EXPERIMENTAL TECHNIQUE AND RESULTS

In our work, we have remeasured C,F, dissociation rates by
monitoring UV absorption signals from CF, radicals, that is, we
have used the same experimental technique as applied in refs 5
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and 7—9, although improvements in data acquisition were possible.
Because part of the measurements of k; and all determinations of
K. depended on the correct concentrations of CF,, particular care
was taken to have correct absorption coeflicients, €, of CF,.

We worked with incident and reflected shock waves in a shock
tube that has been described before.”®* Because most details of
the technique have been reported,” they need not be repeated
here. We used reaction mixtures with <600 ppm of C,F, in Ar and
studied the reaction over the temperature range 1000—1700 K
with Ar concentrations in the range 107°—10"* mol cm ™. Argon
of high purity (99.9999% from Air Liquide) was employed. C,F,
(>99% from Dyneon GmbH) contained some a-pinene to
prevent polymerization; this was removed by repeated freezing
(oxygen and water traces were removed by use of oxysorb
cartridges from Air Liquide). Because only very low concen-
trations of C,F, in Ar were employed, these traces did not play any
role in our experiments.

Figures 1 and 2 show typical absorption profiles of CF,, such as
recorded at 248 nm behind reflected and incident shock waves.
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Figure 1. Formation of CF, in the thermal dissociation of C,F, behind a
reflected shock wave (the Schlieren peaks denote the arrival of the
incident and reflected shock; 570 ppm of C,F, in Ar; reflected shock:
T=1271Kand [Ar] = 1.1-10"*mol cm™3; OD = &-x-[CF, ] with x = 9.4 cm
and & (248) = 3.210° cm® mol ™", incomplete dissociation with @ = 27%;
see text).
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Figure 2. Formation of CF, in the thermal dissociation of C,F,
behind incident shock wave (560 ppm of C,F, in Ar; incident shock:
T=1658K, [Ar] = 1.1-107° mol cm ™3, & (248 nm) = 2.7-10° cm? mol ..
reflected shock: T = 3503 K, [Ar] = 2.5-1075 mol cm™>, ¢ (248 nm) =
2.1-10° em? mol™%; for dissociation of CF,, see ref 29).
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The concentration profiles always followed first-order rate
laws for the dissociation 1, and second-order rate laws for the
recombination 2 when the decomposition was incomplete and
approached equilibrium. Because only the reaction product CF,
was monitored, in the latter case, the evaluation of k;, k,, and K.
required accurate knowledge of the absorption coeflicients & of
CF, and careful specification of the composition of the reaction
mixture. Because the temperature for Figure 1 was too low
to show any CF, formation behind the incident wave, CF, was
formed only behind the reflected wave. A determination of the
equilibrium constant K_ from the final CF, absorption signal, as
well as of the rate constant k, for C,F, decomposition, thus
required the accurate knowledge of the absorption coeflicient of
CF,. Under the shown conditions, about 27% of the parent C,F,
decomposed until equilibrium. For the higher temperatures of
Figure 2, C,F, decomposes nearly completely behind the incident
shock wave. The formed CF, finally decomposes behind the
reflected wave, such as studied in ref 29. (One should note that
the time axis behind the incident shock is compressed by the
factor 3.3, that is, by the ratio of densities before and behind
the incident shock front; on the other hand, the time scale
behind the reflected shock corresponds to laboratory time. The
determination of k; from Figure 2 does not require knowledge of
the absorption coefficient.)

