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ABSTRACT

In this paper, the experimental results for the photodissociation, PD, and photoionization, PI, of chlo-
rinated methanes, CH,Cl,, CHCl3, and CCly, studied by cooled molecular jets and Time of Fly Mass
Spectrometry detection, ToF-MS, are presented. Photodissociation processes outcome from multiphoton
absorption at 10°-10'°W cm~2 intensities at 355 nm laser radiation. The results indicated that pho-
todissociation dominates over photoionization processes as some detected ions are originated from the
absorption of up to five photons. The main dissociative channels lead to the formation of H*, C*, CH*,
CHy*,3>CI*, 37Cl*, C3>Cl*, and C37CI*. The analysis of the ratio of ion yield from different isotopologues for
each molecule, as a function of the energy per pulse, showed that the formation of the more abundant
ions: CI* and CCI*, is strongly influenced by changes in the vibrational structure of the excited states as
a consequence of the two different stable chlorine atoms. As a first approach to get some insight of the
experimental results, the ground state vibrational energy levels for chlorinated methanes, were calcu-
lated using Density Functional Theory. From the abovementioned calculations was possible to think that
the changes in energy of the vibrational levels drive the ion yield of observed ions due to different isotopic

composition of chlorinated methanes.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The versatility of industrial use of halogenated hydrocarbons,
usually chlorinated and fluorinated, with one and two carbon
atoms, especially used as refrigerants, dielectrics, pesticides and
anthropogenic emissions, make the further fate of these ions and
their secondary products as an important subject of research. Chlo-
rinated hydrocarbons such as CH,Cl, CHCl, and CCl3 radicals are
some of the most important secondary products from combustion
processes, in particular when hazardous waste is finally incinerated
[1]. Also when these compounds are dumped to the atmosphere,
they can migrate to higher altitudes, as stratosphere [2], where
halomethanes are exposed to ultraviolet, low pressure, and ion-
ization radiations from solar or cosmic origin. At these conditions
the halogenated molecules produce a wide variety of halogenated
radicals and ions which interact with ozone through different pro-
cesses that perturb the free radical chemistry within it; being
the Os-radicals interactions the major channels of catalytic ozone
deployment [2].

The experimental work about the ionization and dissociation
processes of single molecules produced by single and multi-
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ple photon absorption, or by strong electric fields are excellent
analytical tools to understand the mechanisms responsible of
the primary rupture of chemical bonds. The first energy lev-
els of chlorinated methanes and their vibrational structure were
measured previously by using vacuum ultraviolet absorption
spectroscopy [3], and emission spectroscopy [4]. Also, core photo-
electron spectroscopy was used to resolve the vibrational structure
of chloromethane series CH4_,,Cl; [5]. The photodissociation of
CHFCl, and CHCI; was analyzed using 193 nm radiation [6] and
the dynamics of H atom ejection in the photodissociation of
chloromethanes [7] as a way to explore its photochemical path-
ways. Dissociative single photonionization of CH3Cl, CH,Cl,, CHCl3,
and CCly was measured in the 10.0-13.5eV range [8,9], being
CH,CI*, CHCI*, CCI* the most important dissociative channels.
Vacuum-UV fluorescence spectroscopy of CHCl3 in the range of
8-30eV used to measure pre- and post-ionization channels was
reported some time ago [10,11]. In the range of intense laser
fields, pico- and femto-second pulses, up to 10'3 Wcm2, disso-
ciation processes dominate over multiphoton ionization process
[12]. The later experiments have shown that multiple charged
daughter ions, C3*, C%*, CI#*, CI3*, CCI?*, are some of the main
products of molecule-laser radiation interaction at high laser
intensities [12]. Using resonance enhanced multiphoton ioniza-
tion, the effect of deuterium, isotopic effect, on the vibrational
frequencies of CHCl, was analyzed [13,14]; the interchange hydro-
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Fig. 1. Photodissociation-photoionization mechanism in chlorinated methanes.

gen per deuterium produces red shift in vibrational structure of
CDCl,.

Some of the previous theoretical work include ab initio calcu-
lations under zero-field conditions which do not take into account
the influence of an intense laser electric field on molecular elec-
tron density distributions on chlorinated methanes, to evaluate
ionization energies, electronic and vibrational levels [7], and C-H
and C-X (X=F, Cl, Br) bond dissociation energies, BDEs [15-18].
Two dissociation mechanisms: single neutral and charged atom and
two-atom molecules elimination were previously analyzed [19,20].
In the later case, the analysis of the energy barrier for transition
structures was taken into account too [18,19]. Theoretical meth-
ods include Density Functional Theory, DFT [18,19], CBS-Q methods
[16], Moller-Pleset theory, MP, and MP4 [9], and QCSID (T) [9].

