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Cl; and HCl emissions in the ArF-laser photolyses of chlorinated compounds:
Identification and mechanism of generation

R. D. Kenner, H. K. Haak,® and F. Stuhl

Physikalische Chemie I, Ruhr-Universitit, D-4630 Bochum, West Germany

(Received 18 March 1986; accepted 2 May 1986)

The ArF (193.3 nm)-laser photolyses of several chlorinated methanes and COCl, were
investigated using the unfocused beam. Cl, and HCl emissions from highly excited states were
observed and identified by use of recently calculated potential energy curves. The emissions were
generated by absorption of two ArF-laser photons. It was observed that the first absorbed photon
forms an intermediate which subsequently absorbs the second photon to generate the fluorescent
molecule. Some intermediates can also absorb a KrF-laser photon to yield Cl, emission. The
intermediates were identified by energy restrictions to be Cl, with excitation energies below the
dissociation limit. In the cases of COCl, and CCl, this excitation extends up to the dissociation
energy of Cl,(X). Also, vibrationally hot ground state HCl molecules are formed as
intermediates. In some cases the intermediates contain the total energy available from the first
photolysis step. Energy considerations result in an estimate for the heat of formation of the CHCI

radical.

I. INTRODUCTION

Photochemical dissociation rarely generates fragments
in single excited states. Usually each fragment is produced in
numerous energetically accessible states and often several
sets of photofragments are possible. This distribution of pro-
duct states frequently makes it difficult to characterize emis-
sions produced by photolytic processes, particularly when
the spectroscopy of the fragments is poorly known or an
emission is observed for the first time or at low spectral reso-
lution.

A few years ago not much was known about highly ex-
cited Cl, and HCl states.' Therefore, it is not surprising that
a previous UV-laser photochemistry study on CCl, and
CCLF? identified several UV emissions as originating from
excited Cl, but did not assign the excited Cl, states. In pre-
‘ceding work, we had investigated the ArF excimer laser pho-
tolyses of some chlorinated methanes and had observed
VUV emissions which we attributed to the formation of
highly excited Cl, molecules being formed by absorption of
at least two laser photons.®> Additional confirmation for the
generation of these highly excited Cl, states was subsequent-
ly obtained by studying a number of chlorinated species con-
taining a variable number of Cl atoms.* Using this “chemical
method of identification,” we have observed strong VUV
emissions in the ArF-laser photolysis of COCIl, and SOCI,,
medium intensities for CCl, and CHCI = CCl,, weak inten-
sities for CHCl;, CFCl,, CH,-CCl;, and CHCL,-CHCl,,
and very weak emissions in the photolyses of CH,Cl,,
CF,Cl,, and CH,~CHCI,. For molecules containing only
one Cl atom (CH,Cl, CH,~CH,Cl) or no Cl atoms, no such
VUV emission was observed.?* In extension of that work, we
have subsequently studied the emission occurring in the UV
region for several selected chlorinated compounds® and have
found several Cl, emissions* similar to those reported by
Tiee et al. for the photolysis of CCl,. Additional emissions
were observed for methanes containing both H and Cl1.*

While that study** was performed much progress was

*) Present address: Buck Chemische-Technische Werke, D-8230 Bad Rei-
chenhall.
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achieved both by theoretical® and by experimental work®?
and preliminary assignments of the VUV and UV fluores-
cences were attempted at that time.* Since the completion of
the present spectroscopic experiments, a report on the ArF-
laser photolysis of COCI, has been published.'® Our results
and assignments differ in certain details with this report on
COCl,. For COCl,, CCl,, CHCl,, and CH,Cl,, we will sum-
marize our results pertinent to the formation of excited Cl,
(and CO for COCl,) and present support for the identifica-
tion of the emissions observed in our experimental study. We
will further describe an additional emission observed only in
the photolyses of CHCI, and CH,Cl,, which we propose to
be due to the formation of excited HCl. The discussion of
these emissions will be assisted by some of the most recent
experimental studies on the spectroscopy of C1,%”''-'7 and
HCI'®?° and theoretical work on HC].2!:?

