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Chemiluminescent reactions of hyperthermal®®a{vith CRCl, and CR=CCIl, were studied in a beam-gas
arrangement under single collision conditions. Emissions associated with4ig)A{- X(>=) and the B{Z*)

— X(?Z1) 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 w@h €was
assumed that an electron from €RY is transferred to @*(C—Cl) orbital in CRCl, which, at higher
translational energies can also enter into"@C —F) orbital of the same molecule. In both cases the molecular
anion produced is short-lived and will undergo fast decay to @l F to yield CaCl and CaF. For the
reaction with CE=CCl, the electron from C&P) is transferred to a* orbital of the reagent molecule that
generates a relatively stable molecular anion ihsymmetry. This anion subsequently cross over several
repulsive?X surfaces associated witht orbitals of the C-Cl and the G-F bonds, to dissociate into Cbr

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 CECl, and the formation of a collision complex for the reaction with,€EECl,.

1. Introduction of these studies were devoted to obtain information on the

) ) ) ) ] energy partitioning or electronic branching ratio of the main
The study of chemical reactions with electronically excited product.

atoms constitutes one of the most active fields of research in" kowalski and co-workef have also studied the reaction of
reaction dynamics. In these reactions, measurement of theca(\ipJ, 1D,) with CX4_nYn (X, Y = F, Cl, Br), and they have
product chemiluminescence has provided to be one of the besteported the value of both the electronic and the chemical
methods to obtain information on the internal energy distribution branching ratio. They observed the formation of CaCI(A,B) and
and electronic populations in the reaction proddcts. This CaBr(A,B) for all the reactions in which CI and/or Br atoms
technique has been extensively used to study the reactions ofygre present in the target molecule. However, they did not
alkgline-earth_-metal atoms (M) with halogenated moleculgs, observe the analogous emission from CaF (A,B) as a product
which are of interest because of the large number of reactive yhen other heavier halogens were present in the target molecule,
channels that can be opén'? despite the available energy was high enough. These experi-
Although many efforts were made in the past to understand ments were performed at moderate collision energies (20 kJ/
the reactions of M with halogen molecules;)and a very good mol).
model to describe these reactions was develdpéd, seems Since it has been suggested that there should be a lack of
interesting to study the reactions of M with diatomic inter- chemical specificity when translational energies are high
halogens (XY). These systems double the number of exit compared to the bond streng##€3 so that all of the possible
channels and bring in the question of chemical branching, where products should be observed, we present here the results of our
two different product molecules are formed in several electronic studies on the reactions of CRf) with CF,Cl, and CRL=CCl,
states. In this respect Kowalski et al. have studied the chemi-at high collision energies (220 kJ/mol) in order to determine
luminescence of various reactions of M with XY and pointed the possibility of generation of CaF(A,B) as a reaction product,

out important details of the dynamié%!4.15 as well as to characterize the chemiluminescence and the
Reactions of M with fully halogenated methanes containing chemical and electronic branching ratio of the products.
different halogens, CX.Yn, were the subject of many studies In this work, we found a strong dependence of the chemical
in the past using a variety of experimental methods such as thebranching ratio CaCl/CaF on the specific target molecule. The
measurement of products angular distributions forB@Fsl,16 differences observed for both reaction are rationalized in terms
LIF studies of Bat CFsl,1718Sr* and Sr, Ba* and Ba- CFCl, of the harpoon model and the characteristics of the molecular

CRBr and CFC},!° Ca, and S+ CR3Br and CHl,2° spin— orbital (MO) of the target molecule in which the electron enters,
orbit state dependence for CR{) + halogenated compounds,  as previously suggested by different authtrss

orbital alignment of C + HCI, Cl,, and CC},2! etc. Most . .
g 46y 2 A 2. Experimental Section
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: The signals were digitized by a DSA 524 (Thurbly-Thandar)
oy FW PC l digital storage adapter; five signals were averaged for each

[ spectral point and subsequently integrated using a PC.
. Digitizer
el —- |
i e _|

3. Energetics

'I"{:Jur;.luik . . .
Figure 2 shows the energy levels for the systems studied in
= bt this work. The zero in the energy scale was taken as the sum of
= the heats of formation of C¥§) and the target molecules.
PMT . . .
_L : The heats of formation used in this work were as follows:
" ——‘ AH{(CRCly) = —492 4 5 kJ/mol?8 AH{(CF.CIl) = —2794+ 8
T H '|_, kJ/mol2® AH{CFCh) = —96 % 4 kJ/mol?® AH{(CF~=CCl,)
| J = —3284+ 10 kJ/mol3® AH;(CF=CCI) = —76 & 10 kJ/mol3°
i —

