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The mechanism of the infrared multiphoton dissociation of the title molecule has been studied using
photofragmentation translational spectroscopy. The HCI elimination and the C—Cl bond rupture occurred
competitively as primary dissociation channels. The HCI elimination reaction accounts for 66fg% of the total
primary dissociation yields at 1643 Jcm™2. This is consistent with the branching ratio calculated by RRKM
theory. A C=C bond rupture of the CFoCFCI molecules and C-Cl bond rupture of CoHF3Cl radicals were
also observed as secondary photodissociation processes. The average excitation energy of the dissociating
1,2-dichlorotrifluoroethane molecules was found to be 14—36 kcal mol™* (1 kcal mol~'=4.184 kJ mol~*) above
the C—Cl dissociation threshold of the molecules by comparing the observed center-of-mass translational
energy distribution for the C-Cl bond rupture with that calculated by Rice—Ramsperger—Kassel-Marcus

(RRKM) theory.

Infrared multiphoton absorption (IRMPA) and sub-
sequent dissociation (IRMPD) of polyatomic molecules
have received much attention over the past two decades.
Their mechanisms and dynamics® and their application
to laser isotope separation® have attracted the interest
of several researchers.

In the IRMPD of chlorinated and/or fluorinated hy-
drocarbons several primary dissociation pathways, such
as HCI, Cl, Cl;, and HF eliminations, have been ob-
served. In some large molecules, a few dissociation
pathways occurred competitively. For example, the
competitive C—Cl bond rupture and HCI elimination
have been observed in the IRMPD of CF3CHCIF34)
and CClyCHCL.» The C-Cl bond rupture and the Cl,
eliminations occurred competitively in the IRMPD of
CF,Cl,.9 The competitive HCl and HF eliminations
have been observed in the IRMPD of CHCIFCHCIF?
and CCIF,;CH5Cl.® In the case of the IRMPD of
CF3CH;Cl, C-Cl bond rupture, HCl and HF elimina-
tions occurred competitively.?) At relatively high laser
fluence, secondary photodissociations of primary prod-
ucts have also been observed in some cases. Such sec-
ondary photodissociation complicates the estimate of
the dissociation mechanism from the analysis of the fi-
nal products.

Photofragmentation translational spectroscopy (PTS)
is a powerful technique for studying the dissociation
mechanism of a complex system undergoing several pri-
mary and/or secondary dissociation processes like those
described above, because the dissociation products can
be detected directly under collision-free conditions. The
PTS has been successfully applied to the studies of the

3,5,6,10—13)

IRMPD of many halogenated hydrocarbons.

In the IRMPD of 1,2-dichlorotrifluoroethane (1,2-
DCTFE), Lupo et al. observed chlorotrifluoroethylene,
trifluoroethylene, and 1,2-dichlorodifluoroethylene as
main products in the ratio 6:4:1 at the laser fluence
of 4 Jem~2. They concluded that 1,2-DCTFE disso-
ciates competitively through HCl, HF, and Cly elimi-
nation reactions.'®¥ However, trifluoroethylene may be
produced not from the Cl; elimination reaction but
from the successive C—-Cl bond ruptures. The purpose
of this study is to elucidate the reaction mechanism of
the IRMPD of 1,2-DCTFE by using the PTS.

