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Chemiluminescent reactions of hyperthermal Ca(3P) with CF2Cl2 and CF2dCCl2 were studied in a beam-gas
arrangement under single collision conditions. Emissions associated with the A(2ΠΩ) f X(2Σ+) and the B(2Σ+)
f X(2Σ+) transitions from CaCl and CaF were observed for both reactions. The chemical and electronic
branching ratios were determined for these reactions, and different results were obtained for each one. The
different behavior was rationalized by a simple MO pictures. For the case of the reaction with CF2Cl2 it was
assumed that an electron from Ca(3P) is transferred to aσ*(C-Cl) orbital in CF2Cl2 which, at higher
translational energies can also enter into aσ*(C-F) orbital of the same molecule. In both cases the molecular
anion produced is short-lived and will undergo fast decay to Cl- or F- to yield CaCl and CaF. For the
reaction with CF2dCCl2 the electron from Ca(3P) is transferred to aπ* orbital of the reagent molecule that
generates a relatively stable molecular anion with2Π symmetry. This anion subsequently cross over several
repulsive2Σ surfaces associated withσ* orbitals of the C-Cl and the C-F bonds, to dissociate into Cl- or
F- to produce CaCl and CaF. The electronic branching ratios are in good agreement with statistical distribution
based on information theory approach, assuming the rigid rotor harmonic oscillator (RROH) approximation
for the reaction with CF2Cl2 and the formation of a collision complex for the reaction with CF2dCCl2.

1. Introduction

The study of chemical reactions with electronically excited
atoms constitutes one of the most active fields of research in
reaction dynamics. In these reactions, measurement of the
product chemiluminescence has provided to be one of the best
methods to obtain information on the internal energy distribution
and electronic populations in the reaction products.1-13 This
technique has been extensively used to study the reactions of
alkaline-earth-metal atoms (M) with halogenated molecules,
which are of interest because of the large number of reactive
channels that can be open.1-13

Although many efforts were made in the past to understand
the reactions of M with halogen molecules (X2) and a very good
model to describe these reactions was developed,9,13 it seems
interesting to study the reactions of M with diatomic inter-
halogens (XY). These systems double the number of exit
channels and bring in the question of chemical branching, where
two different product molecules are formed in several electronic
states. In this respect Kowalski et al. have studied the chemi-
luminescence of various reactions of M with XY and pointed
out important details of the dynamics.10,14,15

Reactions of M with fully halogenated methanes containing
different halogens, CX4-nYn, were the subject of many studies
in the past using a variety of experimental methods such as the
measurement of products angular distributions for Ba+ CF3I,16

LIF studies of Ba+ CF3I,17,18Sr* and Sr, Ba* and Ba+ CF3Cl,
CF3Br and CFCl3,19 Ca, and Sr+ CF3Br and CF3I,20 spin-
orbit state dependence for Ca(3PJ) + halogenated compounds,8

orbital alignment of Ca(1P1) + HCl, Cl2, and CCl4,21 etc. Most

of these studies were devoted to obtain information on the
energy partitioning or electronic branching ratio of the main
product.

Kowalski and co-workers12 have also studied the reaction of
Ca(3PJ, 1D2) with CX4-nYn (X, Y ) F, Cl, Br), and they have
reported the value of both the electronic and the chemical
branching ratio. They observed the formation of CaCl(A,B) and
CaBr(A,B) for all the reactions in which Cl and/or Br atoms
were present in the target molecule. However, they did not
observe the analogous emission from CaF (A,B) as a product
when other heavier halogens were present in the target molecule,
despite the available energy was high enough. These experi-
ments were performed at moderate collision energies (20 kJ/
mol).

Since it has been suggested that there should be a lack of
chemical specificity when translational energies are high
compared to the bond strengths,22,23 so that all of the possible
products should be observed, we present here the results of our
studies on the reactions of Ca(3PJ) with CF2Cl2 and CF2dCCl2
at high collision energies (220 kJ/mol) in order to determine
the possibility of generation of CaF(A,B) as a reaction product,
as well as to characterize the chemiluminescence and the
chemical and electronic branching ratio of the products.

In this work, we found a strong dependence of the chemical
branching ratio CaCl/CaF on the specific target molecule. The
differences observed for both reaction are rationalized in terms
of the harpoon model and the characteristics of the molecular
orbital (MO) of the target molecule in which the electron enters,
as previously suggested by different authors.24-26

2. Experimental Section

All the experiments were carried out under beam-gas con-
figuration and single collision conditions. A schematic view of
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the experimental apparatus is shown in Figure 1. The main
chamber consists of a stainless steel central cylinder with a
quartz window in the front, to allow the entrance of the ablation
laser beam and a BK7 glass window perpendicular to the central
axis in order to detect the fluorescence. The chamber was
evacuated with a Varian 1200 l/s vacuum diffusion pump system
which provided a background pressure lower than 10-6 Torr.

The scattering reaction cell was placed into the main chamber
and consisted of a cubic metal cell 6 cm long with two coaxial
orifices of 0.5 cm diameter.