[= ‘ AH{(CF=CCl,) = 88 + 10 kJ/mol3! AH(CaF)= —272.0 kJ/

cais) mol,32 and AH¢(CaCl) = —104.6 kJ/moF? The energy of the
molecular terms of CaF and CaCl and the atomic terms were
| taken from refs 3335 and 28, respectively. The average
collision energy was determined as described in section 4.b,
. N Step and it was assumed that the internal energy of the reactants was
T e negligible compared with the broadness of the collision energy

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

the experimental apparatus is shown in Figure 1. The main 4. Results

chamber consists of a stainless steel central cylinder with a o o
quartz window in the front, to allow the entrance of the ablation (&) Characterization of the Ca(*P) Beam.Characterization
laser beam and a BK7 glass window perpendicular to the central®f the ablated atomic Ca beam was necessary in order to
axis in order to detect the fluorescence. The chamber Wasdetermlne the reactive electronic state of the beam and the

evacuated with a Varian 1200 I/s vacuum diffusion pump system collision energy of the reactions.
which provided a background pressure lower than®Imorr. The emission spectrum of the ablated Ca beam was recorded

The scattering reaction cell was placed into the main chamber &t different distances from the ablation point. When the spectrum
and consisted of a cubic metal cell 6 cm long with two coaxial Was obtained at 0-10.2 cm from the target, the emissions from
orifices of 0.5 cm diameter. a number of atomic and ionic species were observed, indicating

The excited-state calcium (GR)) beam was generated by that ions and excited atoms were present in the microplasma

free laser ablation of a rotating solid Ca sample (Alfa AESAR, formed at this short distance, as expected.

purity > 99%) using the focused pulsed radiation from the first 1€ €mission intensity of a given transitiof{i]) can be

harmonic (1064 nm) of a Nd:YAG laser (Laseroptics, LND 532) related to tgme number density of the excited electronic Skt (

that passed through both orifices in the scattering cell. The laser®S follows:

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 N[i] = ﬁ 1)

of the laser was 8.0 mJ. Under these conditions, the incident Ai—pfi

fluence was 4.0 J/ctnThis procedure generated a pulsed atomic

beam of short temporal duration & fwhm). To characterize  wheref; is the degeneracy of tHeelectronic state and(i — j)

the Ca beam, a set of experiments was performed to measurds the transition probability from theto thej electronic state.

the total ablated mass of Ca using a quadrupole mass specUsing eq 1 and the intensities of the & 1S) (422.7 nm)

trometer with a channeltron detector (Balzers QMS 200). A and Cd(*P — 2S) (396.8 nm) transitions, th&[Ca(P)]/

more complete analysis of the Ca beam is given in section 4.a.N[Ca"(?P)] number density ratio was determined to be ap-
The Ca beam passed through a 0.5 cm diameter collimatorproximately 1/100. Under these conditions, the relative con-

into the scattering cell containing the reactant gas. The reactantcentration of C&{P) as measured from the transition &>

(CFCl,, PCR Research Chemicals, Inc., purig99%, and 1S) (657.5 nm) was negligible.

CR=CCl, PCR, Research Chemicals, Inc., purit97%) were As the separation of the observation point from the Ca surface

degassed by several freeze and pump cycles and used withouincreased, the spectrum changed, showing a decrease in the

further purification. The pressure in the scattering cell was kept concentration of ions and an increase in the concentration of

lower than 0.8 mTorr to ensure single collision conditions while Ca@P). Regarding the ions, the emission from the various states

the pressure in the main chamber was always lower than 1  observed near the surface completely disappeared at that

10°° Torr. Since CaCl (A,B) and CaF (A,B) excited states are distance. Thus, when the spectrum was recorded at 5.0 cm from

short-lived (18-38 ns)?” the single collision condition is also  the ablation point the ratiN[Ca(P)]/N[Ca'(2P)] was 1 and the

ensured even at the higher pressures used. number density of C8P) was at least 4000 times larger than
The chemiluminescence was collected perpendicularly to the that of Ca(?P). In addition, when the Ca beam was analyzed

beam axis by an optical system that focused the reaction volumeat 12 cm from the ablation point using the mass detector with

onto the entrance slit of a 30 cm focal length monochromator the ionization source turned off, the measured electron current

(McPherson) provided with a 1200 L/mm grating. The output was zero, indicating that ions were not present in the beam, at

of the monochromator was coupled to a photomultiplier that distance.