Experimental

Experimental Procedure and Ab Initio Calcula-
tions. A molecular beam machine for the PTS is described
in detail elsewhere.®) The molecular beam was formed by ex-
panding 200 Torr of 1,2-DCTFE (PCR Research Chemicals)
(1 Torr=133.322 Pa) into the source region through a 0.1
mm diam. nozzle. The nozzle was heated at 280 °C to en-
hance multiphoton absorption and to prevent the formation
of clusters. The molecular beam was collimated by being
passed through two skimmers and was crossed with the laser
beam at the center of the main region. The laser beam from
a TEA CO; laser (Lumonics TEA-841) with a temporary
pulse form of a 100 ns spike followed by 5 us tail was focused
with a 30 cm focal length ZnSe lens. The size of the laser
spot was 3x3 mm? at the interaction region of the laser and
the molecular beam. The 1,2-DCTFE was excited at 9.504
um with the laser fluence of 1643 Jcm™2. The neutral frag-
ments flew into an ionizer of a triply differentially pumped
quadrupole mass-spectrometer (EXTREL C-50), located at
44.0 cm away from the interaction region. These fragments
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were ionized with electron bombardment at 100 eV of the
electron energy, mass-selected by a quadrupole mass spec-
trometer and were detected by a secondary electron mul-
tiplier. The time-of-flight (TOF) spectra of the fragments
were recorded on a multichannel scaler triggered by a pulse
synchronized with the laser pulse. Signals in each TOF spec-
trum were accumulated over 100000—1200000 laser shots.
The spectra were obtained at 10° of the beam-to-detector
angle which is defined as the angle between the molecular
beam axis and the detector axis. Since the angular distri-
butions of fragments in the center-of-mass (c.m.) frame are
essentially isotropic in the IRMPD,® the relative concen-
trations of the fragments can be obtained from the signal
intensities at only one beam-to-detector angle. The velocity
distribution of the molecular beam was measured by a con-
ventional TOF method. The molecular beam was chopped
to ca. 12 ps pulse by a slotted wheel and the TOF spectra of
the molecular beam were measured at the beam-to-detector
angle of 0°. The number density distribution of the beam
velocity f(v) is well represented by the following formula:

f(v) = Av®exp [~{(v/a) — 5},

where A is a normalization constant, =158 ms~! and S=
3.36.

The ion flight time from the ionizer to the detector was
subtracted from the measured flight time to obtain the true
molecular flight time. The ion flight time tion was calculated

by the equation:
tion = QionV M

where M is the ion mass in units of amu. The proportional
constant ajon was determined to be 4.15 from the plot of the
peak flight times in the TOF spectra of the fragment ions
of the 1,2-DCTFE as a function of v M.

In order to estimate the potential energies of the reactions
observed, we have done ab initio molecular orbital calcula-
tions. The energies and stationary point geometries were
calculated at the MP2 level of theory. Wadt and Hay’s
effective core potentials’® accompanied with split valence
plus polarization functions (ECPDZP) were used as basis
functions, except for the minimum energy path calculation
of the C—Cl bond rupture of the CoHCIF3 radical. In that
case, 6-31G** functions were used. All calculations were
carried out using a GAUSSIAN 90 program.'®

Results and Analysis

Signals of fragments were detected at m/z=31
(CF*), 32 (CHF™), 35 (Cl*), 36 (HCIt), 50 (CFY),
66 (CCIF™), and 82 (CoHFYF). In these ions, the CHF
signal is weak, so we did not analyze the TOF spectrum
at m/z=32. Since the peak flight time after the sub-
truction of the ion flight time is almost same as that of
the TOF spectrum at m/z=82, both CHF* and CoHF3
ions should come from the same dissociation product.

A. HCI Eliminations. The TOF spectrum of
HCI™" is shown in Fig. 1. This signal must come from
HCI produced by the following HCI elimination reac-
tions:

- CCIF,CHCIF — CF2CICF + HCl (1a)

CF>CFCl + HCI (1b)

IRMPD Mechanism of CCIFe CHCIF
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Fig. 1. TOF spectrum at m/z=36. Open circles rep-
resent experimental data and the solid line shows the
best fit.

Since 1,2-DCTFE has two Cl atoms attached to dif-
ferent carbon atoms, three-centered HCl elimination
[reaction (1a)] and/or four-centered HCI elimination
[reaction (1b)] may occur. The threshold energies for
reactions (la) and (1b) are calculated to be 77.0 and
77.9 kcalmol~™! by the ab initio MO calculations, re-
spectively. Although the exit barrier is typically much
higher for the four-centered HCI elimination than for
the three-centered HCI elimination, the average trans-
lational energies released from both reactions are almost
the same because of low conversion fraction (10—20%)
of the exit barrier to the translational energy of the
products for the four-centered HCI elimination.'®) Al-
though HC] molecules produced by reactions (la) and
(1b) are not resolved from each other on the TOF spec-
tra, we think from the theoretical energies that both re-
actions can occur. Figure 2 shows the c.m. translational
energy distribution P(E) for reaction (1). This P(E)
was determined from the fit of the HCI* TOF spectrum
by a forward convolution method.'” The peak and av-
erage energies of the P(E) are 3.6 and 4.9 kcalmol™?,
respectively.