We have recently learned to study the mechanisms of
ArF-laser photolysis processes caused by absorption of two
photons.? The pump and probe technique used for this pur-
pose was also applied to the chlorinated methanes and
COC], to investigate the existence and nature of possible
intermediate species. It will be shown that these experiments
further help to identify the fluorescence emissions and fur-
nish additional knowledge on the photochemistry of chlorin-
ated compounds and on the spectroscopy of hot Cl, and
HCL

Il. EXPERIMENTAL

The apparatus used to study the photolysis of chlorinat-
ed compounds has been previously described in detail >42324
Briefly, an unfocused ArF-excimer laser (193.3 nm, 6.415
eV; typically 50 mJ) was used to irradiate slowly flowing
samples of chlorinated molecules. Fluorescence emissions
were detected at right angles to the laser beam. Spectra were
recorded in the wavelength range 120 to 350 nm using grat-
ings blazed for 150 and 300 nm. The spectral resolution
ranged from 0.4 to 4 nm depending on the fluorescence in-
tensity. Decays of the emissions as short as 30 ns could be
measured by a transient recorder. The pressures of the pho-
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tolyzed gases usually were in the range from 13 to 40 Pa. In
some of the experiments inert gases such as Ar, Kr, or N,
were added at pressures up to 1.33 X 10* Pa.

The pump-probe experiments were performed in a simi-
lar manner to that described earlier.”® For these experi-
ments, a second excimer laser (lasing at 193 or 248 nm)
along with the appropriate triggering units was added to the
above apparatus. For those experiments designed to test for
the existence of intermediates, the output of the photomulti-
plier was directly observed with a fast storage oscilloscope.
For all other pump-probe experiments, i.e., recording spec-
tra, measuring fluence dependencies, and preliminary mea-
surements of the intermediate lifetimes, a boxcar averager
with gated integrator (PAR 162/165) and a strip chart re-
corder were used to register the signal.

The gases were either taken from the gas phase of their
liquids or from their storage vessels. The liquid (purity
»99.8% for CCl,, >99% for CHCIl,, and »99.7% for
CH,Cl,) were thoroughly degassed. COCl, (purity
>99.9% ) was used as delivered.

lll. RESULTS

Fluorescence emissions generated by photolyzing
COCl,, CCl,, CHCl,, and CH,Cl, were recorded in both the
VUV and UV region. As examples, the properties of the
emissions obtained in the ArF-laser photolysis of COC], and
CHC, will be presented here. The fluorescences observed
for COCl, are the strongest and most structured of these
emissions. The spectrum obtained from CHCI, displays an
additional emission not reported before in the photolyses of
chlorinated methanes. The identification of these emissions
and the mechanisms of their production will be discussed in
the next section.

Figure 1 displays two VUV spectra taken (A) for pure
COCl, at 13 Pa using a resolution of 0.4 nm and (B) for 16
Pa COCl, and 93 Pa Kr using 1 nm resolution. Note that the
intensity scales for both spectra are different. While all VUV
spectra obtained for the other chlorinated compounds men-
tioned in the Introduction appear to be continuous as shown
in Ref. 3, spectrum (A) consists of a continuum with super-
imposed structure. The short wavelength cutoff of the con-
tinuum was determined to be 141 + 2 nm. Spectrum (B)
indicates efficient quenching for both the continuum and the
structured emission.

Two spectra observed for 13 Pa COCl, in the UV region
are shown in Fig. 2, (A) for pure COCl, and (B) with the
addition of 1.33 X 10* Pa Kr. Besides the emissions displayed
in spectrum (A), fluorescence was observed at A =199 nm

(see also Fig. 3); this rapidly decreases towards shorter
wavelengths. This decrease is probably due to decreasing
sensitivity of the photomultiplier and to absorption by air
present in the light path while the UV spectra were taken. As
will be discussed later the most intense emissions in spec-
trum (A) originate from excited Cl,. Upon addition of Kr to
the system [spectrum (B) ], the fluorescence at 308 nm and
its accompanying progression towards shorter wavelengths
are efficiently quenched. The fluorescence at 254 nm
changes its shape and shifts slightly to longer wavelengths
(A = 258 nm). Additionally, in the presence of Kr, emission
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FIG. 1. VUV emission spectra generated in the ArF-laser photolysis of
COCl,. Spectrum (A): 13 Pa COCl,, 0.4 nm resolution; spectrum (B): 16
Pa COCl, + 93 Pa Kr, 1 nm resolution. Spectrum (B) was recorded with
half of the sensitivity (compare laser intensities at 193 nm). The location for
the progression CO(A4 ', v’ = 1—-X '=*,v") is indicated.

of KrCl at 222 nm is generated. The same emissions, but
weaker, were observed in the ArF-laser photolysis of CCl, in
the UV region. In this case additional CCl (4 2A—X 2I1)
emission was detected at 278 nm. This emission, which also
occurs in the photolysis of CHCl; (Fig. 3) and weakly for
CH,Cl,, will not be discussed further in the present work.
The spectrum we obtained with CCl, is similar to that given
by Tiee et al.? and will not be shown here.