(Hamamatsu R636) polarized at 1300 V. The width of the  The presence of clusters in laser ablation experiments is well

entrance and exit slits of the monochromator were 250 documented® Specifically, the spectroscopy and electronic

Under these conditions, the spectral resolution was 0.3 nm. structure of Cahas been studied, using laser ablation and beam
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Figure 2. Electronic energy levels of reactants and products for the reactions &?)Gaith CRCl, (left) and CR=CCl, (right), calculated as
mentioned in section 3. R stands for LFor CR,=CCI and R stands for CFGlor CF=CCl,. Numbers in parenthesis correspond to energy values
in kJ/mol. The average translational energy is not included.

techniques? at high stagnation pressures—2 atm) so that 0Te
extensive adiabatic cooling took place. At lower pressures, only

atomic transitions were observed. From these data, we assume 50
that the presence of clusters should not be relevant under our | ®
experimental conditions.

To determine whether C&) or CalS) is the reactive species
responsible for the chemiluminescence, Xfi€aCP)]/N[Ca(S)]
ratio was decreased by placing Cu grids in front of the atomic
beam in order to quench the CRJ state. This procedure also
resulted in an attenuation of the total number density of atoms
in the beam in the range 400%, depending on the grid used.
The integrated intensity of the emission due to Bx(was
measured together with the integrated emission from CaClI(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 éPLa( 50
decreased more than the total Ca so that when the beam was .
attenuated 70%, the intensity due to ®3(was reduced to 90%. Velocity (km/s)

This was the highest attenuation we could use in order to obtain Figure 3. Estimated velocity distribution for the Ca atom beam from
a good signal-to-noise ratio. The signals were then converted TOF of the emission corresponding to tH& — 'S, transition: ®)
to relative values dividing each intensity by that obtained without experimental distribution;-(:) coldest component; (- -) hottest com-
. . . L ponent; {-) total fitting.
the grid. In every case, plots of the intensity of the emissions
of the diatomic products against those corresponding téfJa(  signal was corrected by the metaestable radiative decay of
were linear with an average intercept ©0.02 4+ 0.05 and a CalPy) (A = 2460 s1)28 and converted from number density
slope of 0.996+ 0.092, as obtained by a linear regression Nge t) to flux distribution Nyux(t).
analysis. The velocity distribution,f(v), was obtained by directly

Considering these observations, we conclude that at distancesnverting the corrected experimental TOF distributidfy(t),
larger than 5.0 cm from the ablation point the concentration of taking into account the time- velocity Jacobian transformation
ions and highly excited atoms in the beam was negligible factor &> = —L/t2 dt. The final transformation equation i§)
compared with that of the CH) state, and therefore, the O t2(Njux(t))/L.
contribution of those species, as well as &3 to the observed The experimental distribution was fitted to a shifted Maxwell
chemiluminescence spectra can be neglected. Consequently, iBoltzmann distribution that goes smoothly from the Maxwellian
this study, we used a Ca beam flight distance of 5.5 cm from form of an effusive beam to the commonly used representation
the ablation point to record the chemiluminescence from the for the velocity distribution of a supersonic bedh{?
reaction products, so that we can safely assign the chemilumi-
nescence of all the products, CaCl(A), CaCl(B), and CaF(A), (2)
for both reactants, to reaction with Caj.

(b) Ca(®P) Velocity Distribution and Relative Collision HereA is the normalization factory is the stream velocity
Energy. It is well established that free laser ablation produces and o, = [2kT/m]¥2 is the width of the velocity distribution.
species with high translational energies and broad multimodal Also, T stands for the translational temperatute,is the
distributions37—40 Boltzmann constant, anah is the atomic mass of Ca.

The TOF of the excited atoms was recorded by observing The experimental velocity distribution clearly presents two
the 3P, — 1S, transition at 657.5 nm through a narrow band component® (Figure 3), so that the fit to the experimental

40

30

Intensity (a.u.)

104

T
7.5

f(v) = Av® exp[— (v — vp)70,]]

interference filter (EDS@ = 24.15 mm, cwl= 656 nm and
fwhm = 10 nm). The nominal flight distanck, from the solid

results using eq 2 required the addition of two of those terms,
each one with a different temperature. This behavior and the
target to the detection region was 5.5 cm. The time-resolved broadness of the distribution are typical of beams produced by
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TABLE 1: Parameters that Characterize the Two Components of the Velocity Distribution of CafP;) and the Collisional
Energy for Both Systems