B. C—Cl Bond Ruptures. Since Cl atoms were
observed in the CIT TOF spectrum, it is certain that
the following C—Cl bond ruptures occurred:

CCIF2:CHCIF — CF2CICHF + C1 (2a)

CF,CHCIF + Cl (2b)

The counterpart of Cl, i.e., CoHCIF3, should appear
in the CzHFE{ TOF spectrum. If no secondary C-Cl
rupture of CoHCIF3 produced by reaction (2) occurred,
both Cl* and C2HF3 TOF spectra should be simulta-
neously fit only with reaction (2) by taking the conser-
vation of linear momentum into account. At first, the
ClT TOF spectrum was fit only with reactions (1) and
(2), as shown in Fig. 3(a). Then the contribution of
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Fig. 2. C.m. translational energy distribution for the
HCI elimination from 1,2-DCTFE.

C2HCIF;3 from reaction (2) was simulated by using the
P(E) determined by the fit of the C1* TOF spectrum.
However, the momentum matching is poor in this sys-
tem, as shown in Fig. 3(b). The fast component drawn
by the dotted line in the C1T TOF spectrum represents
the CIT ions produced by the electron bombardment
of HCI in the ionizer. The shape and the flight time
of this component are the same as in the HC1t TOF
spectrum in Fig. 1. The fragmentation of the dissoci-
ation products during electron impact ionization, such
as the CoHF3Cl radical to the CoHF3 1 ion and the HC1
molecules to the C1* ions by the electron bombardment
at 100 eV, does not alter the velocity of the fragments,
according to our experimental experience.®!%1%) For ex-
ample, in the IRMPD of CBrF,CHBrF, both Br* and
CoHF3t TOF spectra could be simultaniously fit well
with the Br+ C,HBrF; reaction.'? Therefore, the fail-
ure of the momentum matching implies that the fol-
lowing C—Cl bond ruptures of CoHCIF3 radicals also
occurred:

CCIF,CHF — CF,CHF + Cl (3a)

CF,CHCIF — CF,CHF + Cl (3b)

The sequential carbon—halogen bond ruptures of poly-
halogenated ethanes have also been observed in IRMPD
of some polyhalogenated ethanes under similar experi-
mental conditions.!® Lupo and his co-workers'¥) have
also observed the stable CoHF3 molecules as one of the
major products by IRMPD of 1,2-DCTFE in the bulb
experiment. They suggested the occurrence of the fol-
lowing Cl; elimination:

CCIF;CHCIF — CF,CHF + Cl, )

Since no Clyt ion signal was observed and since both
ClT and CyHF3* TOF spectra could not be simulta-
neously fit with reaction (4), reaction (4) was not sig-
nificant for us and the CoHF3 molecules were produced
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Fig. 3. TOF spectra. (a) m/z=35: — overall fit; ----
contribution of HCI from reaction (1); --- contribu-
tion of Cl from reaction (2). (b) m/z=82: — con-

tribution of C2HCIF3 from reaction (2) predicted by
the momentum matching between Cl and CoHCIF;.
The poor fit indicates the existence of a reaction other
than reaction (2).

through the sequential C—Cl bond ruptures [reactions
(2) and (3)]. We confirmed that Clz molecules could be
detected as Cla T ions in our detection system by detect-
ing the Cly product from the IRMPD of CF2Cl,, where
Cl; elimination and C-Cl bond rupture channels occur
competitively with the branching ratio of 1:9.9 There-
fore, the Cly™ ions would be observed in the IRMPD
of 1,2-DCTFE, if the significant Cl; elimination were
to occur, as suggested by Lupo et al. The C-Cl bond
rupture of CF2CFCl produced by reaction (1) is not sig-
nificant, because the CF3CFCl molecules produced by
the sequential C-Br bond ruptures of CBrFsCBrCIF
dissociated to the CFy and CFCI radicals after the in-
frared multiphoton excitation; no evidence of the C-Cl
bond rupture was observed.51®