In the present work, the photoionization and photodissociation
of chlorinated methanes, CHy4_,,Cl;; (n=2, 3,4), at 355 nm were ana-
lyzed. lons produced from molecular dissociation and ionization
processes were identified using a linear time of flight mass ana-
lyzer, L-ToF-MA. From experimental data, the ion yield profile for
the most abundant ions was obtained, and the number of absorbed
photons along the energy calculated. The data were compared
with previous reports by Sharma [19,20], where the molecular
ion signal was nonexistent for both compounds, dichloromethane
and trichloromethane, with very similar fragmentation patterns
observed when data were compared with our results. Also, ab initio
molecular electronic structure calculations were performed to aim
to understanding the fragmentation pattern of these molecules in
the laser field. The energy of different dissociation channels was
calculated. On comparing theoretical results with experimentally
observed ion signals and their relative abundances in ToF-MS, it is
inferred that these molecules undergo sequential Cl atom elimina-
tion followed by photoionization of the fragments, Fig. 1 shows a
sequential mechanism which help to finding a reasonable explana-
tion of the experimental results. The main goal of our research is to
show the effect of the two stable isotopes of chlorine atom on the
vibrational structure of chlorinated methanes through the ratios
of different products containing either 3>Cl or 37Cl. Changes in the
vibrational frequencies can mediate the photon absorption through
excited electronic states, S, a mechanism denominated vibrational
mediated dissociation VMD [21], which has been observed in dif-
ferent small molecules as water [22,23], CH3Cl [24], and others. To
assess the change of vibrational frequencies, resulting from pos-
sible isotopologues of chlorinated methanes, a ground electronic

state calculation was performed by vibrational analysis density
functional theory using a B3LYP functional and a 6-311G(3df,2p)
basis set to construct the wave function (Table 1). The differences in
energies, as it can be seen from Table 1, are larger than the spectral
width of the laser radiation used here. The experimental evidence
of the isotopic effect is analyzed and explained on basis of the two
stable isotopes of chlorine, 3>Cl and 37Cl, and their vibrational fre-
quencies.

2. Experiment

Experimental setup was described elsewhere [25]. Briefly, vapor
from samples, CH,Cl,, CHCl3, or CCly, was introduced into de ion-
ization chamber through a pulsed valve synchronously coupled
with the laser pulses. The ionization chamber was maintained
at 10-8 Torr provided by two turbo molecular pumps. The open-
ing time of the valve was adjusted to obtain a final pressure of
2 x 10-% Torr within the chamber. A cooled molecular beam was
produced as a consequence of a swift change in pressure, and it
was collimated using a skimmer with 0.50 mm aperture located
at 10mm from the inlet. The interaction region was located at
12 cm from the skimmer, between two parallel plates, separated
by 6 mm, and continuously polarized at 5.0 and 3.5KkV, acting as
extraction and acceleration plates, respectively. In the interac-
tion region the molecular beam cut across perpendicularly with
a 355 nm laser radiation from the third harmonic of a Nd:YAG laser
(Spectra Physics), with temporal FWHM of 6.5 ns, and 10 Hz repe-
tition rate. Different sets of data were taken when the energy per
pulse was progressively changed from 3 to 50 m]J. The laser radia-
tion was focused into the interaction region using a lens of 20cm
focal length reaching intensities of the order of 5 x 1010 W cm~2
at the peak energy per pulse, 50 mJ. The resulting ions traveling
orthogonally to the molecular beam and the laser radiation plane
into a field free region of 1 meter long were separated accord-
ingly with their mass/charge ratio. Finally, the ions were detected
using a channeltron detector, the signal was preamplified and dig-
itized using a multichannel analyzer, EG&G ORTEC. The signal was
recorded using 4000 channels with a digital resolution of 5 ns per
channel to complete a window of 20 ws. The final ToF spectra are
the addition of 5000 laser shots.

3. Results and discussion

Fig. 2 shows the ToF spectra, convoluted to mass/charge ratio,
of chlorinated molecules when they are photodissociated at ener-
gies per pulse of 10 m], the parent ions were not observed. The
cooled molecules ejected from the skimmer can absorb more than
one 355 nm photon and dissociate very fast as ions or neutral radi-
cals. Neutral fragments can absorb additional photons and further
ionized because they can remain a longer time in the interac-
tion region, comparatively with the photon absorption times and
the width of laser pulses. The data presented are the result of
dissociation-ionization processes, which follow a sequential pro-
cess as is shown in Fig. 1.