Figure 3 shows a spectrum obtained in the ArF-laser
photolysis of 27 Pa CHC],. The most intense fluorescence in
this spectrum is a broad, seemingly continuous emission at
A =230 nm which is not observed in the case of COCl, and
CCl,. Support will be given in the discussion for excited HCl
molecules causing this fluorescence. The other emissions
(A =199, =254, 278, and 308 nm) are much weaker than

FLUORESCENCE INTENSITY

230 270
WAVELENGTH/nm

FIG. 2. UV spectra generated in the ArF-laser photolysis of COCI, using a
resolution of 1 nm. Spectrum (A): 13 Pa COCl,; spectrum (B): 13 Pa
COCl, + 1.33x 10* Pa Kr.
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FIG. 3. UV spectrum observed in the ArF-laser photolysis of 27 Pa CHCl,
using a resolution of 1 nm.

the corresponding ones generated from COCl, and CCl,. At
A = 315 nm, probably CH(C—X) and additional HC] emis-
sion are generated. In the photolysis of CH,Cl,, the UV
emissions are found to be much weaker than in the case of
CHCI, and besides the CCl and CH(C—X) fluorescences,
only low intensities of 230 and 199 nm emission were detect-
ed. When using large fluences, a sharp line was observed at
248 nm for the chlorinated methanes. This emission, which
is generated by C('D,)+193.1 nm—C('P,) and
C('P,)—C('S,) + 247.9 nm, and the CH emission at 315
nm will not be discussed further in the present work.

The number of photons n absorbed to generate an emis-
sion was determined according to the equation I, =177
where I and I, are the intensities of the fluorescence and
laser light, respectively. In these experiments using one ArF-
laser, the values of n were found to be close to 2 ( + 10%)
except for the C(*P,—'S,) emission which gave n = 2.3 and
the CCl emission which also gave a value significantly
greater than two. All emissions were found to be short lived
(7<30 ns) at the pressures of the parent molecules (13 to 27
Pa) except for the CCl emission which lives longer than 110
ns (at 2.7 Pa).

The excitation of the emitting states for each of the emis-
sions mentioned above required more than one photon. We
have therefore performed pump-probe experiments using
two excimer lasers to test the involvement of long-living (rel-
ative to the duration of the laser pulse) intermediates in the
generation of each of the emissions. As described in earlier
publications,?® we test this involvement by comparing the
intensity of the fluorescence generated by the probe laser
alone with that generated with a preceding pump laser pulse.
The involvement of an intermediate is signaled by an in-
crease in intensity for the case in which the pump laser is
fired. We find such an increase for each of the emissions
observed between 140-320 nm in the ArF-laser photolysis of
CH,Cl,, CHCl,, CCl,, and COCI,. This also includes those
emissions not specifically discussed in this paper; the CCl
band at 278 nm, the CH band at 315 nm, and the C atom line
at 248 nm.

Since intermediates were detected for all emissions, sev-
eral further experiments were performed. First, the depen-
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‘dence of the enhanced emission on the fluence of each of the

lasers was checked for the VUV emissions and the 254 nm
band in the case of CCl,. In both cases, # = 1 for each laser is
observed. Second, preliminary lifetime measurements were
performed for the VUV emission for CCl,. With 2 Pa CCl,,
the measured lifetime of the intermediate for emission at 170
nm is about 50 us. This lifetime is not corrected for diffusion
or for quenching and the zero pressure lifetime is hence ex-
pected to be longer. Third, the probe laser was operated at
248 nm while the pump laser operated as usual at 193 nm.
No emission was detected using the KrF laser alone. How-
ever, examination of the spectrum generated by the KrF
probe laser when delayed 400 ns after the pump laser showed
two bands in the spectral region between 160 and 320 nm for
both CCl, and CHCl,. These bands were the CClband at 278
nm and the band at 254 nm. Scattered laser light at 248 nm
masked any emission from C atoms but there was no emis-
sion at 193 nm. Finally, because of the finite duration of the
laser pulses, the delay time could not be made significantly
shorter than 100 ns. Within this limitation we have seen no
increase in the intensity of the enhanced emission with in-
creasing delay time between the lasers. This indicates
prompt formation of the intermediate species during the
pump laser pulse.