The excited-state calcium (Ca(3P)) beam was generated by
free laser ablation of a rotating solid Ca sample (Alfa AESAR,
purity > 99%) using the focused pulsed radiation from the first
harmonic (1064 nm) of a Nd:YAG laser (Laseroptics, LND 532)
that passed through both orifices in the scattering cell. The laser
was operated at 10 Hz and the beam was focused with a lens
(EDS, BK7,f ) 40 cm) onto the Ca sample. The output energy
of the laser was 8.0 mJ. Under these conditions, the incident
fluence was 4.0 J/cm2. This procedure generated a pulsed atomic
beam of short temporal duration (8µs fwhm). To characterize
the Ca beam, a set of experiments was performed to measure
the total ablated mass of Ca using a quadrupole mass spec-
trometer with a channeltron detector (Balzers QMS 200). A
more complete analysis of the Ca beam is given in section 4.a.

The Ca beam passed through a 0.5 cm diameter collimator
into the scattering cell containing the reactant gas. The reactants
(CF2Cl2, PCR Research Chemicals, Inc., purity>99%, and
CF2dCCl2 PCR, Research Chemicals, Inc., purity>97%) were
degassed by several freeze and pump cycles and used without
further purification. The pressure in the scattering cell was kept
lower than 0.8 mTorr to ensure single collision conditions while
the pressure in the main chamber was always lower than 1×
10-5 Torr. Since CaCl (A,B) and CaF (A,B) excited states are
short-lived (18-38 ns),27 the single collision condition is also
ensured even at the higher pressures used.

The chemiluminescence was collected perpendicularly to the
beam axis by an optical system that focused the reaction volume
onto the entrance slit of a 30 cm focal length monochromator
(McPherson) provided with a 1200 L/mm grating. The output
of the monochromator was coupled to a photomultiplier
(Hamamatsu R636) polarized at 1300 V. The width of the
entrance and exit slits of the monochromator were 250µm.
Under these conditions, the spectral resolution was 0.3 nm.

The signals were digitized by a DSA 524 (Thurbly-Thandar)
digital storage adapter; five signals were averaged for each
spectral point and subsequently integrated using a PC.

3. Energetics

Figure 2 shows the energy levels for the systems studied in
this work. The zero in the energy scale was taken as the sum of
the heats of formation of Ca(1S) and the target molecules.
The heats of formation used in this work were as follows:
∆Hf(CF2Cl2) ) -492( 5 kJ/mol,28 ∆Hf(CF2Cl) ) -279( 8
kJ/mol,29 ∆Hf(CFCl2) ) -96 ( 4 kJ/mol,29 ∆Hf(CF2dCCl2)
) -328( 10 kJ/mol,30 ∆Hf(CF2dCCl) ) -76 ( 10 kJ/mol,30

∆Hf(CFdCCl2) ) 88 ( 10 kJ/mol,31 ∆Hf(CaF)) -272.0 kJ/
mol,32 and∆Hf(CaCl) ) -104.6 kJ/mol.32 The energy of the
molecular terms of CaF and CaCl and the atomic terms were
taken from refs 33-35 and 28, respectively. The average
collision energy was determined as described in section 4.b,
and it was assumed that the internal energy of the reactants was
negligible compared with the broadness of the collision energy
distribution.

4. Results

(a) Characterization of the Ca(3P) Beam.Characterization
of the ablated atomic Ca beam was necessary in order to
determine the reactive electronic state of the beam and the
collision energy of the reactions.

The emission spectrum of the ablated Ca beam was recorded
at different distances from the ablation point. When the spectrum
was obtained at 0.1-0.2 cm from the target, the emissions from
a number of atomic and ionic species were observed, indicating
that ions and excited atoms were present in the microplasma
formed at this short distance, as expected.

The emission intensity of a given transition (I[i]) can be
related to the number density of the excited electronic state (N[i])
as follows:8

wherefi is the degeneracy of thei electronic state andA(i f j)
is the transition probability from thei to the j electronic state.
Using eq 1 and the intensities of the Ca(1P f 1S) (422.7 nm)
and Ca+(2P f 2S) (396.8 nm) transitions, theN[Ca(1P)]/
N[Ca+(2P)] number density ratio was determined to be ap-
proximately 1/100. Under these conditions, the relative con-
centration of Ca(3P) as measured from the transition Ca(3P f
1S) (657.5 nm) was negligible.

As the separation of the observation point from the Ca surface
increased, the spectrum changed, showing a decrease in the
concentration of ions and an increase in the concentration of
Ca(3P). Regarding the ions, the emission from the various states
observed near the surface completely disappeared at that
distance. Thus, when the spectrum was recorded at 5.0 cm from
the ablation point the ratioN[Ca(1P)]/N[Ca+(2P)] was 1 and the
number density of Ca(3P) was at least 4000 times larger than
that of Ca+(2P). In addition, when the Ca beam was analyzed
at 12 cm from the ablation point using the mass detector with
the ionization source turned off, the measured electron current
was zero, indicating that ions were not present in the beam, at
that distance.

The presence of clusters in laser ablation experiments is well
documented.36 Specifically, the spectroscopy and electronic
structure of Ca2 has been studied, using laser ablation and beam

Figure 1. Schematic view (not to scale) of the experimental setup.

N[i] )
I[i]
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techniques,36 at high stagnation pressures (2-3 atm) so that
extensive adiabatic cooling took place. At lower pressures, only
atomic transitions were observed. From these data, we assume
that the presence of clusters should not be relevant under our
experimental conditions.