CalP;) + CFR.Cl, Ca@pP;) + CF=CCl,
coldest hottest coldest hottest
A (1.27+0.04)x 10°° (25+£0.2)x 10710 (1.27+0.04)x 10°° (254 0.2) x 10710
Vo (km/s) 2.54+ 0.04 3.0+ 0.2 2.5440.04 3.0+£0.2
T (K) 48004 200 33000+ 1000 4800+ 200 33000+ 1000
vmp (Km/s) 34 6.3 3.4 6.3
[E(kJ/mol) 60 412 60 412
[E/L(kI/mol) 46 310 47 317
relative contribution (%) 34 66 34 66
[E([I(kJ/mol) 220 225
1.4
19 - ’ CaF(B—»X) | 1.4 —- dalcl(A—»()
- | -1 1-2‘_ Av|=+1| ol |-1 !
1.0 . 1.0 4 CaF(A-X)
0.8 0.8 . ‘
0.6 0.6 ] /\
4 ~ 0.4 n CaCI(B—X)
= o4 ] (?s' 0.2 -Al 1 M ! u
=} 2 =Av=+
s %27 > 0.0
0.0 @
2921 % 1.4 4 *
c 4 3 * - ]
£ 1.0 £ 124
= 0.8 107
=] 0.8 «
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Figure 4. Spectra of the chemiluminescence observed in the reaction of ablat#®})@agms with 0.48 mTorr of CEEl, (lower panel) and 0.45
mTorr of CR=CCl, (upper panel). The left panel shows the<{BX) transition for CaF and the right panel shows the<AX) transitions for CaF

and CaCl and the (B> 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.

laser ablatiort**° In the present case, in addition to the two of Ca; m stands for the mass of QEl, or CR,=CCl, andT;,
main components considerable structure is apparent at lowwhich was taken as the room temperature (298 K), is the
kinetic energies. This structure corresponds to data collected attemperature of the polyatomic reactant. The values obtained for
the end of the ablation process, when the emission signal isEJ/(are shown in Table 1.
weak and noise becomes progressively more important, affecting (c) Chemiluminescent Spectrum. Figure 4 shows the
the quality of the measurements. Therefore, although the chemiluminescent spectra for the reactions of 3p(with
presence of an early structure cannot be ruled out, it could alsoCF,Cl, and CL=CCl; in the ranges 526550 and 586-635
be an experimental artifact produced during inversion of data nm. Several emissions from different electronic excited states
collected at long times after the laser pulse, and consequently,of CaCl and CaF were observed. Our spectra were taken under
it was not considered. relatively low resolution (0.3 nm) so that only ther = 0, +1,

The parameters obtained from the best fit are shown in Table —1 vibrational sequence of the A{q) — X(2=t) and BE=")
1, as well as the most probable velocity,f) and the mean  — X(2=+) band systems for CaCl and CaF were identified5
kinetic energylE[] calculated asE, 1= 3KT/2. The emission due to the &{g) — X(2=") transition from CaCl

The mean kinetic energy of each component of the atomic or CaF could not be observed in any of the spetf.
beam could subsequently be used to calculate the relative the chemiluminescence spectra in Figure 4 are quite similar
collision energyE[of the reagent pair, considering the thermal i, the region of CaCl(Al1o) and BEZ+) — X(22+)) transitions
motion of the target gas. Estler and Zare have estimdigd but differ in the region of the CaF(A[lo) — X(2=*)) transition,

using the following expressioff: suggesting that the product internal excitation of CaF(A) is
3 different for both reactions. This result is in good agreement
€, (= EkTeff (3) with our previous work in which a very high rotational excitation
in CaF(A) was found for the reaction of Ca* with gE,.43 In
whereTes is @ mass weighted effective temperature given by 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
_ Tem + Time, spectral shape is observed.
Tet = My + M The spectra were recorded at different reactant pressures and
all the emission bands were integrated. Plots of integrated
In the above equatiofc,is the translational temperature of  emission intensities vs reactant pressure yielded straight lines
a particular component of the Ca beam, is the atomic mass  (Figure 5) from whose slopest) (Table 2) the chemilumines-

(4)
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Figure 5. Integrated emission intensity of several product electronic states at different reactant pressures, for the reactit®svattCagCl,
(left) and CR=CCI, (right): (@) CaF(A); ) CaF(B); @) CaCl(A); (o) CaCl(B).

TABLE 2: Slope Values (@) That Characterize the Pressure Dependence of the Integrated Emission Intensity of Several
Product Electronic States (Figure 5) and Electronic Fag) and Chemical [Ccar+cacry) Branching Ratios

slope [(au/Torr)/18]
reactants and products Olcax(A) Olcax(B) Tas I'carvcacr
Ca* + CRCl,— CRCI + CaCl* 8.6+ 0.4 3.8+0.2 2.3+0.2 0.5+0.1
CFChL + CaF* 5.0+ 0.6 1.6+ 0.6 3+1
Ca* + CR=CClL,— CR=CCI + CaCl* 38+ 1 18+1 2.1+0.2 1.1+ 0.1
CF=CClL + CaF* 50+ 2 10+ 4 5+2

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

cent cross sectiongdpen) Were extracted, using the following Also, we obtained the ratio for the total chemiluminesce cross-
expressiofi section for the halogenated methane and olefin, considering
the electronic excited states (A and B) for CaF and CacCl, as
( (3p1))05m follows:12
chem™— A(3P 13f3 lochenng = omg (5)
—1913=
R [Izai]CF2=CC|2 [Zai]CF2=CCI2
where Ichem is the integrated chemiluminiscence of a given [—— = = =6+1
emission band;1(3Py))o is the atomic emission intensity of Ocecl
. g hi A .