2.1. Absorption Coefficients of CF,. A useful guide to the
temperature and wavelength dependence of € (base e) were the
measurements from ref 17, which corrected earlier data from
refs 7 and 8. Figures 3 and 4 compare our new determinations of
€ (data from C,F, and CHF, precursors for CF, are included)
with the older data from ref 17 and results from refs 4 and 9.
In addition, a comparison of the results with a two-dimensional
extension of the Sulzer—Wieland equation (eq AS of ref 30) is
shown; that is, we use a representation (base e for ),

eV, T) ~ enoF"? exp[—nF[(v — 1)/ (Arp) ] (5)

with F = tanh(©,/2T) and the fitted parameters &,,,, = 1.07 X
107 cm® mol™, n = 2, v, = 40 300 cm ™!, Ay, = 1100 cm™" and
©, = 960 K. It may appear surprising that a highly structured
spectrum, like that of CF, near 300 K (see ref 4), with increasing
temperature approaches a continuous form such as given by eq 5;
however, the same behavior was also observed in ref 30 for UV
absorption spectra of other polyatomic molecules. Unlike ref 9,
we used a variety of CF, precursors whose reactions will be
described in separate publications (among the precursors studied
were CF;H, CE,H,, C,F;H, C;F;H, and C,F,; here, only data
from CF;H and C,F, are included). The temperature depen-
dence of ¢ at the absorption maximum, such as illustrated in
Figure 4, fairly well agrees among refs 4, 9, 17 and the present
work. The determinations of € in refs 5, 7, and 8 are less
consistent with Figure 4 and, thus, are discarded. The con-
sequences of incorrect € on measurements of k; and, in particular,
of K_in these earlier studies sometimes were serious; sometimes,
they were less critical (see below).

Although the two-dimensional extended Sulzer—Wieland
representation of € (v, T) leads to a quite satisfactory fit of the
experimental data, in reality, one cannot expect perfect
agreement. Indeed, minor discrepancies become apparent in
Figure 4 where data for 248 nm over a very wide temperature
range are compared with eq S. Empirically, we found that an even
better representation of € (v, T) for fixed v than by eq S can be
obtained with a Gaussian-type expression,
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Figure 3. Absorption coefficients & (base e) for CF, (experimental data:
+, [17]; @, present work; dashed curves, fit by eq S. From top to bottom:
T = 1804, 2085, and 2878 K.

e(A = 248 nm, T)/cm’mol ™
~ 3.35:-10° + 4.6-10" exp{—[(T + 1457 K)/1272 K]’}
— 245(T/K) (6)

We estimate the uncertainty of € from eq 6 to be about +10%.
The great effort to have accurate values of & became necessary
for situations when CF, yields from various precursor molecules
were of quantitative interest (see separate publications for the
molecules mentioned above).

2.2. Equilibrium Constants, K.. Whenever dissociation
equilibria could be measured within the available experimental
time of ~1 ms (see Figure 1), equilibrium constants, K, were
derived from the dissociated fraction, @, of the initial C,F,
concentration [C,F,], through

K, = [C,E]y4a*/(1 — a) )

Table 1 summarizes experimental conditions and measured
values of K. Figure S shows a van’t Hoff plot of K_and compares
present results with modeled values. The figure also includes
results from refs S and 9. The results from ref S were reevaluated
with the absorption coefficients & from the present work as
represented by eq 6. The small differences between the
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Figure 4. Absorption coefficients & (base e) for CF, at 248 nm
(experimental data: @, present work, from C,F,; O, present work, from
CHE;; ®, [4]; A, [S]; +, [17]; dotted curve, fit by eq S; full curve, fit by
eq 6; see text).

Table 1. Representative Experimental Results for Equilibrium
Constants K_ and Rate Constants k,; of the Reaction C,F, —
2CF,”

T/K [Ar]/mol cm™3 K./mol cm™ ky/s7t
1100 24107° 3.7-10!
1123 2.3107° 6.5-10
1128 2.3-107° 9.3-10
1161 2.3107° 1.6:10*
1170 1.2:107* 1.9-107° 2.9-10
1172 2.2-107° 1.2:10%
1174 2.0-107° 1.5-10
1215 1.1-107* 9.0-10?
1224 1.9-107° 4.3-10°
1226 2.0-107° 7.1-10
1271 1.1-107* 2.0-1078 2.1-10°
1329 9.8:107° 6.9-1078 42-10°
1367 9.8:107° 141077 8.9-10°
1383 9.7:107° 241077 1.4-10*
1450 9.1-107° 7.0-1077 5.3-10*
1486 9.0-107° 1.3-107¢ 4.5-10*
1540 1.3-107° 4.7-10*
“See text.