To determine whether Ca(3P) or Ca(1S) is the reactive species
responsible for the chemiluminescence, theN[Ca(3P)]/N[Ca(1S)]
ratio was decreased by placing Cu grids in front of the atomic
beam in order to quench the Ca(3P) state. This procedure also
resulted in an attenuation of the total number density of atoms
in the beam in the range 40-70%, depending on the grid used.
The integrated intensity of the emission due to Ca(3P) was
measured together with the integrated emission from CaCl(A),
CaCl(B), and CaF(A). Simultaneously, the total mass of the
attenuated beam was also determined using the quadrupole mass
detector. These results showed that the concentration of Ca(3P)
decreased more than the total Ca so that when the beam was
attenuated 70%, the intensity due to Ca(3P) was reduced to 90%.
This was the highest attenuation we could use in order to obtain
a good signal-to-noise ratio. The signals were then converted
to relative values dividing each intensity by that obtained without
the grid. In every case, plots of the intensity of the emissions
of the diatomic products against those corresponding to Ca(3P)
were linear with an average intercept of-0.02 ( 0.05 and a
slope of 0.996( 0.092, as obtained by a linear regression
analysis.

Considering these observations, we conclude that at distances
larger than 5.0 cm from the ablation point the concentration of
ions and highly excited atoms in the beam was negligible
compared with that of the Ca(3P) state, and therefore, the
contribution of those species, as well as Ca(1S) to the observed
chemiluminescence spectra can be neglected. Consequently, in
this study, we used a Ca beam flight distance of 5.5 cm from
the ablation point to record the chemiluminescence from the
reaction products, so that we can safely assign the chemilumi-
nescence of all the products, CaCl(A), CaCl(B), and CaF(A),
for both reactants, to reaction with Ca(3P).

(b) Ca(3P) Velocity Distribution and Relative Collision
Energy. It is well established that free laser ablation produces
species with high translational energies and broad multimodal
distributions.37-40

The TOF of the excited atoms was recorded by observing
the 3P1 f 1S0 transition at 657.5 nm through a narrow band
interference filter (EDS,d ) 24.15 mm, cwl) 656 nm and
fwhm ) 10 nm). The nominal flight distance,L, from the solid
target to the detection region was 5.5 cm. The time-resolved

signal was corrected by the metaestable radiative decay of
Ca(3P1) (A ) 2460 s-1)28 and converted from number density
Nden(t) to flux distributionNflux(t).

The velocity distribution,f(v), was obtained by directly
inverting the corrected experimental TOF distribution,Nflux(t),
taking into account the timef velocity Jacobian transformation
factor dV ) -L/t2 dt. The final transformation equation isf(V)
∝ t2(Nflux(t))/L.

The experimental distribution was fitted to a shifted Maxwell-
Boltzmann distribution that goes smoothly from the Maxwellian
form of an effusive beam to the commonly used representation
for the velocity distribution of a supersonic beam:41,42

HereA is the normalization factor,V0 is the stream velocity
and σb ) [2kT/m]1/2 is the width of the velocity distribution.
Also, T stands for the translational temperature,k is the
Boltzmann constant, andm is the atomic mass of Ca.

The experimental velocity distribution clearly presents two
components43 (Figure 3), so that the fit to the experimental
results using eq 2 required the addition of two of those terms,
each one with a different temperature. This behavior and the
broadness of the distribution are typical of beams produced by

Figure 2. Electronic energy levels of reactants and products for the reactions of Ca(3P) with CF2Cl2 (left) and CF2dCCl2 (right), calculated as
mentioned in section 3. R stands for CF2Cl or CF2dCCl and R′ stands for CFCl2 or CFdCCl2. Numbers in parenthesis correspond to energy values
in kJ/mol. The average translational energy is not included.

Figure 3. Estimated velocity distribution for the Ca atom beam from
TOF of the emission corresponding to the3P1 f 1S0 transition: (b)
experimental distribution; (‚‚‚) coldest component; (- -) hottest com-
ponent; (s) total fitting.

f(v) ) AV3 exp[-(V - V0)
2/σb

2] (2)
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laser ablation.44,45 In the present case, in addition to the two
main components considerable structure is apparent at low
kinetic energies. This structure corresponds to data collected at
the end of the ablation process, when the emission signal is
weak and noise becomes progressively more important, affecting
the quality of the measurements. Therefore, although the
presence of an early structure cannot be ruled out, it could also
be an experimental artifact produced during inversion of data
collected at long times after the laser pulse, and consequently,
it was not considered.

The parameters obtained from the best fit are shown in Table
1, as well as the most probable velocity (Vmp) and the mean
kinetic energy〈Ek〉, calculated as〈Ek〉 ) 3kT/2.