Cag@P,) when the target gas is not present a{@P; — 1S) is e fenem [ZG']CFzC'z [ZGI]CFZCIZ
the spontaneous emission coefficient, for the’eg(— Ca(s) @)

transition; f;=; stands for the fraction of C#) in theJ = 1
level, 0is the mean relative collision velocity, amg is the where the subscriptstands for the CaCl(A), CaCl(B), CaF(A),
reagent gas density. and CaF(B) for each reaction.

Since the velocity distribution is broad and the valué;of This value will be recalled in the next section to compare
is unknown, it was not possible to extract reliable values for the dynamics of both reactions.
ochem fOr each electronic state of the products. However, we
should note that the composition and velocity of the Ca beam 5. Discussion
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;) (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 ratiosa/og = I'as, for production of CaCl
and CaF in A and B states (Table 2). Table 2 also shows the
values for the chemical branching ratlQcar+caci for the
excited (A+ B) states, estimated as follows:

There is ample evidence that the reaction of 3a(with
halogenated molecules take place through an electron jump
process:5812.21.2426 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{P) with both reactants. The chemiluminescent
o +o o +a cross-section for the r_eaction with &FCCl, was_6 tim(_as larger

CaF(A) ~ "CaF(B) _ —CaF(A) “CaF(B) (6) than the corresponding value for the reaction with,ClE,
Ocaci(a) + Ocacig) Ocacia) + Ucaci) indicating that the distance at which the reaction occurs is larger

for the former compound. This result is in good agreement with

In this case the value of the chemical branching ratio dependsthose reported by Teule at #lfor the reactions of S#P) with
strongly on the target molecule, indicating different dynamics saturated and unsaturated hidrofluorocarbons. They reported that
for each reaction. the LIF signal intensities of the SrF{X) for the reactions of

r (CaF*/CaCl*) —
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Sr@P) with CHF=CH,, CF,=CH, CHF=CHF and GHsF were
1 order of magnitude stronger than those for the reactions with
CH3F, CzH5F, and QH4F2.26

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
(Ccarvicacy and I'ag) with the prior statistical results
(Tcapvicacry aNd Tyg) for several models, assuming the par-
ticipation of different degrees of freedom of the reactants in
the reactiorf® The fraction of trajectories;, which results in
the production of théth electronic state, was calculated from
the following expressioA?

9
((U eBQi

g is the electronic degeneracy (2 for A states and 1 for B states)
of the electronic state at ener@y, (weBg); are the vibrational
and rotational spectroscopic constants, extracted from refs 34
and 35 for CaCl and refs 33 and 35 for Cétr;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), and is a factor that accounts for the degrees
of freedom involved in the reaction.

Then for the chemical branching ratidT?CaF*,Cac,*), we
obtain

% U (Er —EY (8)

o(Er — E)’
0 ! (weBQi CaF
r(CaF*/CaCI) = A 9
9(Er — E)
T (0B, Jcac
while the electronic branching ratid?ﬁ,B, is given by
0n(@BJg (Er — Ep)’
N = (10)

" 0(@BIa (E; — Ep)’

Figure 6 shows the values Bfe ¢« cacr andIag calculated
from eqgs 9 and 10, for values gffrom 2.5 to 10.5 and 2.5 to
13.5 for CRCl,; and CRL=CCl,, respectively:

() For g = 2.5 (rigid rotor harmonic oscillator (RRHO)
approximation) the dark product (g8 or CFC} and CRL=CCI
or CF=CCl) is considered as an atom, without internal
excitation?6

(I For g = 10.5 (Ca+ CRCly) or p = 13,5 (Ca+
CF,=CCl,), where3 = 3N — 7.5/ 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)!6:48

Figure 6a shows that the theoretical calculations
(F?CaF*,Cac,*)) produce much lower values than the ex-
perimental results of 0.5 and 1.1 for &R, and CRL=CCl,
respectively (Table 2). However, the theoretical results are in
agreement with those reported by Kowalski and co-wofkers
for the reaction of Ca* with several polyhalogenated methanes,
who concluded that the low values G‘F(JCaF*,CaC,*) and the
absence of CaF* chemiluminescence could be due to a statistica
distribution of the energy.