It is difficult to determine unambiguously the contri-
butions of the products from reactions (2) and (3) in
the Cl* and C,HF3t TOF spectra, because the two
spectra show only one broad peak. We analyzed the
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spectra as follows. The P(E)’s for reactions (2) and (3)
were assumed to decay exponentially with the increase
of the translational energy, except for the translational
energy below 0.2 kcalmol~? for reaction (2). The P(E)
decaying exponentially with the increase of the transla-
tional energy is very similar to that predicted by RRKM
theory and generally observed for the reactions with no
exit channel barrier.?1%!? The peak at 0.2 kcal mol~!
for the P(F) for reaction (2) is needed for the slow part
of the CIT™ TOF spectrum to be fit well. This peak is
probably due to the centrifugal barrier.®) The number
of Cl atoms from reaction (3) is equal to or less than
that form reaction (2). This gives the upper limit of the
ratio of the total counts of Cl atoms from reaction (3) to
that from reaction (2) in the CI* TOF spectrum. The
ratio of the total counts of Cl atoms from reaction (3) to
those from reaction (2) in the CIT TOF spectrum can
be calculated from the ratio of the number of Cl atoms
produced by reaction (3) to those produced by reaction
(2) by knowing the angular distribution of Cl in the c.m.
frame.'” Since the c.m. product angular distribution is
essentially isotropic in IRMPD, we adopted this distri-
bution in the analysis. As shown in Fig. 4, good fits
were obtained by using the P(E) with average energies
from 1.5 to 3 kcal mol~! for reaction (2) and the P(E)
with the corresponding average energy from 2.5 to 1.0
kcal mol~? for reaction (3). It should be noted that the
sum of the average energies for reactions (2) and (3) is
about 4 kcalmol~!. The P(E)’s are shown in Fig. 5. In
these fits, the concentration of Cl atoms produced by
reaction (3) is the same as that produced by reaction
(2). This implies that all CoHCIF3 radicals dissociated
through reaction (3) and that the CoHFZ signal come
only from CyHF3.

C. Secondary C—C Bond Rupture of CF;CCIF
and HF Elimination from 1,2-DCTFE. Although
signals from the counterparts of HCI, that is, CF;CCIF
and/or CCIF,CF, were not observed, this is due to the
following secondary dissociation of CF,CFCl:'®

CF2CCIF — CF2 + CCIF (5)
Since the 1,2-Cl migration in CCIF,CF,
CCIF2CF — CF,CCIF, (6)

occurs easily,'%2%) the CCIF,CF from reaction (1a) dis-
sociates through reaction (5) following the 1,2-Cl migra-
tion. Since the line center of the P branch of v4 mode
for CFoCCIF coincides with the laser frequency and the
CF3CCIF produced by reaction (1) is vibrationally ex-
cited, it can dissociate easily. The products produced
by reaction (5) are observed in the CF*, CFy*, and
CFCIT TOF spectra as shown in Fig. 6. The transla-
tional energy distribution for reaction (5) determined
by the fit of the TOF spectra is shown in Fig. 7. The
average translational energy is 2.0 kcal mol™?.

Lupo et al.'¥ reported that the following HF elimi-
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Fig. 4. The simulated TOF spectra. (a) m/2=35 and

(b) m/z=82: Curves indicate the spectra calculated
with different P(E)’s for reactions (2) and (3); «--*
average energies of 1.0 kcalmol™' for reaction (2)
and 3.0 kcal mol ! for reaction (3); --- 1.5 kcal mol ™+
for reaction (2) and 2.5 kcalmol™? for reaction (3);
— 3 kcalmol ™! for reaction (2) and 1.5 kcal mol™!
for reaction (3); —-— 3.5 kcalmol ™! for reaction (2)
and 0.5 kcalmol™' for reaction (3). (c) best fit of
TOF spectrum obtained with the average energies of
3 kealmol™! for reaction (2) and 1.5 kcalmol™! for
reaction (3) at m/z=35: —-— contribution of HCl
from reaction (1); --- contribution of Cl from reac-
tion (2); -+ contribution of Cl from reaction (3).
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Fig. 5. C.m. translational energy distributions. The
hatched areas show the ranges of uncertainty. (a)
reaction (2): The dash-dotted and dotted curves rep-
resent the RRKM distributions with the average ex-
cess energies of 36 and 14 kcalmol™!, respectively.
(b) reaction (3): The dash-dotted and dotted curves
represent the RRKM distributions with the average
excess energies of 5 and 21 kcal mol™!, respectively.