The mean kinetic energy of each component of the atomic
beam could subsequently be used to calculate the relative
collision energy〈Ek

i〉 of the reagent pair, considering the thermal
motion of the target gas. Estler and Zare have estimated〈Ek

i〉
using the following expression:42

whereTeff is a mass weighted effective temperature given by

In the above equation,TCa is the translational temperature of
a particular component of the Ca beam,mCa is the atomic mass

of Ca; mi stands for the mass of CF2Cl2 or CF2dCCl2 andTi,
which was taken as the room temperature (298 K), is the
temperature of the polyatomic reactant. The values obtained for
〈Ek

i〉 are shown in Table 1.
(c) Chemiluminescent Spectrum. Figure 4 shows the

chemiluminescent spectra for the reactions of Ca(3P) with
CF2Cl2 and CF2dCCl2 in the ranges 520-550 and 580-635
nm. Several emissions from different electronic excited states
of CaCl and CaF were observed. Our spectra were taken under
relatively low resolution (0.3 nm) so that only the∆V ) 0, +1,
-1 vibrational sequence of the A(2ΠΩ) f X(2Σ+) and B(2Σ+)
f X(2Σ+) band systems for CaCl and CaF were identified.33-35

The emission due to the C(2ΠΩ) f X(2Σ+) transition from CaCl
or CaF could not be observed in any of the spectra.34,35

The chemiluminescence spectra in Figure 4 are quite similar
in the region of CaCl(A(2ΠΩ) and B(2Σ+) f X(2Σ+)) transitions
but differ in the region of the CaF(A(2ΠΩ) f X(2Σ+)) transition,
suggesting that the product internal excitation of CaF(A) is
different for both reactions. This result is in good agreement
with our previous work in which a very high rotational excitation
in CaF(A) was found for the reaction of Ca* with CF2Cl2.43 In
that particular case a transition from Hund’s coupling case a to
case b is induced by collision energy, so that a change in the
spectral shape is observed.

The spectra were recorded at different reactant pressures and
all the emission bands were integrated. Plots of integrated
emission intensities vs reactant pressure yielded straight lines
(Figure 5) from whose slopes (R) (Table 2) the chemilumines-

TABLE 1: Parameters that Characterize the Two Components of the Velocity Distribution of Ca(3PJ) and the Collisional
Energy for Both Systems

Ca(3PJ) + CF2Cl2 Ca(3PJ) + CF2dCCl2

coldest hottest coldest hottest

A (1.27( 0.04)× 10-9 (2.5( 0.2)× 10-10 (1.27( 0.04)× 10-9 (2.5( 0.2)× 10-10

v0 (km/s) 2.54( 0.04 3.0( 0.2 2.54( 0.04 3.0( 0.2
T (K) 4800( 200 33000( 1000 4800( 200 33000( 1000
Vmp (km/s) 3.4 6.3 3.4 6.3
〈Ek〉 (kJ/mol) 60 412 60 412
〈Ek

i〉t (kJ/mol) 46 310 47 317
relative contribution (%) 34 66 34 66
〈Ek

i〉t (kJ/mol) 220 225

Figure 4. Spectra of the chemiluminescence observed in the reaction of ablated Ca(3PJ) atoms with 0.48 mTorr of CF2Cl2 (lower panel) and 0.45
mTorr of CF2dCCl2 (upper panel). The left panel shows the (Bf X) transition for CaF and the right panel shows the (Af X) transitions for CaF
and CaCl and the (Bf X) transition for CaCl. All the spectra are normalized to the maximum of the chemiluminescence. The lines marked with
stars correspond to allowed atomic transitions coming from the plasma glow in the ablation zone.

〈Ek
i〉 ) 3

2
kTeff (3)

Teff )
TCami + TimCa

mCa + mi
(4)
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cent cross sections (σchem) were extracted, using the following
expression4

where Ichem is the integrated chemiluminiscence of a given
emission band; (I(3P1))0 is the atomic emission intensity of
Ca(3P1) when the target gas is not present andA(3P1 f 1S) is
the spontaneous emission coefficient, for the Ca(3P1) f Ca(1S)
transition; fJ)1 stands for the fraction of Ca(3P) in theJ ) 1
level, 〈V〉 is the mean relative collision velocity, andng is the
reagent gas density.

Since the velocity distribution is broad and the value offJ)1

is unknown, it was not possible to extract reliable values for
σchem for each electronic state of the products. However, we
should note that the composition and velocity of the Ca beam
is determined by the ablation process, so that if the ablation
conditions and the flight distance are kept constant for all the
experiments, the slope ratios (Ri) (Table 2) should depend only
on the relative chemiluminescent cross sections for two different
reactive channels. In this way, we obtained estimates for the
electronic branching ratios,σA/σB ) ΓA/B, for production of CaCl
and CaF in A and B states (Table 2). Table 2 also shows the
values for the chemical branching ratioΓ(CaF*/CaCl*) for the
excited (A+ B) states, estimated as follows:

In this case the value of the chemical branching ratio depends
strongly on the target molecule, indicating different dynamics
for each reaction.

Also, we obtained the ratio for the total chemiluminesce cross-
section for the halogenated methane and olefin, considering
the electronic excited states (A and B) for CaF and CaCl, as
follows:12

where the subscripti stands for the CaCl(A), CaCl(B), CaF(A),
and CaF(B) for each reaction.

This value will be recalled in the next section to compare
the dynamics of both reactions.

5. Discussion

There is ample evidence that the reaction of Ca(3P) with
halogenated molecules take place through an electron jump
process.2,5,8,12,21,24-26 Consequently, this mechanism will pro-
vide the basis for the analysis of the reactions reported in this
work.