Basically the processes which take place, starting from the neu-
tral molecules follows the sequence:

a. The cool neutral molecules ejected from the skimmer can absorb
one or more photons giving neutral fragments, radicals as by-
products. The resulting products can reside in the interaction
region enough time to absorb more photons.

b. When new absorption processes occur the radicals can be ionized
and dissociated and ions are able to be detected.

c. Finally the ions can experience additional dissociation steps to
produce lower mass ions by the absorption of additional photons.
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Table 1
Calculated? vibrational frequencies in the Sy ground state in cm~!.

Isotopologues

Identification

35-35 35-37 37-37
281.8 278.4 275.0 CCl; scis.
702.6 699.4 697.0 CCl; s-strength
7194 717.5 715.0 CCl, a-strength
901.5 901.2 900.9 CH, rock
CH,Cl, 1173.1 11729 1172.7 CH, twist
1286.9 1286.7 1286.5 CH; wag
1465.8 1465.8 1465.8 CHj scis
3114.0 3114.0 3114.0 CH; s-strength
3190.9 3190.9 3190.9 CH; a-strength
Isotopologues Identification
35-35-35 35-35-37 35-37-37 37-37-37
259.9 257.3 255.0 253.1 CCl3 d-deformation.
259.9 257.9 255.7 253.1 CCl3 d-deformation.
365.0 362.2 3594 356.4 CCl; s-deformation.
665.9 664.3 662.7 661.3 CCl; s-strength
CHCl3 730.0 728.1 726.6 726.5 CCl;3 d-strength
732.1 731.8 730.9 728.6 CCl;3 d-strength
1234.3 12341 1234.0 1234.0 CH bending.
1235.6 1235.5 1235.4 1235.2 CCl;3 d-strength
3165.7 3165.7 3165.7 3165.7 CH strength
Isotopologues Identification
35-35-35-35 35-35-35-37 35-35-37-37 35-37-37-37 37-37-37-37
218.2 216.7 215.2 213.7 212.2 CCl; deg. deformation.
2183 216.8 2153 213.8 2123 CCl; deg. deformation.
313.6 309.8 307.8 306.6 305.3 CCl; deg. deformation.
313.7 3124 309.5 306.7 305.4 CCl; deg. deformation.
CCly 313.7 312.6 311.2 309.1 305.5 CCl; deg. deformation.
454.0 451.0 448.0 4448 441.6 CCl Sym. strength
741.4 739.9 739.6 739.5 738.9 CCl deg. strength
741.8 741.7 740.5 739.6 739.4 CCl deg. strength
742.6 742.3 7421 741.3 740.2 CCl deg. strength

@ Calculated at DFT level of theory using a B3LYP hybrid functional and a basis set 6-311G(3df.2p).

It can be a dissociative process where both neutral and charged
fragments are present.

The general scheme which can explain this mechanism is:

CHy ,Cly (n=2,3,4) ™ CHy ,Cly_q + CI2™ CHy_,Clyq ot
CH3_pCl,_1t +He
— CH4_nC1”_2+ +Cl°
CH3_nCln_2'+ + HCl

In order to estimate the number of photons absorbed that pro-
duce a particular ion, the logarithm of the measured photoion
current was plotted as a function of the logarithm of the laser inten-
sity accordingly with [8], the procedure followed is shown in Fig. 3
for the case of tetrachloromethane. The calculated numbers of pho-
tons to form the detected ions in the ToF spectra are reported in
Table 2. From these data we explain the possible dissociative chan-
nels taking place in the formation of the observed ions in the ToF
spectra (Fig. 2).

3.1. Dichloromethane

As it was pointed out in the present measurements, the molec-
ular parent ion and heavy ions were not detected. The formation
of the resulting ions follows the mechanism previously exposed.
The more abundant ions observed were: H*, CH,* (n=0, 1, 2, 3),
35¢1*,37CI*, C33C1* and C37C1Y; lower quantities correspond to: Hy™,

H3>CI*, H37Cl*, CH3>Cl*, CH37ClY, CH,33Cl* and CH,37CI*. Chiang
et al. [9] had observed large amounts of CH,Cl*, CHCI* and CCI*
with appearance potentials at 12.08, 12.46 and 15.96 eV, respec-
tively, due to post ionization dissociation, in a 11-20eV region.
Using 355 nm radiation and a fixed energy at 10 mJ Sharma had

Table 2
Number of absorbed photons.?