As indicated in Figs. 1 and 2, the quenching of the emis-
sions was mostly studied in a qualitative fashion. In some
experiments, up to 1.33 X 10* Pa N, or Kr was added to 13 to
27 Pa of COCl, or CCl, and the intensity decrease was mea-
sured at the wavelengths of the Cl, emissions. The quench-
ing of most Cl, emissions was found to be very efficient. As
has been shown in previous studies,'®3° the fluorescence in-
tensity around 258 nm increased when rare gases such as Ar
and Kr were added. Furthermore, the peak intensity slightly
moves towards longer wavelengths as is seen in Fig. 2. Upon
addition of Kr to COCl,, CCl,, and CHCl,, emission from
KrCl was observed at 222 nm. No KrCl fluorescence was
found for CH,Cl,. An example for the KrCl emission is giv-
en in the spectrum of Fig. 2(B).

- V. DISCUSSION

Since all fluorescence emissions we observed are rather
weak, the spectral resolution is necessarily poor and unfortu-
nately, structure was found to be a rare feature. The follow-
ing attempt to identify the origin of the emissions is assisted
by calculated potential energy curves, by energy require-
ments and by previous work. Finally, we will discuss the
mechanism of formation of the excited species on the basis of
our pump and probe experiments.

To aid the discussion, Table I displays the energies avail-
able for excitation of the products by several selected pro-
cesses [reactions (1)-(6)] which yield either Cl, or HCI.
The available energies are listed for one-photon and two-
photon absorption processes. For the fragments in each case,
the formation of ground state molecules is taken into ac-
count in Table I. The relevant excitation energies of Cl,,
including the observed emissions, are shown in the potential
energy diagram of Fig. 4.° In addition, Fig. 5 displays simpli-
fied potential energy curves of HC].2%-2?

J. Chem. Phys., Vol. 85, No. 4, 15 August 1986
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TABLE I. Dissociation energies D, and energies available for the excitation of the Cl, or HCI fragments in the
one-photon [ E(ArF)-D,] and in the two-photon [2E(ArF)-D,] ArF-laser photolysis of the parent molecule
M.

Photolysis E(ArF)-D,>* 2E(ArF)-D,’>*
Reaction M products Dy (eV)* eV eV
(1 cocCl, CO + Cl, 1.08 1+ 0.04 5.33 £ 0.05 11.75 4 0.06
(2) CCl, CCl, + Cl, 3.43+0.24 299 +0.24 9.40 3 0.26
(3) CHCl, CHCl + Cl, 4.48 + 0.45 1.93 + 0.45 8.35 + 047
(4) CClL, + HC1 2524023 3.89 +-0.24 10.31 + 0.25
(5) CH,(Cl, CH, + Cl, 4.92 1 0.06 1.50 + 0.07 7.91 +0.08
(6) CHC1 + HC1 3.43 1045 3.00 + 0.45 9.40 4 0.47

* All necessary values of enthalpies of formation, AH %,, were taken from the summaries in Refs. 25-27. Disso-
ciation into the lowest states is assumed; thermal energies are not taken into account.

®E(ArF) = (6.415 + 0.011) eV.
°The error limits represent accumulative errors.

A. VUV emissions
1. Structured fluorescence

As indicated in Fig. 1, the positions of the VUV-emis-
sion maxima correspond to the CO(4 'ILv
=1-X'3*p" = 0-6) sequence. This assignment is
further confirmed by the data in Table II where measured
and tabulated®® wavelengths, and intensities corrected for
the appropriate wavelengths and Franck—Condon factors®
are compared. Considering the uncalibrated optical detec-
tion system and the large varying absorption coefficient of
COCl, in the VUV,° the Franck-Condon factors compare
well with the intensity data. This assignment® is in agree-
ment with that obtained by Wilson et al.'® These authors
have identified this CO(A-—X) emission for 4>165 nm
(v" = 3-6).