Even though the determination of the value of the total
reaction cross-section was not feasible from our experiments,
we can compare the chemiluminescent cross-sections for the
reaction of Ca(3P) with both reactants. The chemiluminescent
cross-section for the reaction with CF2dCCl2 was 6 times larger
than the corresponding value for the reaction with CF2Cl2,
indicating that the distance at which the reaction occurs is larger
for the former compound. This result is in good agreement with
those reported by Teule at al.26 for the reactions of Sr(3P) with
saturated and unsaturated hidrofluorocarbons. They reported that
the LIF signal intensities of the SrF(X2Σ) for the reactions of

Figure 5. Integrated emission intensity of several product electronic states at different reactant pressures, for the reactions of Ca(3P) with CF2Cl2
(left) and CF2dCCl2 (right): (0) CaF(A); (]) CaF(B); (b) CaCl(A); (2) CaCl(B).

TABLE 2: Slope Values (r) That Characterize the Pressure Dependence of the Integrated Emission Intensity of Several
Product Electronic States (Figure 5) and Electronic (ΓA/B) and Chemical (Γ(CaF*/CaCl*) ) Branching Ratios

slope [(au/Torr)/108]

reactants and products RCaX(A) RCaX(B) ΓA/B ΓCaF*/CaCl*

Ca* + CF2Cl2 f CF2Cl + CaCl* 8.6( 0.4 3.8( 0.2 2.3( 0.2 0.5( 0.1
CFCl2 + CaF* 5.0( 0.6 1.6( 0.6a 3 ( 1

Ca* + CF2dCCl2 f CF2dCCl + CaCl* 38( 1 18( 1 2.1( 0.2 1.1( 0.1
CFdCCl2 + CaF* 50( 2 10( 4 5 ( 2

a This value was estimated only from two spectra, since the signal/noise ratio was very low.

Ichem)
(I(3P1))0〈v〉
A(3P1f1S)fJ)1

σchemng ) Rng (5)

Γ(CaF*/CaCl*) )
σCaF(A) + σCaF(B)

σCaCl(A) + σCaCl(B)
)

RCaF(A) + RCaF(B)

RCaCl(A) + RCaCl(B)
(6)

(σCF2dCCl2

σCF2Cl2
)

chem

)

[∑
i

σi]CF2dCCl2

[∑
i

σi]CF2Cl2

=

[∑
i

Ri]CF2dCCl2

[∑
i

Ri]CF2Cl2

) 6 ( 1

(7)
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Sr(3P) with CHFdCH2, CF2dCH2 CHFdCHF and C6H5F were
1 order of magnitude stronger than those for the reactions with
CH3F, C2H5F, and C2H4F2.26

An appropriated theoretical framework, as a first approach,
to get information about the reaction mechanisms from the
chemical and electronic branching ratios is given by the
information theory, which compares the experimental values
(Γ(CaF*/CaCl*) and ΓA/B) with the prior statistical results
(Γ(CaF*/CaCl*)

0 and ΓA/B
0 ) for several models, assuming the par-

ticipation of different degrees of freedom of the reactants in
the reaction.46 The fraction of trajectoriesxi, which results in
the production of theith electronic state, was calculated from
the following expression:47

gi is the electronic degeneracy (2 for A states and 1 for B states)
of the electronic state at energyEi; (weBe)i are the vibrational
and rotational spectroscopic constants, extracted from refs 34
and 35 for CaCl and refs 33 and 35 for CaF;ET stands for the
total energy available to the products, which was calculated as
the electronic energy of the Ca atom and the relative collision
energy (Table 1), andâ is a factor that accounts for the degrees
of freedom involved in the reaction.

Then for the chemical branching ratio,Γ(CaF*/CaCl*)
0 , we

obtain

while the electronic branching ratio,ΓA/B
0 , is given by

Figure 6 shows the values ofΓ(CaF*/CaCl*)
0 andΓA/B

0 calculated
from eqs 9 and 10, for values ofâ from 2.5 to 10.5 and 2.5 to
13.5 for CF2Cl2 and CF2dCCl2, respectively:

(I) For â ) 2.5 (rigid rotor harmonic oscillator (RRHO)
approximation) the dark product (CF2Cl or CFCl2 and CF2dCCl
or CFdCCl2) is considered as an atom, without internal
excitation.46

(II) For â ) 10.5 (Ca + CF2Cl2) or â ) 13.5 (Ca +
CF2dCCl2), whereâ ) 3N - 7.5,48 the energy is supposed to
be distributed in all the available vibrational and rotational
modes of the dark product (N atoms nonlinear full complex
estimation).46,48

Figure 6a shows that the theoretical calculations
(Γ(CaF*/CaCl*)

0 ) produce much lower values than the ex-
perimental results of 0.5 and 1.1 for CF2Cl2 and CF2dCCl2
respectively (Table 2). However, the theoretical results are in
agreement with those reported by Kowalski and co-workers12

for the reaction of Ca* with several polyhalogenated methanes,
who concluded that the low values ofΓ(CaF*/CaCl*)

0 and the
absence of CaF* chemiluminescence could be due to a statistical
distribution of the energy.

The disagreement with the statistical prediction indicates that
dynamical factors are important in these reactions, under the

experimental conditions of our work. Also, the difference in
the chemical branching ratios for both reactions indicates a
relatively higher production of CaF(A+B) for the reaction of
Ca(3P) with the olefin than with the methane (Table 2), which
suggested that different mechanisms are taking place for each
reaction.