nation reaction also occurred:
CCIF;CHCIF —¢is-CFCICFCI + HF (7a)

— trans-CFCICFCl+ HF  (7b)

The HF product should be detected as HF* in our
detection system as was observed in the HF elimina-
tion from CH,CHF.?") In the mass spectrum of the
CFCICFCI molecule,?® the primary ion is the most
abundant. However, the fragment ions may be more
abundant than the primary ion in the case of the mass
spectra of the halogenated ethylenes produced by the
IRMPD, because the product is expected to be vibra-
tionally excited. Therefore, the cis-and/or trans-CF-
CICFCl products from reaction (7) should appear as
C2F2Clyt and/or C2F2ClT ions. We have carefully sur-
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Fig. 6. TOF spectra. (a) m/z=>50: --- contribution of
CF; from reaction (5); -+-+ contribution of CF;CHF

from reaction (3). (b) m/z=66: — contribution of
CFCl from reaction (5). (c) m/z=31: --- contribu-~
tion of CFC] from reaction (5); ---- contribution of

CF3; ~+— contribution of CFoCHF.

veyed signals of HF*, C3F3Clyt, and CoF,ClH. How-
ever, no signal could be detected. Therefore, the HF
elimination reaction should be a minor reaction proc-
ess.

D. Branching Ratio of the HCI Elimination to
the C—Cl1 Bond Rupture. The branching ratio of
the reaction (1) to reaction (2) is defined by the ratio
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Fig. 7. C.m. translational energy distribution for re-
action (5).

of the HCI concentration to the Cl concentration and is
determined to be about 1.94+0.6 from the total counts
per one laser pulse of HCl and Cl from reaction (2) mea-
sured at the detector angle of 10° and at 16+3 Jcm™2.
The procedure by which we got the true branching ratio
from the ion signals measured in the mass spectrometer
was the same as that described in Ref. 6. The relative
ionization cross sections of HCl and Cl were calculated
by the empirical form of the maximum ionization cross
section:®

a=36ya—18

where o is the polarizability in unit of A3. The cross
sections of most species reach a peak in the vicinity of
100 eV.224 The values of the polarizabilities for Cl and
HCI are 2.18%% and 2.63,%®) respectively. The error in
the branching ratio mainly comes from the error in the
total signal counts of HCI, because the background is
high at m/2=36. The error in the total counts was
estimated to be +29% by measuring three times the
total signal counts per 400000 laser shots. The error
associated with the uncertainty of the fraction of the Cl
atoms produced by the primary C-Cl bond ruptures in
the CIT TOF spectrum is small (£5% of the branching
ratio). The error associated with the correction for the
relative ionization efficiency described above should be
small, because the difference between the polarizabili-
ties of HCl and Cl is small.

Lupo et al. observed the products CoF35Cl and CoFsH
in the ratio 6:4 at the laser fluence of 4 Jcm™2. If the
CoF3H was produced exclusively by the successive Cl
atoms’ elimination reactions (2) and (3), the branching
ratio is 1.5 and is consistent with our value.

Discussion

The energy diagram for the reactions observed is
shown in Fig. 8. The primary dissociation processes

IRMPD Mechanism of CCIFy CHCIF

CF,CHF+2CI (107.9) —_—
. i CF+CFCIHHC

) (1142)
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CF,CFCIHHCL
(32.5)
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©

Fig. 8. Energy diagram for the reaction observed. Val-
ues in parentheses indicate the enthalpies of the re-
actions calculated at the MP2/ECPDZP level in unit
of kcalmol™!. 4TS and 3TS stand for the four- and
three-centered transition states of the HCI elimina-~

tion from 1,2-DCTFE, respectively.