absorption coeflicients used in refs 5 and 9 have some relevance
for a second-law analysis of K, but are less serious for a third-law
analysis (see the following). We evaluated our data by calculating
K, in rigid rotor-harmonic oscillator approximation (like in
ref 19), using frequencies and rotational constants for C,F, and
CF, from refs 18 and 31—33 (see Appendix) and fitting E, =
AH} . We obtained

AHI({)’O = 67.5(+0.5) keal mol™* (8)

where the uncertainty accounts for the differences between
the data shown in Figure S. (We note that the earlier third-
law analysis of ref S led to AHj o5 = 68.8(%1.7) keal mol™,
corresponding to AH%,O = 67.8 kcal mol ™, and that of ref 9 led to
AHY 505 = 68.4(%0.45) keal mol ™, corresponding to AHY, =
67.4 kcal mol™.) Because the most recent ab initio calculations
from refs 23 and 24 led to AHR, = 67.3(%0.6) kcal mol ",
experimental and theoretical values of K, and of E, = AHR,
appear to be of satisfactory internal consistency now, favoring a
lower value of E; than recommended in ref 21.
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Figure 5. Equilibrium constants K, = [C,F,]/[CF,]* (experimental
data: @, present work; dotted curve, [9]; dashed curve, [S] reevaluated
with & from the present work (see text); solid curve, modeling from
present work with AH) = 67.5 kcal mol™").

Our modeled equilibrium constants, K, of Figure 5 over the
range 300—2000 K can be fitted in the form

K, = 7.56-10°(T/300 K)>* exp(—35050 K/T) mol cm >

)
which reproduces the calculations within better than 1% over
the range 1000—1500 K of interest here. Our measurements are
scattered around eq 9, as shown in Figure S. The figure also
includes the results from ref 9, (without corrections because the
used & corresponds to eq 6) and the results from ref S (after
reevaluation with a slightly modified ¢ as given by eq 6). The
factor 7.56:10° in eq 9 of ref 9 would change to 9.05-10°, and for
ref S, to 6.04-10°, such that K_ from eq 9 finally should be accurate
within about +20%. This translates into the +0.5 kcal mol™*
uncertainty of the fitted E,, as indicated in eq 8.

We note that K, (1200 K) = 5.6-10™" mol cm™ from eq 9 is in
fair agreement with a value of K, (1200 K) = 7.2-10~° mol cm ™
from ab initio calculations of ref 34. On the other hand, ref 19
would have led to K, (1200 K) = 2.7-107° mol cm™3, and refs 20
and 21 would have given K. (1200 K) = 3.1-10~° mol cm™.
We also note that our modeled entropies, such as those included
in the modeled K. of eq 9, agree with the values given in
ref 18; that is, §°503(C,F4) = 71.7 cal K™ mol™ and §°,44(CF,) =
57.6 cal K™' mol™".

2.3. Dissociation Rate Constants, k;. First-order rate
constants, k;, could be obtained directly from CF, absorption
profiles such as Figures 1 and 2. At higher temperatures (T >
1400 K), the decomposition was nearly complete such that the
results were independent of the value of ¢; at lower temperatures
(T < 1400 K), the slopes of the rise of absorption had to be
evaluated such that the results depended on ¢. It was, therefore,
essential to have the correct value of ¢, such as described in
Section 2.1. Table 1, in addition to K, includes representative
measured values of k;. Because the rate constants depend on
both the temperature, T, and the argon concentration [Ar],
Figures 6—8 show falloff curves for the fixed temperatures 1200,
1400, and 1600 K. Measurements at temperatures slightly off
these reference values were interpolated using the [Ar]-dependent
temperature coeflicients of the modeled rate constants given below.