Following similar arguments than in previous works24-26,48,49

the present results can be rationalized in terms of the MO theory
and the harpoon mechanism, where as a first step in the reaction,
the electron is supposed to jump from Ca(3P) to the lowest
unoccupied molecular orbital (LUMO) of the reactant molecule.
Therefore, the broad variety of dynamical processes found in
the reactions of alkaline-earth-metal atoms with halogen-
containing molecules could be explained in terms of the
characteristics of the LUMO and the electronic structure of the
molecular anion formed as a consequence of the electron jump.

For the sake of clarity, in the following sections we will
discuss both reactions separately.

xi ∝
gi

(ωeBe)i

(ET - Ei)
â (8)

Γ(CaF*/CaCl)
0 )

[∑i

gi(ET - Ei)
â

(ωeBe)i
]

CaF

[∑j

gj(ET - Ej)
â

(ωeBe)j
]

CaCl

(9)

ΓA/B
0 )

gA(ωj eBe)B

gb(ωj eBe)A

(ET - EA)â

(ET - EB)â
(10)

Figure 6. Calculated chemical (Γ(CaF*/CaCl*)
0 ) and electronic (ΓA/B

0 )
branching ratio as a function ofâ: (a) Γ(CaF*/CaCl*)

0 for the reactions of
Ca(3P) with (O) CF2Cl2 and with (b) CF2dCCl2; (b) ΓA/B

0 for (2)
CaCl and (0) CaF obtained from the reaction of Ca(3P) with CF2Cl2;
(c) ΓA/B

0 for (2) CaCl and (0) CaF obtained from the reaction of
Ca(3P) with CF2dCCl2.
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Ca(3P) + CF2Cl2 Reaction.Several authors have performed
experiments on dissociative electron attachment (DEA) to
CF2Cl2.50,51 From these measurements they observed the pres-
ence of a low energy resonance at 0.71 eV, corresponding to
the production of Cl-, and a higher energy resonance at 3.55
eV associated with the formation of F-.

MO calculations show that the low energy resonance can be
described as a process in which the extra electron occupies a
MO with σ*(C-Cl) character in the ground-state configuration
of the molecular anion.51,52 The higher energy resonance can
be ascribed to a situation in which the incoming electron
occupies a MO with appreciableσ*(C-F) character, which thus
corresponds to an excited electronic state of the molecular
anion.51 These MOs are strongly antibonding and the anion
undergoes very fast dissociation to CF2Cl + Cl- or CFCl2 +
F-.

Therefore, the reactive electron affinities (REAs)53 associated
with σ*(C-Cl) andσ* (C-F) are REAσC-Cl

/ ) - 0.71 eV and
REAσC-F

/ ) - 3.55 eV, respectively.50,51

Aflatooni and Burrow50 also measured the vertical attachment
energies (VAEs) of CF2Cl2 for formation of the lower temporary
anions by electron transmission spectroscopy (ETS). The VAE
associated with the temporary occupation of theσ*(C-Cl) MO
is 0.97 eV and that associated with the occupation of theσ*(C-
F) MO is 3.86 eV.50 The VAEs correspond to the energy
required to attach an electron into the MOs at the equilibrium
geometries of the neutral molecules and they are related to the
vertical electron affinities (VEAs) by VAE) -VEA.54

The REAs are lower than the VEA because the cross-section
for DEA (σDEA) is the product of the attachment cross-section
(σ0) and the survival probability (P) which expresses the
probability that the ionic system will survive dissociation with
respect to electron loss,σDEA ) σ0P.51

Since the REAs values are associated with the maximum for
the production of Cl- and F-, in the following discussion, we
prefer the use of REAs instead of VEAs; however, the final
conclusions do not change.

As a consequence of the existence of two values of REAs
there are also two different crossing radii (Rc) on the potential
energy surface for the reaction of Ca* with CF2Cl2, given by:
Rc(Å) ) 14.4/(IECa(3p) - REAσC-X

/ ),55 where IECa(3P) ) 4.1 eV
is the ionization energy of Ca(3P) taken from ref 28. The outer
radius (Ro ) 2.99 Å) is associated with the electron jumping to
the ground electronic state of the molecular anion (σ*(C-Cl))
since it has a larger reactive electron affinity (- 0.71 eV), and
the inner radius (Ri ) 1.88 Å) corresponds to the electron
jumping to the excited electronic state of the molecular anion
(σ*(C-F)) with a lower reactive electron affinity (-3.55 eV).

If the electron jump always occurs at Ro, the electron enters
into the strongly antibondingσ*(C-Cl) MO and the molecule
should undergo very fast dissociation into CF2Cl and Cl-, which
will combine with Ca+ to produce CaCl. Then, the dissociation
to CFCl2 and F- would not take place and CaF will not be
observed.

In line with this argument, Kowalski and co-workers12 did
not observe CaF in the reaction of Ca* with polyhalogenated
methanes at low collision energies (20 kJ/mol), indicating that
the electron jump at Ri was very unlikely under those conditions.

The electron jump does not necessarily occur with unit
probability at Ro, permitting the system to access to Ri. As the
collision velocity increases, the diabatic transitions at Ro become
less probable49 and Ri can be reached. Consequently, the excited
ionic state can be populated to undergo very fast decay into
CF2Cl and F-, so that CaF can be formed.

The chemical branching ratio can be calculated using the
electron jump model as follows:55

This value is in close agreement with the experimental value
of 0.5 ( 0.1 found in the present work.