observed are the HCI elimination and the C-Cl bond
rupture. Cl; elimination, which was suggested by Lupo
et al.,'® does not occur. Clearly, the CFoCHF product
observed by Lupo et al. comes from the sequential C—Cl
bond rupture (reactions (2) and (3)). The threshold
energy of a similar reaction, CoH4Fo-—CoHy+Fo, is re-
ported to be 115.7 kcalmol™! from the ab initio cal-
culation at the MP2/6-31+G level.?”) Therefore, the
activation energy of the four-centered Cly elimination
should also be high, and the reaction could not occur
competitively with the HCl elimination and the C-Cl
bond rupture. The HF elimination from 1,2-DCTFE
[reactions (7a) and (7b)] is not observed in this exper-
iment either. The threshold energies for reactions (7a)
and (7b) are calculated to be 81.9 and 80.9 kcal mol~!
by the ab initio calculation, respectively. The dissocia-
tion rates were calculated at various excitation energies
by RRKM theory to examine the theoretical branching
ratio for reaction (7). The details of the calculations
are given in Appendix. The dissociation rates for the
reactions observed and reaction (7) are plotted against
excitation energy in Fig. 9. The dissociation rate for the
HF elimination is calculated to be 1.8—3.7% of the to-
tal dissociation rate at 95—117 kcal mol~!, which is the
average excitation energy range of the dissociating 1,2-
DCTFE described below. Therefore, this result is con-
sistent with the fact that the products from reactions
(7) could not be detected in this study. If the halo-
genated ethylenes observed by Lupo et al. come only
from primary dissociation reactions, the yield of the
C,F5Cl, molecule is 9% of the total dissociation yield.
This value is rather larger than the calculated value.
Therefore, the CoF2Cls molecules may be produced by
some secondary reactions.

The P(E) for a simple bond rupture with no
exit channel barrier is well reproduced by RRKM
theory.>%1%1? This characteristic allows us to estimate
the average excitation energy of dissociating molecules.
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Fig. 9. RRKM dissociation rate constants for reac-
tions (1), (2), and (7) as a function of the excitation
energy.

In order to estimate the average excitation levels of
the dissociating 1,2-DCTFE and CF,CICHF and the
branching ratios for the reactions observed, we calcu-
lated the P(E)’s using the RRKM theory. The dis-
sociation rates for reaction (2a) are 2.0—2.6 times as
large as those for reaction (2b) because of the lower
activation energy. Therefore, only the P(E)’s calcu-
lated for reactions (2a) and (3a) were compared with
the observed P(E)’s. The calculated P(E)’s are shown
in Fig. 5. From the comparison of the calculated P(E)’s
with the observed ones, the average excitation levels of
the dissociating CCIF;CHCIF and CCIF,CHF are esti-
mated to be about 14—36 and 5—21 kcal mol~! above
the dissociation energy of the corresponding C—-Cl bond,
respectively.

The branching ratio based on the RRKM rate con-
stants decreases from 3.0 to 1.0 with the increase of the
excitation energy of 1,2-DCTFE in the excitation energy
range form 95 to 117 kcal mol~!, which is the range es-
timated from the observed P(E) of reaction (2). The
RRKM branching ratio is consistent with the experi-
mental value of 1.940.6.

The excitation energy of the dissociating 1,2-DCTFE
which gives the same calculated branching ratio as that
observed is about 101 kcalmol~!. This value corre-
sponds to an excess energy of 20 kcalmol™! above the
C-Cl dissociation threshold. So the average transla-
tional energy for reaction (2) is expected to be 2.0
kcalmol™!. Since the sum of the average translational
energies for reactions (2) and (3) is about 4 kcalmol™?!,
the average translational energy for reaction (3) is ex-
pected to be 2.0 kcalmol~!. Consequently, the average
excitation energy of the CFoCICHF radical can be es-
timated to be 41 kcalmol™! (14 kcalmol~! above the
C—Cl dissociation threshold of CF;CICHF). If we adopt
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these values, the CFoCICHF radicals have dissociated
after the absorption of about 7 photons. The dissoci-
ation rate of 1,2-DCTFE via reaction (2a) at the exci-
tation energy of 101 kcalmol™! is about 2x10% s~1.
Therefore, most of the CFoCICHF radicals are pro-
duced within the laser pulse, and have a chance to ab-
sorb photons.