The figures include modeled falloft curves such as described
below together with the limiting low- and high-pressure rate

dx.doi.org/10.1021/jp408363s | J. Phys. Chem. A 2013, 117, 11420—11429
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Figure 6. Falloff curve for C,F, — 2CF, at T = 1200 K (experimental
data: O, [S]; O, [9]; A, [7]; @, present work; red line, modeling with
eq 20 with limiting low- and high-pressure rate constants k; , and k; .,
respectively, as shown in the figure and given in Table 4; black line,
modeling with eq 19 with k, ; increased by a factor of 3 compared with
Table 4).
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Figure 7. As Figure 6, for T = 1400 K.

4
10 7 6 5 -4 3 2
10 10 10 10 10 10

[Ar] / mol cm.3

Figure 8. As Figure 6, for T = 1600 K.

constants. One realizes that the measurements of k; were all done

in the intermediate falloff range close to the center of the falloff
curves. Measurements from refs 5, 7, and 9 are included and

found to be in good agreement with the present data. However,
the assumed pressure dependences of refs 7 and 9 had to be
abandoned (data from ref S for 1200 K were reevaluated with
corrected absorptions coefficients, such as indicated in Figure 7).
Analytical representations of k; (T, [Ar]) are described in
Section 4. The apparent problems of representing the experi-
mental falloff curves by the given analytical expressions will also
be commented on.

3. MODELING OF RATE CONSTANTS

The rate constants k; (T, [Ar]) depend on intramolecular
dynamics, as determined by the properties of the potential
energy surface, and on intermolecular collisional energy transfer.
In the following, we present a modeling of the rate constants in
terms of these processes, demonstrating which parameters can be
estimated at least semiquantitatively and which have to be left as
fitted quantities. At this stage, the high-pressure rate constants
become calculable from an ab initio characterization of the
global properties of the potential, whereas the low-pressure rate
constants require the choice of a fitted parameter, that is, the
average energy, (AE), transferred per collision. In the following,
we first consider high-pressure rate constants k; o, or k, ., after
having characterized the potential, then proceed to low-pressure
rate constants k, ; or k, ; and, finally, represent rate constants in
the intermediate falloff range.

3.1. Relevant Properties of the Potential. High-pressure
recombination is understood as a capture process which in our
work is treated by the SACM/CT (statistical adiabatic channel
model/classical trajectories) approach of ref 35. In this
treatment, attention is focused on the dynamics of the transi-
tional modes as characterized by classical trajectories on an
anisotropic model potential. To use this method for estimating
the rate constant k, ., one has to explore the F,C—CF, potential
along the minimum energy path (MEP). We used various
quantum-chemical methods, such as (i) density functional theory
(DFT) on the B3LYP/6-311+G(3df) level, (ii) MP2/6-311+
G(3df), (iil) CBS-QB3 (i.e, MP2/CBS on a BLYP/6-311G(d)
geometry), and (iv) G4 (ie, CCSD(T)/CBS on a B3LYP/
6-31G(2df,p) geometry). All calculations were performed with
the Gaussian 09 package.36

We first consider the MEP potential. Figure 9 compares the
results of various calculations. Selecting the G4 curve, in Figure 10,
we compare the results with standard Morse potentials. We note
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Figure 9. MEP energy V(r) for C,F, = 2CF, (calculations from this
work at different levels of theory: ----, MP2/6-311+G(3df); -----, B3LYP/
6-311+G(3df); -----, CBS-QB3; —, G4 ;see text).
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Figure 10. MEP energy V(r) for C,F, — 2CF, (calculations from this
work: @, by G4; —, modified Morse potential with #(r) from eq 10; -+,
Morse potential with 8 = 3.0 A™}; -, Morse potential with #= 5.2 A7
see text).