The disagreement with the statistical prediction indicates that
dynamical factors are important in these reactions, under the
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Figure 6. Calculated chemicall{y,r,c.ci) and electronic I(3s)
branching ratio as a function ¢t (a) F?CaF*lCaCI*) for the reactions of
CafpP) with (©) CRCl, and with @) CF=CCl; (b) FOA,B for (a)
CacCl and [0) CaF obtained from the reaction of Cajf with CRCly;
(c) FOA,B for (o) CaCl and 0) CaF obtained from the reaction of
Ca@P) with CR=CCl,.

experimental conditions of our work. Also, the difference in
the chemical branching ratios for both reactions indicates a
relatively higher production of CaF@AB) for the reaction of
CagP) 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 wotkg6:48.49
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 €R)(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
pharacteristics 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.
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Ca(®P) + CF,Cl, Reaction.Several authors have performed The chemical branching ratio can be calculated using the
experiments on dissociative electron attachment (DEA) to electron jump model as followss:
CF,Cl,.5%51 From these measurements they observed the pres-

ence of a low energy resonance at 0.71 eV, corresponding to (IEcaer)y — REA—CIU *)2
the production of Ci, and a higher energy resonance at 3.55 [ caricack = < ;=04 (11)
eV associated with the formation of F (IEcaery — REA o)

MO calculations show that the low energy resonance can be o ] ]
described as a process in which the extra electron occupies al Nis value is in close agreement with the experimental value
MO with o*(C—Cl) character in the ground-state configuration Of 0.5+ 0.1 found in the present work.
of the molecular anioft52 The higher energy resonance can Following ref 20, we compared the equilibrium distanie) (
be ascribed to a situation in which the incoming electron Of CaCl (A,B) (2.42 Aj*and CaF(A,B) (1.95 Af3with the
occupies a MO with appreciabte(C—F) character, which thus corresponding crossing radii, 2.99 and 1.88 A, respectively. For
corresponds to an excited electronic state of the molecular this reaction, the calculated crossing radii are comparable with
anion®! These MOs are strongly antibonding and the anion the equilibrium distance for the diatomic products, indicating

undergoes very fast dissociation to £LF + CI~ or CFC} + that the electron jump takes place at a distance Rgdn fact,

= the chemical branching ratio evaluated usiags 0.65, in close
Therefore, the reactive electron affinities (RE®s)ssociated ~ 29reement with the experimental value (0.5) and with the value

with ¢*(C—Cl) ando* (C—F) are REA. = — 0.71 eV and estimated from the crossing radii (0.4).

The large amount of energy released allows population of
both the AIT and BX* states of CaCl and CaF. Comparison
of the electronic branching ratioFas, 2.3 for CaCl and 3.0
for CaF (Table 2), with the theoretical values presented in Figure

associated with the temporary occupation ofahgc —Cl) MO 6b shows that the experimental values lie closer to the RRHO
is 0.97 eV and that associated with the occupation cHH& — case than to the full-complex approximation, in good agreement

F) MO is 3.86 eV&® The VAEs correspond to the energy with the model proposed above, in which the electron enters

required to attach an electron into the MOs at the equilibrium '(;}tsosg;aq[:g'r:als and the molecular anion undergoes very fast
geometries of the neutral molecules and they are related to the ) . .
vertical electron affinities (VEAS) by VAE= —VEA.>* Ca(*P) + CF;—=CCl, Reaction. Burrow et al>® examined
. _the formation of temporary negative ion in &FCCl, by ETS.

The REAs are lower than the VEA because the cross-section h hev f hat th | .
for DEA (opea) is the product of the attachment cross-section Int 0se measurements, they ound that the tota scattering cross
(00) and the survival probability R) which expresses the section presents several peaks as the electron energy increases.
(;gbabilit that the ionicps stem \3/vill survive disgociation with From the analysis of the experimental results, they ascribed the
P y Y lowest energy peak to the temporary occupation of the lowest

— 51
resspect t% elsg';on IOISSDEA ooP->" d with th . tor ™ MO, with a resulting anion ofIT symmetry that corresponds
Ince the S values are assoclated with the maximum for ., e | ymO. This interpretation was supported by ab initio

the production of Ct and F, in the following discussion, we
prefer the use of REAs instead of VEAs; however, the final —anherger et af? employed electron-attachment spectros-