lon CH2C12 CHC13 CC14
H* 4.03 3.10 -
Hy* 4.90 - -

ct 4.03 3.97 4.03
CH* 4.08 3.92 -
CHy* 4.07 - -
3B 4.06 4.04 4.02
H35Cl* 4.06 4.02 -
371t 412 4.15 3.99
H37Cl* d. 3.97 -
st 3.03 3.04 3.05
CH3>CI* 3.00 3.08

C37CI*/CHR > 1 3.03 3.10 2.98
CHY7CI* 3.15 d. -
CHy37CI* 3.09 - -
CH3*Cl,* - 3.02 -
CH3*CP7Cl* - 2.99 -
C35Cly* - d. 3.04
[«delSel - d. 2.99
[eetePy - d. 3.05

2 For the data analysis and error of about 10% was take in account. d. detected at
very low ion currents.
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Fig. 3. lonyields for CCl4 fragments and calculus of the number of absorbed photons.

reported as the most abundant fragment ions: H*, CH,* (n=0, 1,
2), CI*, CCI*, CHCI* and CH,Cl* [19,20], and lower quantities of Hy*
and HCI*, in good agreement with our results. The main dissocia-
tive channels of CH;Cl, molecule producing the detected ions can

be represented as:

3ph.

CH,Cl, +Cl =S CH,CI"
CH, Cl, 2 et
CHCl+HCl -
~SHc*

In Table 3 we summarize the predissociative channels of the
studied molecules. Dichloromethane predissociates by four dif-
ferent ways, channels 1-4. The dissociation energy belonging to
each dissociation channel is shown in Table 3. Dissociation chan-
nels 1 and 2 are open by the absorption of one 355 nm photon,
producing some neutral fragments, this are the lowest energy dis-
sociation channels [9]. And the most probable processes instead
of ionization processes requiring 11.315eV at least. Dissociation
processes occurs in a short time of the order of pico seconds, a
very short time when it is compared with the temporal laser pulse
width. Neutral fragments remain a longer time in the ionization
region because they are not subjected to the effect of extrac-
tion and acceleration plates. The neutral fragments may absorb
additional photons, so it can be ionized in the time within the
laser pulse. The formation of the ion CH,Cl*, see Table 4, indi-
cates that the two neutral radicals CH,Cl and Cl can be ionized
by the absorption of three and four photons, which have ioniza-
tion potentials of 8.75 and 12.97 eV, channels 12 and 40 in Table 4,
respectively, it is in good agreement with the calculated num-
ber of photons from our experimental results reported in Table 2,
three and four photos, respectively. Thus, there is a competition
between molecular ionization giving CH,Cl,*, and pre-dissociation
to form CH,Cl and Cl. Neutral radicals are ionized to form CH,Cl and
CI*, being CH,Cl, — CH,Cl — CH, CI* the most probable low energy
dissociation-ionization channel according with Ref. [9].

If the dissociative channel 3 takes place, the formation of CHCI,
is possible but requires the absorption of two photons, with less
probability than dissociative channels 1 and 2. The radical CHCl,
has anionization potential of 8.16 eV [16], see Table 4, which is only
0.59eV less than that for CH,Cl, and requires also three photons.
The absence of CHCl,* could be an indication that the H elimi-
nation does not occur from the CH;Cl,. This can be explained in
terms of higher energy for the C-H bond cleavage over the C-Cl
bond [19] from Table 3, higher than the energy of one 355 nm pho-
ton, and higher than 4.34eV from the ab initio calculations. Also,
the formation of CH,Cl* through channel 2 requires a total of 1+3
photons, while the formation of CHCl,* through channel 3, requires
1+4 photons. The proposed mechanism involves the dissociation
of CH,Cl, into CH,Cl and Cl, which then can be ionized or disso-
ciated through several distinct competitive channels [19]. The low
ion current of CH,Cl* measured reveals that this ion undergoes fast
dissociation. Other ions of smaller sizes result directly from the
ionization processes. For instance, if the formation of CH,Cl neu-
tral radical happen, channel 2, it would have a 8.75eV ionization
energy, which is supplied by three photons, which is in good agree-
ment with the calculated number of absorbed photons, reported in
Table 2. But also, it can dissociate through different channels to give
other neutral fragments, channels 13-15 in Table 4. The detection
of HCI* is the result of four photons absorption, beginning by the
dissociation of CH,Cl, producing HCl and its further ionization. HCI
has an ionization potential of 12.72 eV, channel 39 in Table 4, in
good agreement with the present results (Table 2).