that the latter considerably differ from the G4 results, particularly
if the standard Morse parameter, # = 3.0 A™ (from a C—C force
constant’”” of 8.9 udyn A7), is employed. For long range, =
52 A™' would give better agreement with the G4 results. The
G4 results formally can be represented by a Morse potential with a
C—C bond length (r)-dependent Morse parameter,

B(r)/K" =3.876 — 2.422(r — 1) /A + 4722(r — r,)’ /R (10)

where r, = 1.321 A. Along the MEP, the molecule changes its
structure from a planar to an anticonfiguration with the angle &
between the CF, planes and the original plane increasing from 0°
to about 67° at large r (e.g, & = 0° 40° 59° and 65° for
r/A = 1.321, 1.625, 2.0, and 2.5, respectively) (see Figure 11).

1.321 1.625

8=0° =40.0°
25
5=58.9° 5=65.0°

Figure 11. C,F, structures along the MEP for C,F, — 2CF,
(calculations from this work at the B3LYP/6-311+G(3df) level) for
r=1.321, 1.625,2.0, and 2.5 A, respectively; 6 = C—CF, angle; see text).

This behavior can be represented by effective r-dependent
rotational constants,

(A + B)/2cm™ = 0.0869[1 + 0.333(r — r,)/A + 0.166(r — r,)* /AT
(11)
(from B3LYP/6-311+G(3df) calculations). It is important to have
eq 11 because it is required for a determination of the centrifugal
barriers of the reaction, which are important quantities in the low-
pressure as well as the high-pressure rate constants (see below).
The anisotropy of the potential can be characterized by the
dependence of the harmonic vibrational frequencies v, of
the torsional modes of C,F, on the C—C bond length, . With
increasing r, these transitional modes change from vibrations into

free rotations of the CF, fragments. The interplay between the
radial potential, characterized by eq 10, and the anisotropy of the
potential, characterized by the r dependence of the v, governs
the “dynamical hindrance” of the capture process (see below). At
short-range, for r < 1.7 A, the r dependence of the various v,
looks irregular; however, at r > 1.7 A, the decrease of the v, (1)
with increasing r is nearly exponential, such as observed
frequently. Figure 12 illustrates this behavior as obtained from
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Figure 12. Frequencies v, for five transitional modes along the MEP
for C,F, — 2CF, (calculations from this work at the B3LYP/
6-311+G(3df) level (@) and at the MP2/6-311+G(3df) level (O); the
looseness parameters o in A™, from top to bottom, are 0.629, 1.25, 1.48,
1.32, and 1.58 for @ and 0. 585 1.41, 1.71, 1.37, and 1.21 for O; see text).

B3LYP (method i) and MP2 (method ii) calculations. We
describe the decay in terms of anisotropy parameters, @,>° with

Viors & eXP[ - a(r - i’e)] (12)

such as given in the figure. Average values of @ are 1.19 (B3LYP)
and 1.26 (MP2) A™". Because the relevant centrifugal barriers are
located at long range, the eftective Morse parameter according to
Figure 10 can be estimated as & 5.2 A~ such that the ratio a//8
is close to

a/B = 023 (13)

This is an unusually low value of the ratio a/f (see, e.g., ref 39).
The small value of the ratio indicates a “rigid effective activated
complex situation”. For ratios a/f approaching unity, loose
activated complex theory (i.e., phase space theory, PST) would
be approached, whereas a/f — 0 would lead to a rigid activated
complex, RRKM (Rice—Ramsperger—Kassel—Marcus)-type
theory.** The small value of the experimental high pressure
recombination rate constant, k, .., thus can be attributed to the
unusually pronounced anisotropy of the potential as charac-
terized by the small value of the ratio a/f given by eq 13.