2. Continuum

The emission underlying the structured CO emission
(Fig. 1) is similar to that observed previously in the ArF-

12+ Clz €ocl,
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FIG. 4. Cl, potential energy curves relevant to the present study and ac-
cording to Ref. 5. The observed emissions are indicated by arrows and wave-
length in nm. The energy available from two ArF-laser photons for excita-
tion of Cl, is shown by horizontal arrows for COCl,, CCl,, CHCl,, and
CH,Cl,. The sum of the dissociation energy and ArF laser photon energy is
given by the horizontal dashed line at 8.9 eV. The energy excess in the pho-
tolyses of CHCI, and CH,Cl, by one ArF-laser photon is indicated by the
two dashed lines in the ground state potential curve.

laser photolyses of a number of chlorinated compounds.®*
From the varying number of Cl atoms in the molecules stud-
ied one can safely conclude that this seemingly continuous
YUYV emission is due to the formation of excited Cl, mole-
cules. The most likely state producing this emission is
Cl,(1'X,}), which has been extensively studied by synchro-
tron radiation.'"!” Probably the interference pattern recent-
ly observed for this bound-free Cl,(1 '} —X '2.") emis-
sion close to the long wavelength lnmt“ is smeared out in
our spectra since, contrary to the synchrotron study, a num-
ber of vibrational states might be generated in the present
photodissociation experiment. The emission at about 199
nm most likely represents the long wavelength limit of the
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FIG. 5. HCI potential energy curves relevant to the present study and ac-

cording to Refs. 21 and 22. The meaning of the additional arrows and
dashed lines is as in Fig. 5.
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TABLE I1. Comparison of the structured VUV emission in the photolysis
of COCl, with wavelength positions and Franck-Condon factors (FCF)
for the CO(4 Iy’ = 1»>X '2+,0") emissions.

Aexp A e Intensity
(nm) (nm)* v',p* FCF® XA3©
151 150.97 1,0 0.216 0.17
156 156.01 1,1 0.155 0.14
~162 161.95 1,2 0.003 <0.05
167 166.97 1,3 0.076 0.08
173 172.93 1,4 0.193 0.10
179.5 179.24 1,5 0.186 0.13
~186 185.94 1,6 0.108 <0.05

*The tabulated wavelengths are taken from Ref. 28.

®The Franck-Condon factors are taken from Ref. 29.

°The measured intensities were neither corrected for the spectral sensitivity
of the optical detection nor for absorption by the parent molecule COCl,,
but they were corrected for their wavelength position.

VUYV emission'®!! and hence, the minimum energy separa-
g

tionofthe 1 'S and X X potential curves. This emission
at A =~ 199 nm appears to be present in the photolysis experi-
ments by Okabe et al.,*® the ArF-laser photolyses of CCl, by
Tiee et al.,> and COCl, by Wilson et al.'® The latter authors
propose the transitions Cl,(1 '2 —X 'S or 1 'II, ) to be
responsible for the 199 nm emission, which, in their Fig. 1,'°
isindicated by the transition to the repulsive C1,('I1, ) state.
The calculated potential curves,’ on the other hand, imply
that the Cl,(1'Z;*—1'IL,) transition generates light at
longer wavelengths.

B. UV emission
1. 258 nm and below

The 258 nm emission can be assigned to the transition
from the lowest bound triplet 2 *II, state to the weakly
bound 1°I1, state which generates the Cl, laser emis-
sion.>%3° When gases are added to the CCl, or COCl, pho-
tolysis system, this emission becomes the dominant fluores-
cence in the UV region (Fig. 2). Obviously, the 2 *I1, state,
which is the lowest bound state above the dissociation ener-
gy, is fed by other more energetic states.

The emissions observed at wavelengths shorter than the
258 nm continuum are partly generated from states above
the lowest bound triplet state since they are efficiently
quenched. These emissions have been recently attributed to
the triplet transition from 2 *[1, to the dissociative 1°TI,
state.'’® They could additionally originate from the 1 '3}
state which might emit to the repulsive 1 'I1, state. At any
rate, Okabe et al.>° locate the emitting state at an excitation
energy between 7.33 and 8.93 eV.