The formation of lower mass ions, observed in the ToF spec-
tra with the major ion yield, is the result of a fast dissociation of
the early analyzed ions. Previous reports [9] propose the forma-
tion of CCI* near the threshold at 15.96eV and may proceed via
the molecular ionization-dissociation channel CCl* + HCI + H rather
than CCI* +H, +Cl channel, but at higher energies the latter domi-
nates [9]. In our experiments the formation of CCl* is the result of
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Table 3
Pre-ionization dissociative channels of neutral chlorinated methanes.
Products Energy, eV Calculated? Channel References
CHCl+HCl 3.38 - 1 Ref. [9]
CHCl CH,Cl+Cl 3.46 3.32 2 Refs. [19,32]
212 CHCl, +H 422 4.34 3 Ref. [19]
CH, +2C1 7.54 - 4 Ref. [32]
CHCl, +Cl 3.10,3.29 3.01 5 Refs. [20,6]
CHCl CCl; +H 4.65 4.18 6 Ref. [20]
3 CCl, +HCl 4.67 - 7 Ref. [10]
CHCl+Cl, 5.63 - 8 Ref. [10]
CCl; +Cl 2.94,3.08 2.65 9 Refs. [33-35]
CCly CCl, +Cl, 3.45,5.57 - 10 Refs. [33]
CCly +2Cl 5.91, 8.05 - 11 Refs. [33,35]

@ Calculated using DFT- B3LYP level of theory and basis set 6-311G(3df, 3p).

three photon absorption, of energy up to 10.47 eV, Table 2. Then,
the formation of the CCl* ion can be interpreted as the result of the
fast dissociation of CHCI* in a vibrational excited state. The mech-
anism proposed for the formation of CH,* ion from CH,Cl*, which
requires the absorption of two additional photons, five in total, is
not in agreement with calculated photons, four, see Table 2, corre-
sponding to a sequential mechanism. So, the formation mechanism
corresponds to the simultaneous ionization-dissociation, and the
calculated number of photons is in agreement with the CH,* energy
as follows

CH, 12 cH,* + I

The formation of CH* ion can be the result from two differ-
ent dissociative processes, from CHCI* or CH,Cl*, which requires
the absorption of additional photons. In a first case the ion elimi-
nates a neutral Cl, channel 33 in Table 4; and in the second case,
the dissociation results in the elimination of neutral HCl. The ions
H* are formed from the dissociation of CH,Cl or CH,CI* and H,*

Table 4

from CH,CI*. The total energy is supplied for about four and five
photons, respectively. In general, for CH,X dissociation, theoreti-
cal calculations show that the barrier for the formation of CH-H>
competes efficiently with C-X and C-H bond cleavage channels
[19,20]. The ion H* results from single bond C-H dissociation, the
most likely event under the favorable energy conditions, but the
ion Hy* requires concerted double bond C-H dissociation in need of
additional energy, five photons, becoming a nonfavorable process,
evidenced in the low ion yield detected in our experiments.

3.2. Trichloromethane

In the CHCl3 photodissociation spectra, see Fig. 1, resulting ions
were identified as follow: high ion currents corresponding to H*,
C*, CH*, 35C1, 371, €35C1*, and C37Cl* ions, and very low ion cur-
rents of H35CI*, H37Cl*, CH35Cl*, CH37Cl*, CH35Cl,*, CH35CI137Cl,
and CH37Cl,* ions were detected. The absence of molecular parent
ion indicates that photodissociation processes takes place previ-

Dissociation and ionization energies reported for different fragments from chlorinated methanes.