3.2. High-Pressure Rate Constants. As long as sufficiently
accurate ab initio calculations of the complete potential are
not available, we proceed with the semiquantitative SACM/CT
approach of ref 35 using the characteristic potential properties
described in section 3.1. On the basis of a given ratio, a/f, in
this work, the association of two quasi-linear identical species
forming a linear adduct in a model valence potential was treated.
This is the simplified situation chosen here. (This model appears
adequate enough for the calculation of the “rigidity factors, fyigq”
of the process, i.e., of the factors accounting for the transition of
the free rotations of the radicals into the bending vibrations of the
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Table 2. Modeled High Pressure Rate Constants for Dissociation and Recombination k, , and k, .., Respectively, and Equilibrium

Constants K, for C,F, = 2CF,”

T/K kllw/s_1 kzym/cm3 mol ! s7!

300 2.20-10%°
1000 3.55 1.41-10"
1250 3.2810° 1.98-10"
1500 3.01-10° 2.62-101
1750 7.36:10° 3.32-101
2000 7.92-107 4,08-10"!

“See text.

K./mol cm™® kg‘g/ cm® mol ! s7! Srigia
1.22-10% 1.8-107*
2.52-1071 2.15-10" 6.6:107*
1.66-107% 2.38-10" 8.3-107*
1.15:107° 2.60-10" 1.0-1073
2.22-107° 2.79-10" 1.2-1073
1.94-107* 2.97-10 1.4-1073

adduct. Calculations assuming a nonlinear adduct, which was also
treated in ref 35, led to similar results. Neglecting the transition of
the third of the free rotations of nonlinear CF, into two low-
frequency torsions of CF, in C,F, is justified because it has
only little influence on adiabatic channel potential curves.)
A Morse-type MEP potential in the modeling is combined with
an anisotropic angular potential corresponding to eq 12. Because
the temperatures of interest are much larger than the
characteristic temperatures of the free reactant rotor/torsional
adduct oscillator modes, classical trajectories can be used to
follow the association process. The results were represented
analytically in section IV of ref 35. Our present work used the
derived relationships.

Table 2 summarizes the results of our modeling. In addition to
ky s K,y and k; o, the results from phase space theory (a/f>> 1,
k§§.§) and the “rigidity factors” fi;q = Ky o0/ kg’ﬁ,{ are given. Our
results can be approximated by eq 9 and

ky e = 226:10'(T/300 K)"** cm® mol ' s~
= 3.75:10"*(T/300 K)"** em® 57! (14)
ki oo = 1.71-10"(T /300 K) % exp(—35050K/T) s™" (15)

The results of eq 14 for k., agree surprisingly well with
the experimental data from refs 4 and 10—12 (see Figure 13).

300 400 500 600 700 800
T/K

Figure 13. High pressure recombination rate constants k; ., for 2CF, —

C,F, (experimental data: @, [4] there may be falloff in the results above

650 K (see text); [J, [10]; M, [11]; O, [12]; solid curve, modeling from

the present work, represented by eq 13; see text).

(Data from ref 6 are excluded as discussed in ref 40; more data at
room temperature, as from refs 10, 13, and 41, agree with the
shown results.) Both the absolute values and temperature
coeflicients are reasonably well reproduced. We take this
agreement as an indication that the modeling, which so far was

free from fit parameters, at least semiquantitatively explains the
high-pressure rate constants. It, therefore, also reveals the origin
of the small values of the high-pressure rate constants in terms of
the properties of the potential (see above).

3.3. Low-Pressure Rate Constants. The limiting low-
pressure rate constants k; y and k, include the average energy
transferred per collision (AE) between excited C,F, and the bath
gas, Ar (and the related collision efficiency f.), which remains
a parameter to be fitted from the experimental results. In our
analysis, we follow the standard formalism outlined in ref 42.
Table 3 summarizes factors entering the rate constants k.
We employ the nomenclature of ref 42. In detail, we determine
the rotational factors, F,,,, with centrifugal barriers on the basis
of eq 11 and derived from the MEP potential. The required
molecular parameters are again given in the Appendix. The
vibrational harmonic density of states p.g,, (Ey) follows as 2.48 X
10"°/kcal mol™". Less certain is the anharmonicity factor, F,,,,
which, analogous to refs 43 and 44, is estimated as 1.7. Our
modeled strong collision rate constant can be represented by

kPo = [Ar]2.45-10% (T /300 K) ™" exp(36660 K/T) cm® mol ' s™"