Following ref 20, we compared the equilibrium distance (Re)
of CaCl (A,B) (2.42 Å)34 and CaF(A,B) (1.95 Å)28,33 with the
corresponding crossing radii, 2.99 and 1.88 Å, respectively. For
this reaction, the calculated crossing radii are comparable with
the equilibrium distance for the diatomic products, indicating
that the electron jump takes place at a distance nearRe. In fact,
the chemical branching ratio evaluated usingRe is 0.65, in close
agreement with the experimental value (0.5) and with the value
estimated from the crossing radii (0.4).

The large amount of energy released allows population of
both the A2Π and B2Σ+ states of CaCl and CaF. Comparison
of the electronic branching ratios,ΓA/B, 2.3 for CaCl and 3.0
for CaF (Table 2), with the theoretical values presented in Figure
6b shows that the experimental values lie closer to the RRHO
case than to the full-complex approximation, in good agreement
with the model proposed above, in which the electron enters
into σ* orbitals and the molecular anion undergoes very fast
dissociation.

Ca(3P) + CF2dCCl2 Reaction. Burrow et al.56 examined
the formation of temporary negative ion in CF2dCCl2 by ETS.
In those measurements, they found that the total scattering cross
section presents several peaks as the electron energy increases.
From the analysis of the experimental results, they ascribed the
lowest energy peak to the temporary occupation of the lowest
π* MO, with a resulting anion of2Π symmetry that corresponds
to the LUMO. This interpretation was supported by ab initio
self-consistent field calculations.56

Illenberger et al.57 employed electron-attachment spectros-
copy to study the formation and dissociation of negative ions
formed by attachment of low energy (0-15 eV) electrons to
CF2dCCl2. From these measurements, they observed the
formation of a long-lived parent negative ion (CF2dCCl2-), with
a resonance at 0 eV electron energy, which can be associ-
ated with the entrance of the electron into the LUMO. Since
in their experimental setup the time-of-flight of the ions from
the source to the detector was larger than 10µs, the auto-
detachment and dissociative lifetime must be of the same order
of magnitude to allow the observation of the parent ion. Also,
these authors detected the formation of Cl- and F-, with a
narrow resonance peak around 1 eV for the former and a broad
band centered at 6-7 eV for the latter, that were associated
with the reactive electron attachment to theσ* MOs with C-Cl
and C-F character, respectively. In addition, other reactive
ionic channels were observed but they are not considered here
since they are not relevant for the reaction of Ca(3P) with
CF2dCCl2.

The chemical branching ratio for the reaction of Ca(3P) +
CF2dCCl2, can be calculated from eq 11, assuming that it occurs
through the same mechanism as for CF2Cl2, with a crossing
radius of 2.82 Å associated with the formation of Cl- and 1.36
Å for the production of F-. Then, the calculated value for the
chemical branching ratio is 0.23. This value is far from the
experimental result (1.1( 0.1), indicating that a mechanism in
which the electron enters in strongly antibondingσ* MOs
associated with the C-Cl and C-F bonds is very unlikely for
this reaction. In addition, if the electron jump takes place close

Γ(CaF*/CaCl*) )
(IECa(3P) - REA-Cl

σC*
)2

(IECa(3P) - REAσC-Cl*)
2

) 0.4 (11)
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to the equilibrium distance of the diatomic product, as in the
case of CF2Cl2, then both reactions should have similar
chemiluminescent cross sections, in disagreement with the
experimental value of 6+ 1.

The above conclusion is not surprising, since the electron is
transferred to the LUMO, which in this case is aπ* orbital
with a slightly nonbonding or antibonding character in the C-Cl
or C-F bonds.26,58In this process a long-lived molecular anion
CF2dCCl2- with 2Π symmetry is generated.56,57 Dissociation
from this state would result in CF2dCCl- and Cl,56,58,59so that,
to allow for the release of Cl- and F-, it should be necessary
a transfer of the electron to the C-Cl and C-F σ* MOs,
corresponding to strongly repulsive2Σ states.26,56,58

There are theoretical evidences that the ethylene and fluoro-
ethylene2Π anions are unstable with respect to out-of-plane
distortion;60 the same behavior was observed in chloroethyl-
enes.56 A similar distortion was probed to be likely in the case
of CF2dCCl257 where such motion would permit the anion to
cross over several intersecting dissociative2Σ surfaces. This
mechanism could therefore allow temporary anions initially
formed in a2Π state to dissociate along repulsive2Σ surfaces
associated with the dissociation to Cl- + CF2dCCl and F- +
CFdCCl2. The Cl- and F- anions generated in this process
can then be attracted by Ca+ to form CaCl and CaF.

In the harpoon model the reactive cross-section is assumed
to depend on the crossing radius at which the electron jumps.55

For the reaction of Ca* with CF2dCCl2, the radius is unique
since it corresponds to the electron jump into theπ* MO. Then,
CaCl and CaF should be formed with the same cross-section,
yielding Γ(CaF*/CaCl*) ) 1 in good agreement with the experi-
mental value (1.1( 0.1).