Fragment Products Channel Energy, eV References
CH,CI* 12 8.75 Ref. [31]
CH,Cl CH, +Cl 13 3.79,4.18 Ref. [19]
CHCI+H 14 4.56,4.72 Ref. [19]
CH+HCl 15 3.98 Ref. [37]
CCI* +H, 16 3.70 Ref. [19]
CH,CI* CHCI* +H 17 499 Ref. [19]
CH,* +Cl 18 5.61 Ref. [19]
CHCl,* 19 8.32 Ref. [31]
CCl+Hcl 20 291 Ref. [20]
CHCl+Cl 21 3.70, 3.81 Ref. [20]
CCl +H 22 4.05,4.64 Ref. [20]
CHCl, CH+Cl, 23 5.79 Ref. [20]
CHCl,* CCI* +HCl 24 3.40 Ref. [20]
CHCI* +Cl 25 4.44 Ref. [20]
CCly* +H 26 475 Ref. [20]
CH* +Cl, 27 8.28 Ref. [20]
Cl,*+CH 28 8.98 Ref. [20]
cClz* 29 8.11 Ref. [31]
CCly cCly +cl 30 2.89,3.18 Ref. [34]
CCl+Cly 31 - -
CHCI CHCI* 32 9.84 Ref. [31]
CHCI* CH* +Cl 33 - -
cl, CCl,* 34 9.76 Ref. [31]
CCl*+Cl 35 16.30 Ref. [31]
a Cly* 36 11.48 Ref. [31]
2 2Cl 37 248 Refs. [36,37]
ccl ccrr 38 8.90 Ref. [31]
HCl HCI* 39 12.72 Ref. [31]
al cr 40 12.97 Ref. [31]
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ously to the ionization. In several reports the structural stability
of CHCI3* has being discussed, and it is considered as an unsta-
ble species, producing different ions [20,26,27]. From our results
we can conclude that the neutral molecule dissociates following
one of the channels 5-8 reported in Table 3. Dissociative channel
5 is open when the molecule absorbs one photon of 355 nm, being
favorable at low photon densities; channel 6 implies the absorp-
tion of two photons. Channels 7 and 8 are less likely because two
atom elimination from neutral molecules is a more energetic pro-
cess. Neutral radicals resulting from photodissociation processes
have a residence time in the ionization region higher than ions,
making possible the absorption of additional photons and their
further ionization. From Table 2, it can be observed that the for-
mation of CHCl,* and CCl3* requires three photons to produce
the three-photon ionization of CHCl, and CCl3 which are 8.16 and
8.11eV, respectively. Sharma has reported some dissociative chan-
nels [20] which explain the result of photodissociation of CHCl,*
corresponding to the ions detected in our ToF spectra. These disso-
ciative channels also explain the formation CCI*, CHCI*, CCl,*, CH*,
and Cly*, channels 24-28 in Table 4, with 3.40, 4.44, 4.75, 8.28, and
8.98 eV dissociation energies, obtained by the ab initio calculations
[20].

Ions resulting from channels 26 and 28 were no detected in our
experiments; one mechanism [20] that can mediate the formation
of these ions, takes into account the dissociation of neutral CHCl,
to give a series of neutral species, channels 20-22. Such neutral
species can undergo in further ionization by the absorption of addi-
tional number of photons. Ab initio calculations by Sharma et al. [20]
indicate these channels, are accessible by the absorption of one or
two photons. Considering the ionization potentials of each one of
the neutral products, and the results shown in Table 2, we can inter-
pret the results as follow: the HCI* can result by ionization of the
neutral HCl absorbing four photons; also the ion CHCI* is the result
of ionization of neutral radical CHCI absorbing three photons, CCl
has a potential ionization of 8.9 eV which ionizes by three photon
absorption also in good agreement with the calculated value by
us. The excess of vibrational energy in the ionized state of the ions
may result in attaining additional dissociative channels which can
explain other low mass detected ions in the ToF spectra.

3.3. Tretachloromethane

In ToF spectra of CCl4 the main ions detected correspond to C*,
35¢1*, 37¢1F, ¢35¢1t, €37Clt, and low yield of C35Cl3*, C32Cl,37Cl*,
C35C137Cly* and C37Cl3* was observed. The molecular parent ion is
an unstable species which dissociates promptly. It was not detected
in our experiments, indicating that photon absorption is followed
by the molecular dissociation and ionization of the neutral frag-
ments. The experimental bond dissociation energy for C-Cl from
CCly is about of 3.05 eV, which can be easy accessed by one photon
absorption, channel 9 in Table 3.

Neutral CCl; and Cl are ionized and detected in the ToF spectra.
From Table 4, we recognize that CCl3* results from the three-photon
absorptionin good agreement witha 8.11 eV ionization energy, and
avibrational energy excess which canresult in additional fast disso-
ciation channels to give other ion products as CCl*. Detection of CI*
in ToF spectra is probably originated in neutral Cl which is ionized
by four photon absorption, see Table 2, this ion has an ionization
potential of 12.97 eV, which is in good agreement with the present
experimental results.

3.4. Vibrational mediated photodissociation, VMP
All the mechanisms discussed above can help to understanding

the photodissociation of chlorinated methanes by single and multi-
ple photon absorption. Depending on the isotopologue species, the

result of differences in vibrational energy levels which mediates
the photon absorption in the molecular electronic excited states
for a particular compound was observed, Fig. 4. Changes in iso-
topic compositions modify the vibrational frequencies by some
cm~1. In Table 1, we report the calculated vibrational frequencies
of possible isotopologues of chlorinated methanes in their ground
electronic state. It can be observed that vibrations which involve
chlorine atoms change by several cm~! as a consequence of two
stable chlorine isotopes. As it was mentioned before, these differ-
ences are considerable higher than the spectral width of 355 nm
laser radiation used in our experiments. In some cases, the for-
mation of daughter ions with identical atomic composition, show
small differences of the number of absorbed photons, Table 2, orion
yield as can be seen in Fig. 4. If the photodissociation is mediated
by resonant absorption through a C-Cl vibrational mode, the pro-
cess is a VMP, and it can explain the enhanced ion yield observed
in Fig. 4. This behavior can be interpreted on basis of resonant pho-
ton absorption which is mediated by vibrational energy levels. The
effect of isotopologues on vibrational energy levels and resonant
enhanced photons absorption is discussed below.