(16)

Including weak collision efficiencies f, = kico, such as fitted

from the measured falloff curves (see below), over the range of
1200—1600 K, we obtain

k; o = [Ar]1.26-10% (T /300K)™*” exp(—36660 K/T) cm® mol ™' s™*

(17)

The fitted B. corresponds to a temperature independent

—(AE(E,)) ~ 250 cm™". One would have expected a somewhat

smaller value. However, because there are some uncertainties in

the quantities entering k, , the fitted . appears of acceptable

magnitude. In any case, the fitted k;, will serve well for data
representation over the range 1100—1600 K studied here.

3.4. FALLOFF CURVES

We describe the transition of k, (analogous for k,) from the low-
pressure value k, ; to the high-pressure value k, ., by the falloff
expression

ki/ky oo & [x/(1 + x)] E(x) (18)

where x = k; o/k; . Broadening factors F(x) are taken from the
treatment of refs 45—47. The essential quantity entering F(x) is
the center broadening factor, F,,,, which in principle requires a
treatment by full unimolecular rate theory; however, at this stage,
the simplified method from ref 46 appears adequate enough.
Combining strong collision and weak collision contributions
leads to F. = 0.10 over the range 1000—2000 K. F_,,,, increases
with decreasing temperatures below about 1400 K (see Table 3;
an approximate representation of F.,, was derived to be F,, &

091 exp(—T/250 K) + 0.09 exp(—T/12500 K) + exp(—7400 K/T).
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Table 3. Modeled Low-Pressure Rate Constants for C,F, — 2CF, and Contributing Factors”

T/K Zyy/cm® mol ™' 57! Q. (C,E,)

1000 2.45-10™ 1.38-10°

1250 2.63-10" 7.11-10°

1500 2.77-10* 3.07-10*

1750 2.91-10% 1.14-10°

2000 3.04-10" 3.74-10°
“See text.

F,

rot
2.17
1.98
1.78
1.62
149

Fg P kyo/[Ar] cm?® mol™!' s7!
1.36 0.16 1.3-107
1.48 0.12 2.2-10°
1.60 0.10 5.1-10"°
1.80 0.086 3.7-101
2.00 0.074 1.4-10"

Table 4. Summary of Recommended Rate and Equilibrium Constants for C,F, = 2CF,*

K./molem™ = 7.56-10° (T /300 K) >* exp(—35050 K/T)

ky oo/s = 1.71:10" (T /300 K)**7 exp(—35050 K/T)

kyo/s™" = [Ar]1.26-10%° (T /300 K)™*7° exp(—36660 K/T)

E

cent

~ 0.91 exp(—T/250 K) + 0.09 exp(—T/12500 K) + exp(—7400 K/T)

ky oo/ cm® mol ™' s™! = 2.26:10"° (T/300 K)'**

kyo/cm® mol™''s™! = [Ar]4.40-10°" (T/300 K)~*7

“See text.

For higher precision, one has to account for unsymmetries of
the broadening factors, that is, F(x) # F(—x), such as elaborated
in refs 45—47. Here, one is in a certain dilemma. On one hand,
one may fit the experimentally observed part of the falloff curve
with the simple symmetric broadening factor from ref 42,
given by

F(x) v b+ (oss/N (19)
with N & 0.75 — 1.27 log F.,.,,. Within experimental scatter, this
equation provides satisfactory representations of the exper-
imental falloff curves. These are included in Figures 6—8. On
the other hand, one may use one of the relationships for
unsymmetric broadening factors given in refs 42,45—47. For
example, one may use