2. 306 nm

The 306 nm emission has also been observed in the VUV
photolysis of COCIl, * and in the ArF-laser photolysis of
CCl, 2 but not in the previous ArF-laser photolysis of
COCL,.!? We believe that this emission is due to the transi-
tion from the inner well of the 2 'I, state to the repulsive
1 'T1,, state. Okabe et al.>° have the emitting state reported to
belocated at 7.93 4 0.03 eV, which is slightly lower than but

close to the calculated inner minimum of the 2 'II, potential
curve.’ Furthermore, Spence et al.'® have determined the
2 'I1, state to lie at 7.939 eV while the experimental vertical
excitation energy for the repulsive 1 'IT,, is 3.76 '* or ~3.78
eV' (again slightly lower than the calculated value®). Since
the inner well of 2 'II, has a bond length slightly smaller
than the ground state, the energy difference between 2 'II,
and 1 'T1I,, matches the wavelength of the continuum at 306
nm. Considering all calculated potential curves,® no other
allowed transition from an excited state near 8 eV can be
found to emit close to 306 nm. The accompanying (almost)
regularly spaced emission maxima at wavelengths down to
270 nm might be caused by the interference pattern which
can be observed for bound-free transitions.

Recently, Fournier et al.*' have observed 309.8 nm
emission in the irradiation of Cl, in argon matrices. They
find the threshold for excitation to be at 150 nm (8.266 V)
and assign the fluorescence to the transition from the outer
minimum of the 2 *II, state to the repulsive 13X state,
which correlates with ground state atoms. The
Cl,(2 *II,—1 *I1,,) transition apparently is not observed in
their experiment although it is usually detected in the gas
phase. To generate Cl,(2 *I1, ) molecules in the outer mini-
mum of the potential curve they propose the absorption step
CL(2°I1,,v' = 4-X "2} ) into the inner well of 2 *I1, fol-
lowed by tunneling into the outer well and relaxation. Re-
garding the complexity of this formation process, the unu-
sual red-shift of the observed emission and the lack of
CL,(2°M,—1°I1,) emission,> we suggest that the
Cl,(2 'M,—1 ') transition be considered. Although di-
rect excitation of Cl,(2 'I1, ) by absorption is not possible in
the gas phase because of the g—u selection rule, this rule
might be violated in the matrix as the authors state.>’

3. 230 nm

When the molecule contains at least one H atom, as in
CHCI, or CH,Cl,, extra emission can be observed having a
maximum in intensity at 230 nm (Fig. 3). We attribute this
emission to the HCI(B '2*—X ') transition originating
from the outer well of the upper ionic state. HCI potential
curves have been recently calculated (Fig. 5).2! They show a
double well for B '3 * similar to that of the Cl,(1 'S} ) state
(Fig. 4).>2' Subsequently, more extensive calculations re-
sulted in lowering the minimum of the outer well to
T, = 9.67 eV?? at about 2.5 A bond length. These values are
in good agreement with those determined by emission from a
discharge (T, =9.45 eV, r, =2.43 A)."® In that work,
emission was photographed having a sharp long wavelength
cutoff at 237.5 nm in agreement with the present work. Simi-
lar emission has also been observed by exciting HC! using
VUV synchrotron radiation.'®

It should be noted from the potential curves that the
HCIl transition to the dissociative 1 'II state is predicted to
generate a continuum at about 255 nm which, in fact, has
been observed before in a discharge.'® Emission at this wave-
length is also observed in Fig. 3 for CHCl,. From the present
work, however, it cannot be decided whether this emission is
due to the HCI(B '=*—1 'Il) or to the CL,(2 *[1,—1 *I1,,)
transition.
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4. 222 nm

It has been shown previously that KrCl emission at 222
nm can be formed by the reaction of excited Cl, with Kr%:

Cl# + Kr—KrCl* + CL (7

KrCl emission can therefore be indicative for the presence of
excited Cl¥ molecules. Emission from KrCI* has also been
observed in the previous ArF-laser study of COCL,.'° The
reason that KrCl emission is observed in the present study
for COCl,, CCl,, and CHCI;, but not for CH,Cl, will be
explained in the following discussion by the energetics of the
photodissociation process. (ArCl emission at 185 nm has
not been detected in any case.)

C. Mechanisms of formation

In the ArF-excimer laser photolysis using the unfocused
beam, one has to distinguish between two different mecha-
nisms for the formation of fragments by absorption of two or
more photons.? The first of these is sequential absorption of
two photons by the parent molecule via a resonant (possibly
dissociative) state. This absorption generates “superexcit-
ed” parent molecules, which then decay to yield the ob-
served fragments. In the second mechanism, the first absorp-
tion step forms intermediates (possibly in excited,
quenchable states) which subsequently absorb. the second
laser photon to form the fragments of interest either directly
or by photodissociation. In the following we will discuss the
results we obtained for the one-ArF-laser two-photon pro-
cess and ArF -+ ArF-laser and ArF + KrF-laser experi-
ments which clearly demonstrate that, in all cases, the sec-
ond mechanism is the correct choice.