conclusions do not change. copy to study the formation and dissociation of negative ions
As a consequence of the existence of two values of _REAs formed by attachment of low energy<a5 eV) electrons to
there are also two different crossing rad?LX on the potentlal CF=CCh. From these measurements, they observed the
energy surface for the reaction of Ca* with £H, given by: formation of a long-lived parent negative ion (&FCCl,™), with
R(A) = 14.4/(Ikcagp — REA,. ) where IEqgp) = 4.1 eV a resonance at 0 eV electron energy, which can be associ-
is the ionization energy of C_a%) taken from ref 28. The outer  4teq with the entrance of the electron into the LUMO. Since
radius R, = 2.99 A) is associated with the electron jumping to i, their experimental setup the time-of-flight of the ions from
the ground electronic state of the molecular aniaf(¢ —Cl)) the source to the detector was larger thanu&) the auto-
since it has a larger reactive electron affinity 0.71 €V), and  getachment and dissociative lifetime must be of the same order
the inner radius (R= 1.88 A) corresponds to the electron  of magnitude to allow the observation of the parent ion. Also,
jumping to the excited electronic state of the molecular anion hese authors detected the formation of @nd F, with a
(0*(C—F)) with a lower reactive electron affinity{3.55 eV). narrow resonance peak around 1 eV for the former and a broad
If the electron jump always occurs ag,Rhe electron enters  pand centered at-67 eV for the latter, that were associated
into the strongly antibonding*(C—CI) MO and the molecule  jith the reactive electron attachment to teMOs with C—Cl
should undergo very fast dissociation intoCFand CI", which and C-F character, respectively. In addition, other reactive
will combine with Ca to produce CaCl. Then, the dissociation jonic channels were observed but they are not considered here
to CFCL and F* would not take place and CaF will not be  sjince they are not relevant for the reaction of ®(with
observed. CF=CCl,.
In line with this argument, Kowalski and co-worké&slid The chemical branching ratio for the reaction of ®3(+
not observe CaF in the reaction of Ca* with polyhalogenated CF,=CCl,, can be calculated from eq 11, assuming that it occurs
methanes at low collision energies (20 kJ/mol), indicating that through the same mechanism as for,CE, with a crossing
the electron jump at Rvas very unlikely under those conditions.  radius of 2.82 A associated with the formation of @hd 1.36
The electron jump does not necessarily occur with unit A for the production of F. Then, the calculated value for the
probability at R, permitting the system to access tp Rs the chemical branching ratio is 0.23. This value is far from the
collision velocity increases, the diabatic transitions @b&ome experimental result (1.% 0.1), indicating that a mechanism in
less probabt¥ and R can be reached. Consequently, the excited which the electron enters in strongly antibondioty MOs
ionic state can be populated to undergo very fast decay into associated with the €Cl and C-F bonds is very unlikely for
CFKCI and F, so that CaF can be formed. this reaction. In addition, if the electron jump takes place close

REA,: = —355eV, respectivel§251

Aflatooni and Burro® also measured the vertical attachment
energies (VAESs) of CKl, for formation of the lower temporary
anions by electron transmission spectroscopy (ETS). The VAE

self-consistent field calculatior?s.
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case of CECl,, then both reactions should have similar
chemiluminescent cross sections, in disagreement with the
experimental value of & 1.

The above conclusion is not surprising, since the electron is  Although this value is in agreement with the higher reactivity
transferred to the LUMO, which in this case isz4 orbital of CF,=CCl, compared to CEly, it is too small compared
with a slightly nonbonding or antibonding character in the@ with the experimental result. Therefore, either the crossing radius
or C—F bonds?6:58|n this process a long-lived molecular anion ~ for the olefin is larger than 3.51 A, as calculated above or the
CF=CCl,~ with 2[T symmetry is generated:5” Dissociation actual EA of CE=CCI, for the entrance of the electron into
from this state would result in GE=CCI~ and CI6:585%g that, ther* orbital is larger than 0 eV. The EA of GFCCl, can be
to allow for the release of Cland F, it should be necessary estimated replacing; = 7[14.4/(IEca¢r) — EA)]?in eq 12 and
a transfer of the electron to the—-Cl| and C-F ¢* MOs, equating to the experimental value of the relative chemilumi-
corresponding to strongly repulsi?& states6:56.58 nescent cross-section (6 1). Then, using IE= 4.1 eV?

There are theoretical evidences that the ethylene and fluoro-EAwc-ci = REA"*C‘%' = —0.71 eVi? and EAswcr =
ethylene2IT anions are unstable with respect to out-of-plane REAwc-F= —3.55 eVfor CRCl,, the resultis Edr~cci, =
distortion® the same behavior was observed in chloroethyl- 1.75 .eV. o . -
enes A similar distortion was probed to be likely in the case This value indicates that the .neutral molecule is s.tablllzed
of CR,=CCL57 where such motion would permit the anion to by the entrance of an glectron, in good agreement Wlth o_thers
cross over several intersecting dissociafifesurfaces. This ~ halogenated ethenes, i.e.;(lH and GCls whose adiabatic
mechanism could therefore allow temporary anions initially EAS where found to be 0°4and 0.64 e\ respectively.

to the equilibrium distance of the diatomic product, as in the (
=2 (12)

UCF2=CCI2) [0cacit Ocad CF,=CCl,

Ocr,cl, [OcaciT Ocad CR,Cl,

formed in a1 state to dissociate along repulsit® surfaces Note that in the case of the reaction of Lk with CafP)
associated with the dissociation to G+ CF,=CCl and F + the dynamics is dominated by the entrance of the electron into
CF=CCl,. The CI and F anions generated in this process differento* orbitals and the subsequent fast formation of the
can then be attracted by Céo form CaCl and CaF. CI~ or F~ anions; as a consequence, the reactive cross sections

ddepend on the REAs for those orbitals. On the other hand, the
dynamics for the reaction of C#i)with CR,=CCl, is deter-
mined by the entrance of the electron inta’aorbital and the
consequent formation of a GFCCl,~ 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.