F(x) =1 — (1 — E,,) exp{—[log(1.5x)/NT'/N*}  (20)

with N as in eq 19, N* =2 for log(1.5x) > 0 and N* =2[1 — 0.15
log(1.5x)] for log(1.5x) < 0, given by eq 6.3 from ref 4S.
A representation with eq 20 is also included in Figures 6—8.
The “wiggles” of the modeled falloff curves then are artifacts
encountered when F_ becomes very low, such as observed here.
In addition, egs 19 and 20 require a different fitted k, o, about 2—3
times larger for a fit with eq 19 than with eq 20. Nevertheless, in
both cases, modeled and experimental falloft curves agree within
experimental scatter. New unsymmetric expressions for F(x),
avoiding “wiggles” and leading to different extrapolated low-
pressure rate constants, have been elaborated in ref 48.

Experimental high-pressure recombination rate constants
from refs 4 and 10—12 agree well with our modeling results
without any fitting being made (see Figure 13); however, our
modeling of falloff curves for 873 K, using low-pressure
dissociation rate constants, such as fitted in our experiments
above 1100 K, does not reproduce the observed falloff of k, from
ref 4. To meet the data from ref 4, one would have to increase k,
at 873 K considerably, which can be ruled out for theoretical
reasons. According to our modeling for the pressures of ref 4 and
873 K, there should have been a stronger falloff than observed.
At this stage, we cannot explain this discrepancy.

Table 4 provides a summary of the modeled rate constants
of the present work. Although modeled high-pressure rate
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constants without fitting are consistent with experimental dis-
sociation and recombination results, rate constants in the falloff
and low-pressure range require fitting of collision efficiencies.
Although the experimental falloft curves for dissociation over
the range 1100—1600 K are well reproduced, we note that the
fitted average energy transferred per collision is higher than
expected. Furthermore, there is the mentioned problem with
low-temperature recombination falloff, such as measured in ref 4.
Clarifications of these two aspects, therefore, appear desirable.

4. CONCLUSIONS

The present work on one hand provides a compact
representation of rate constants for the reactions C,F, & 2CF,
over the full falloff curves and temperature range of experimental
interest (see Table 4). With a value of the C,F, dissociation
energy of Ey = AH} ;= 67.5 + (0.5) kcal mol ™, an intrinsically
consistent analysis of experimental rate constants and equilib-
rium constants was achieved. The representation of the high-
pressure rate constants was based on a complete, although
only semiquantitative, theoretical modeling without using fit
parameters. This analysis clearly reveals the reason for the
unusually small recombination rate constants and their temper-
ature dependence. This is the exceptionally strong anisotropy
of the potential energy surface, which leads to a marked
dynamical hindrance of the CF, + CF, association process. We
characterized this by an unusually small ratio a/f = 0.23 of the
characteristic anisotropy (@) and Morse (f3) parameters of the
potential. The derived value for E is in better accord with recent
ab initio calculations, such as refs 23—27, than with the average of
“experimental values” (see summary in ref 40).

B APPENDIX: MOLECULAR PARAMETERS USED IN
MODELING

Vibrational frequencies (in ecm™). C,F,: 190, 218, 394, 406, 508,
551, 558, 778, 1186, 1337, 1340, 1872, from ref 18. CF,: 666.3,
from ref 31; 1114.4, 1225.1, from ref 32.

Rotational constants (in cm™). C,F,: 0.0687, 0.110, 0.183,
o = 4, from ref 18. CF,: 0.368, 0.420, 2.951, ¢ = 2, from ref 33;
&el (CFZ) =1

Dissociation energy (in kcal mol™"). 67.5 (£0.5) (see text).

dx.doi.org/10.1021/jp408363s | J. Phys. Chem. A 2013, 117, 11420—11429



The Journal of Physical Chemistry A

Lennard-Jones parameters. oy; (C,F,) = 0.468 nm, oy (Ar) =
0.347 nm, ¢/k (C,F,) = 2359 K, &/k (Ar) = 114 K, from ref 49.
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