The presence of two stable isotopes, 3°Cl and 37Cl, changes the
molecular symmetry and also the molecular vibrational energy lev-
els in both the ground and excited electronic states. In previous
reports about CH3Cl and CHD,Cl dissociation, the formation of H
and D ions was explained by a VMP mechanism [28,29]. From sym-
metry, only full symmetric vibrational modes (A; ) should be active.
This allows a straightforward identification of the active modes.
For the species of the highest symmetry, CHy and CCly (Ty), this
implies that only the C-H or C-Cl stretch (breathing) modes are
allowed, whereas for species with lower symmetry, CH3CI (C3y),
CH;Cl; (Cay), and CHCl3 (C3y,), more complicated vibrational struc-
tures involving combinations of C-H, C-Cl stretching and H-C-Cl,
CI-C-Cl, H-C-Cl bending modes are expected [5].

The two stable Cl isotopes, in the case of CH,Cl,, consist of an
isotopic mixture of about 56% CH,3>Cl,, 38% CH,35CI37Cl, and 6%
CH,37Cl,, with molecular symmetries Cyy, Cs, and Cyy, respectively.
For the C,, symmetry isotopologues, this symmetry allows four
vibrational modes of A; symmetry. Two of these vibrations are
symmetric stretching modes: C-H (v1) and C-Cl (v3), and the other
two are bending modes involving the H-C-H (v,) and CI-C-Cl (v4)
angles. The frequency values change due to chlorine isotopes differ-
ence in mass. In the case of Cs molecular symmetry, nine vibrational
modes are allowed. Here, other vibrational frequencies correspond
to asymmetric modes, and stretching C-Cl differences. In order to
demonstrate the shift in vibrational frequencies due to the effect
of the changes in isotopic composition, this shift was calculated
using Density Functional Theory, within a B3LYP hybrid functional
and a 6-311G (3df,2p) basis set, on software package Gaussian 03
[30]. The results do not consider the scaling factor for its basis set,
Table 1.

From our experimental results, the ion yield ratios were calcu-
lated and shown in Fig. 4. The difference in natural abundance of
35Cland 37Cl ratio close to 3:1 do not explain all the values obtained.
For CH,Cl,, Fig. 3a, the main observed ions correspond to CI* and
CCI*. The ratio 3°Cl/37Cl maintains a constant value close to 3 within
the experimental error indicating that the formation of this ion is
not sensible to the vibrational structure of the isotopologues; in
consequence the efficiency of the dissociation processes is not influ-
enced by more than the natural isotopic abundance. In the same
Fig. 4a, the calculated ratio C3>CI* to C37Cl* increases concomitantly
with the pulse energy. As the formation of C3>Cl* is mediated by
three photons; it can be originated from both neutral CH,35Cl, and
CH,3>CI37Cl.

Regarding three chlorine atoms halomethanes,
trichloromethane, CHCl3, consists of an isotopologues mix-
ture of about 45% CH3°Cls, 42% CH3>Cl,37Cl, 13% CH3>CI37Cly,
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Fig. 4. Isotopologues ratios as a function of the energy per pulse.

and 1% CH37Cl;. Taking into account the isotopic distribution in
reactant molecules we can assume the presence of two possi-
ble symmetries, the isotopologues CH3>Cl3, and CH37Cl; with a
C3y symmetry, while the other isotopologues, CH3>Cl,37Cl and
CH35CI37Cl, with Cs symmetry. Changes in the vibrational fre-
quencies can be observed as a consequence of symmetry, Table 1.
Considering the two stable Cl isotopes in the case of C3, symmetry,
isotopologues vibrational frequency values are red shifted as the
mass of the isotope increases. The Cs symmetry isotopologues
result in an increase of the active modes. The changes in the C-Cl
stretching and the CI-C-Cl bending modes are remarkable: a
behavior not observed when isotopes have equal mass, symmetry
C3y, Table 1. For the main observed ions in the photodissociation of
CHCl3, we calculated the isotopic ratios 35Cl/37Cl and C3>Cl/C37(l,
Fig. 4b. It is observed that the ratio 3CI*/37Cl* increases as the
energy per pulse was increased. We can explain such effect by
assuming that the formation of 3>ClI* takes place in a dissociative
process from an excited electronic state, which is related with
a particular vibrational C-Cl mode, which is reached by the
absorption of two photons at energies per pulse close to 10.7 m]J.
A similar behavior occurs for the case of C3°CI*/C37Cl*, but the
low energies per pulse for the C37Cl* formation dominates over
the other process with a ratio about three. In the other hand,
high energies pulses dominates the C33CI* formation reaching a
ratio close to three, as can be seen at maximum ion yield energies
per pulse region (Fig. 4b). We interpreted these results as a
consequence of the two vibrational mediated photodissociation
processes.