Again, as in the case of the reaction with CF2Cl2, the energy
released is large enough as to allow population of the excited
electronic states of both products, CaCl and CaF. In this case,
the measured electronic branching ratiosΓA/B were 2.1 and 5.0
for CaCl and CaF, respectively (Table 2). Inspection of Figure
6c shows that the experimental branching for CaF presents a
large departure from the calculated value with the RRHO
approximation and it is closer to that obtained usingâ ) 7.5
(ΓA/B

0 ) 4.7). Also the experimentalΓA/B for CaCl is in good
agreement with the calculated forâ ) 7.5 (ΓA/B

0 ) 2.6).
Since the best agreement with the experimental values is

obtained forâ ) 7.5, the internal modes should be participating
to some extent, implying that a collision complex is produced,
in agreement with the formation of a long-lived2Π anion after
the electron jump. Verdasco et al.,6 suggested a similar
interpretation for the reaction Ca(3P)+ SF6. In this case instead
of an intermediate complex, M+‚‚‚SF6

-, that does not dissociate
immediately after the electron jump, they suggested a statistical-
dynamical mechanism involving a Ca+‚‚‚F‚‚‚SF5

- intermediate
with the electronic energy in the Ca-F bond determined by
dynamics and statistical behavior of the other internal degrees
of freedom.

In line with the above arguments, we consider that, for the
case of the olefin, the electron enters into theπ* orbital with
an associated EA (0 eV) that corresponds to the resonance at 0
eV found by Illenberger et al.56 The calculated crossing radius
is 3.51 Å, leading to a cross section of 38.7 Å2, which is
therefore the value for the chemiluminescent cross sections for
the reactive channels yielding CaCl* and CaF*. For the methane
the chemiluminescent cross-section for the production of CaCl*
is 28.1 Å2 and for the production of CaF* is 11.1 Å2. Then we
obtain

Although this value is in agreement with the higher reactivity
of CF2dCCl2 compared to CF2Cl2, it is too small compared
with the experimental result. Therefore, either the crossing radius
for the olefin is larger than 3.51 Å, as calculated above or the
actual EA of CF2dCCl2 for the entrance of the electron into
theπ* orbital is larger than 0 eV. The EA of CF2dCCl2 can be
estimated replacingσi ) π[14.4/(IECa(3P) - EAi)]2 in eq 12 and
equating to the experimental value of the relative chemilumi-
nescent cross-section (6( 1). Then, using IE) 4.1 eV,28

EAσ*C-Cl ) REAσ*C-Cl ) -0.71 eV,52 and EAσ*C-F )
REAσ*C-F ) -3.55 eV52 for CF2Cl2, the result is EACF2dCCl2 )
1.75 eV.

This value indicates that the neutral molecule is stabilized
by the entrance of an electron, in good agreement with others
halogenated ethenes, i.e., C2Cl3H and C2Cl4 whose adiabatic
EAs where found to be 0.461 and 0.64 eV,61,62 respectively.

Note that in the case of the reaction of CF2Cl2 with Ca(3P)
the dynamics is dominated by the entrance of the electron into
different σ* orbitals and the subsequent fast formation of the
Cl- or F- anions; as a consequence, the reactive cross sections
depend on the REAs for those orbitals. On the other hand, the
dynamics for the reaction of Ca(3P)with CF2dCCl2 is deter-
mined by the entrance of the electron into aπ* orbital and the
consequent formation of a CF2dCCl2- stable anion, so that,
the important quantity for the estimation of the reactive cross-
section is the adiabatic EA, since this is the property that
measured the relative stability of the anion compared to the
neutral molecule.

6. Conclusions

The most important results of the present investigations are
as follows.

(1) The chemiluminescent cross-section for the reaction of
Ca(3P) with CF2dCCl2 is larger than the corresponding value
for the reaction with CF2Cl2.

(2) The CaF(A,B) product was observed for both reactions
at variance with the results informed by Kowalski et al.12 for
reactions of Ca(3P,1D) with polyhalogenated methanes at lower
collision energy (20 kJ/mol) than in the present work (220 kJ/
mol).

(3) The chemical branching ratioΓ(CaF*/CaCl*)strongly depends
on the target molecule, suggesting the presence of different
reaction mechanisms for each molecule.

(4) The electronic branching ratiosΓA/B for CaCl are very
similar for both reactions but they are different for CaF,
indicating different dynamical behavior for each reaction.

In summary, significant differences are observed in the
reaction of hyperthermal Ca(3P)+ CF2Cl2 with respect to Ca(3P)
+ CF2dCCl2. These differences can be satisfactorily explained
in terms of the harpoon mechanism and the MO theory as due
to the characteristics of the LUMO of each molecule and the
stability of the molecular anion formed after the electron jump.
Comparison of the experimental results with prior estimations
shows that the reaction with CF2Cl2 is direct as expected by
the entrance of the electron into fast decayingσ* orbitals,
associated with different crossing radii. The reaction with
CF2dCCl2 occurs through the formation of a collision complex
with the partial participation of the internal degrees of freedom,
in agreement with the formation of a temporary anion that results

(σCF2dCCl2

σCF2Cl2
) )

[σCaCl + σCaF]CF2dCCl2

[σCaCl + σCaF]CF2Cl2

= 2 (12)
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from the entrance of the electron into aπ* orbital that dissociates
after coupling with dissociative ionic surfaces.

Even though a tentative explanation to the higher reactivity
of the olefin relative to the methane was provided in this work,
more experimental and theoretical studies, specially related to
the energetic and geometry of the neutral and anionic states of
this reactants, are clearly necessary to fully understand this
difference, which has been unclear until now.
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