Conclusion

The IRMPD mechanism of 1,2-DCTFE has been
studied by the PTS. The HCl and Cl eliminations have
occurred competitively as the primary processes with
the branching ratio of 0.667035:0.347032. The aver-
age excitation energy of the dissociating 1,2-DCTFE
has been determined to be 95—117 kcalmol™! by the
comparison of the observed c.m. translational energy for
the Cl elimination with that calculated by the RRKM
theory. The secondary photodissociation of the primary
product CoHCIF3 from the Cl elimination has also oc-
curred via the C—Cl bond rupture of the CoHCIF3 rad-
ical. The secondary photodissociation of the primary
product CF2CCIF from the HCI elimination has also
been observed.

Appendix: RRKM Calculations

The parameters used in the RRKM calculation are sum-
marized in Table 1. For the C-Cl bond ruptures of
1,2-DCTFE, 15 vibrational frequencies of the transition
state were taken from the frequencies of the correspond-
ing halogenated ethyl radicals. The frequencies of the
CF2CICFH and CF2CHCIF radicals were calculated at the
MP2/ECPDZP and UHF/6-31G™** levels, respectively. The
two C—Cl bending frequencies of the transition states were
determined by lowering the C—Cl bending frequencies of the
1,2-DCTFE so that log A=15.0 at 1000 K, which is a typ-
ical value of the high-pressure A factor for the C-Cl bond
rupture reaction. The moments of inertia of the transition
states were calculated by assuming that the structures were
the same as the 1,2-DCTFE molecule except that the break-
ing C—Cl bond length was 3.0 A. The frequencies of 1,2
DCTFE, CCIF,CHF, and CF2CHCIF were calculated by
the ab initio MO method. For the C-Cl bond rupture of
CCIF>CHF, the frequencies and the structural geometry of
the transition state were taken from the optimized geom-
etry and the frequencies at the C—Cl bond length of 2.3
A, at which there is a saddle point on the potential en-
ergy surface for the C—Cl bond rupture calculated by the
ab initio MO method at the MP2/6-31G** level. In the ab
initio MO calculation for the CoH4Cl—C2H4+Cl reaction
at the HF/6-31G* and MP2/6-31G* levels of theory,?® a
saddle point was also observed at the C—Cl bond length of
2.6 A. Although it is not certain whether the saddle point
exists on the actual potential, an RRKM calculation for the
rate constant of the Cl4 CyHa association reproduced well
the experimental rate constants using a similar potential en-
ergy surface.?”) The frequencies and the geometries of 1,2-
DCTFE, the transition states of the three- and four-centered
HCI eliminations and the transition states of the four-cen-
tered HF eliminations were calculated by the ab initio MO
theory at the MP2/ECPDZP//MP2/ECPDZP level. The
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Table 1. Parameters Used for RRKM Calculations

1,2-DCTFE  CCIF,CHF

HCI elimination

C—Cl bond rupture  HF elimination

(1a) (1b) (2a) (2b) (8b) (7a) (7b)
Frequency/cm™!
3074 3148 1537 1608 3148 2960 3001 1641 1643
1344 1382 1276 1440 1382 1382 1399 1428 1434
1272 1207 1199 1407 1207 1289 1299 1240 1239
1228 1143 1193 1206 1143 1249 1198 1178 1198
1134 1106 936 1107 1106 1196 1113 1052 1064
1085 1020 850 990 1020 1121 850 914 862
986 712 796 713 712 984 627 629 632
802 616 657 656 616 809 570 608 611
770 591 602 531 591 581 434 519 542
598 450 453 483 450 459 361 418 424
460 415 404 401 415 403 301 384 398
424 343 328 295 343 365 237 333 333
380 295 240 238 295 300 185 272 264
332 192 179 186 192 177 127 241 240
258 86 162 163 86 63 216 197
232 86 153 52 47 162 173
166 42 73 23 80 78
70

Moment of inertia/amu A2
174 150 179 257 177 186 126 247 207
392 195 510 428 602 600 197 352 412
463 252 569 460 665 667 312 454 461

Critical energy/kcal mol™*

77.0 779 81.1 82.7 26.8 819 80.9

frequencies from the ab initio MO calculations were scaled
by factors of 0.95 and 0.89 at the MP2 and UHF levels of
theory, respectively, to correct the systematic errors in the
calculated frequencies.3°)
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