In the case of tetrachloromethane, CCly, the isotopologues mix-
ture of about 33% C3°Cly, 42% C3>Cl337Cl, 20% C3°Cl,37Cly, 4.2%
C35C137Cl3, and 0.3% C37Cly is acknowledged. Table 1 shows the
vibrational frequencies of the isotopologues for the isotopic com-
position. For cases of C3°Cl4 and C37Cly, they have T; symmetry
with only one active vibrational mode, the C-Cl stretching. For
the C35C1,37Cl,, it has symmetry Cyy, which shows four vibrational
modes, and for two other isotopologues, C3>Cl337Cl and C3>CI37Cl5,
the symmetry corresponds to Cs. The effect of symmetry reveals
the complexity of the vibrational structure that can be observed
in the ground and excited states. In Fig. 4c the ion yield ratios of
35¢1H 37l ¢35¢1t/C37Cl, and C3°Cl,37ClY/C3>C137Cly *are shown,
resulting from the photodissociation of CCl4. The formation of the
ion CI*, originated from four-photon absorption, and the formation
of the isotope 37Cl* is enhanced as the energy per pulse is increased,

vibrationally mediated, observing a decreasing in the isotope ratio.
The ratio of C3°CI* and C37CI* present an increasing in their value
up to ten, at the energies per pulse used in our experiments. This
indicates that the processes which lead to the C35CI* formation is
mediated by either C-33Cl or C-37Cl bond strengths, depending of
the isotopologue compound. Also the ions of the type CCl3* come
from the CCl3 ionization and previous photodissociation of the neu-
tral molecule. The observed behavior in the isotopologues ratio
C35C1,37Cl1/C35C137Cl, * indicates that the formation of C32Cl,37ClI*
is vibrationally mediated and enhances its ion yield as the energy
per pulse increases. This ion yield can be the result of a C-Cl bond
breaking either C3°Cl,37Cl, or C35Cl337Cl isotopologues, followed
by the further elimination of an additional chlorine atom. If it takes
place from C35Cl,37Cl, the vibrational mediated process implies
either a C-37Cl bond strength or from C3>Cl337Cl it is related to
C-35Cl strength. Furthermore this process only occurs at energies
per pulse higher than 16 mJ.

4. Conclusions

In this work we presented the results of the molecular photodis-
sociation of chlorinated methanes, from two up to four chlorine
atoms, performed by multiphoton absorption at 355 nm, and inten-
sities from 10° up to 1019 W cm~2. The processes were classified
as dissociation-ionization, as the molecular parent ions were not
observed. At the experimental conditions, processes which require
up to four photons absorption were identified. According with the
results, the type of ions produced and number of absorbed photons
by the molecule, the main dissociation channels were proposed
and compared with previous reports. The results indicate that the
absorption of one photon can produce, in all the analyzed cases,
the molecular dissociation results in neutral fragments which can
absorb additional photons to produce ions, in the cases with an
internal excess of vibrational energy and additional dissociation
steps. Our results of calculated number of absorbed photons are
in good agreement with previous reports of both experimental
and theoretical results for the dissociation and ionization ener-
gies. The analysis of the ratios for ion yields between different
isotopologues in chlorinated methanes reveals that the effect of the
two chlorine isotopes, which exhibit different vibrational energy
levels in ions and neutral compounds, promotes the dissociation
processes which are vibrationally mediated. These vibrationally
mediated photon absorptions, which modifies the efficiency of the
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dissociation processes, are being observed over all ion yields ratios
and cannot be explained on the basis of natural abundances only.
Finally, the isotopologue effect was observed for the vibrational
energy levels all over the molecular neutral ground state, using
Density Functional Theory with a B3LYP hybrid functional calcula-
tion. The energy levels are modified in accordance with the lighter
chlorine isotopes replaced by the heavier isotopes.
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