In the harpoon model the reactive cross-section is assume
to depend on the crossing radius at which the electron jihps.
For the reaction of Ca* with GF=CCl,, the radius is unique
since it corresponds to the electron jump intoAtieMO. Then,
CaCl and CaF should be formed with the same cross-section,
yielding I'icarvcacy = 1 in good agreement with the experi-
mental value (1.1 0.1).

Again, as in the case of the reaction withCk,, 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 rafiag were 2.1 and 5.0 The most important results of the present investigations are
for CaCl and CaF, respectively (Table 2). Inspection of Figure as follows.
6¢ shows that the experimental branching for CaF presents a (1) The chemiluminescent cross-section for the reaction of

6. Conclusions

approximation and it is closer to that obtained usthe 7.5 for the reaction with CFCl,.

0 _ . . .
(T = 4.7). _A|3° the experimentdlag for OCaCI is in good (2) The CaF(A,B) product was observed for both reactions
agreement with the calculated fr= 7.5 [[55 = 2.6). at variance with the results informed by Kowalski ef%for

Since the best agreement with the experimental values isreactions of CapP D) with polyhalogenated methanes at lower
obtained foi3 = 7.5, the internal modes should be participating collision energy (20 kJ/mol) than in the present work (220 kJ/
to some extent, implying that a collision complex is produced, mol).
in agreement with the formation of a long-livéH anion after (3) The chemical branching ratlqcarvcacr Strongly depends
the electron jump. Verdasco et &l.suggested a similar  on the target molecule, suggesting the presence of different
interpretation for the reaction G&) + SFK. In this case instead  reaction mechanisms for each molecule.
of an intermediate complex, M-Sk, that does not dissociate (4) The electronic branching ratidgys for CaCl are very
immediately after the electron jump, they suggested a statistical-similar for both reactions but they are different for CaF,
dynamical mechanism involving a Ca-F-+-SFs™ intermediate indicating different dynamical behavior for each reaction.
with the electronic energy in the €& bond determined by In summary, significant differences are observed in the
dynamics and statistical behavior of the other internal degrees qoaction of hyperthermal C#) + CRCl, with respect to C&pP)
of freedom. + CR=CCl,. These differences can be satisfactorily explained

In line with the above arguments, we consider that, for the in terms of the harpoon mechanism and the MO theory as due
case of the olefin, the electron enters into #feorbital with to the characteristics of the LUMO of each molecule and the
an associated EA (0 eV) that corresponds to the resonance at Gtability of the molecular anion formed after the electron jump.
eV found by lllenberger et &F The calculated crossing radius  Comparison of the experimental results with prior estimations
is 3.51 A, leading to a cross section of 38.7, Avhich is shows that the reaction with GEl; is direct as expected by
therefore the value for the chemiluminescent cross sections forthe entrance of the electron into fast decayiriy orbitals,
the reactive channels yielding CaCl* and CaF*. For the methane associated with different crossing radii. The reaction with
the chemiluminescent cross-section for the production of CaCl* CF,~CCl, occurs through the formation of a collision complex
is 28.1 & and for the production of CaF* is 11.12AThen we with the partial participation of the internal degrees of freedom,
obtain in agreement with the formation of a temporary anion that results
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from the entrance of the electron inter&orbital that dissociates (26) Teule, J. M.; Janssen, M. H. M,; Stolte, S.; Bulthuis].JChem.
Phys.2002 116, 6079.

after coupling with d|SS(_)C|at|ve ionic surfaces. _ . (27 Dagdigian, P. J: Cruse, H. W.: Zare, R.N.Chem. Phys1974
Even though a tentative explanation to the higher reactivity gg 2330,

of the olefin relative to the methane was provided in this work,  (28) NIST Data Base; http://webbook.nist.gov.

more experimental and theoretical studies, specially related t099(29) Ley, L.; Masanet, J.; Carlap, F.; LesaclauxJRPhys. Chenl995

the energetic and geometry of the neutral and anionic states pf '(30) Caballero, N. B.: Castellano, E.: Cobos, C. J.: Croce, A. E.: Pino,

this reactants, are clearly necessary to fully understand thisc. a. Chem. Phys1999 246, 157.

difference, which has been unclear until now.
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