1. Two-photon ArF and ArF + ArF

In spite of their previous speculation on the mechanism,
Tiee et al.? do not clearly decide in favor of one of the two
formation possibilities in the ArF-laser photolysis of CCl,.
In the previous ArF-laser photolysis of COCl,, it has been
recognized that a vibrationally excited intermediate,
CO(X,v” = 7), is formed since its transition to the excited
CO(A4,v' = 1) state is in resonance with ArF-laser light.
This explains the single excitation of the v’ = 1 state.*' On
the other hand, the first mechanism has been preferred to
explain the formation of the excited Cl,.*'° In particular,
Wilson et al. excluded Cl, as an intermediate, since it was
believed to be transparent to ArF-laser light even for the
highest vibrational excitation in the ground state.'® As will
be shown below, we do not agree with this reasoning.

Since the present preliminary results of the experiments
with two delayed lasers in pump and probe arrangement
show that the observed Cl, and HCl emissions are in all cases
due to secondary absorption of primary intermediates, our
task will now be to identify the appropriate fragments from
the first photolysis step. It is known® that halogenated
methanes give rise to one halogen atom in the near ultravio-
let by breaking the weakest halogen bond. In the VUV region
the rupture of the two weakest bonds occurs concurrently.
Three bond scissions are rare events. Similarly, for COCl,,
the formation of two Cl atoms has been observed in the near-
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UV photolysis.” To our knowledge, no conclusive evidence
has been provided for the production of Cl, or HCl at around
193 nm. In the following we will show for this wavelength
that Cl, is formed in the photolyses of COCl,, CCl,, CHCl,,
and CH,CIl, and that HCl is generated in the photolyses of
CHCI; and CH,Cl,, most likely with low quantum yields.

The two ArF-laser photons which generate the electron-
ically excited Cl, and HCI molecules provide a total energy
of 12.83 eV. In the cases of Cl, and HCl emissions, the mini-
mum observed electronic excitation energies are about 7.2
[CL,(2°11, )] and 9.5 eV [HCI(B)] which leaves less than
5.6and 3.3 eV for the respective dissociation processes yield-
ing Cl, and HC1. With the known heats of formation?>-?’ and
this restriction, one can easily calculate that there are no
dissociation processes energetically possible other than
those generating Cl, and HCI directly together with the ap-
propriate remainder of the parent molecule. Any other pro-
cess would require three fragments to be formed and hence
to consume much more energy than is available from two
193 nm photons. Furthermore, the high electronic excita-
tion of more than 7.2 and 9.5 eV in the Cl, and HCI photo-
products cannot stem from the absorption of the second ArF
laser photon (6.415 eV) alone. We therefore have to con-
clude that the second absorption step excites internally hot
Cl, and HCl molecules which must be formed by the absorp-
tion of the first photon. Since the emission intensities ob-
served in the present work are weak, either the quantum
yield for the production of the absorbing fragments or the
absorption cross sections are small.

The results of more detailed energy considerations of
the photolysis processes are indicated in Table I and Figs. 4
and 5 with regard to the formation of the excited Cl, and
HCI. In Fig. 4 the position of the highest energetically possi-
ble Cl, excitations (Table I) are shown by horizontal ar-
rows. In addition, the dashed line at 8.9 eV represents the
energy reached by the sum of the dissociation energy of Cl,,
D, = 2.48 ¢V and the energy of the ArF-laser light, 6.415¢V.
It should be noted that no emissions were observed from
excitation above this energy, in spite of the fact that conser-
vation of energy allows this for COCIl, and CCl,. In fact, the
shortest wavelengths detected in the VUV emission spectra
are 142 + 3 nm for CCl, * and 141 4 2 nm for COCl, which
are in excellent agreement with the limit of 8.9 eV. We take
this as further evidence that excited, bound Cl, molecules
which are energetically located below the dissociation limit
are the intermediates absorbing the second ArF-laser pho-
ton.

The amount of excitation of these Cl, molecules can be
easily estimated from the highest excitation energies ob-
served and the known enthalpies of formation®>-*" (see Ta-
ble I). As discussed above for COCl, and CCl,, Cl, mole-
cules with energies up to the dissociation limit participate in
the second absorption step. Since in CHCl, and CH,Cl, mol-
ecules the bonds are stronger, the first absorption process
can yield Cl, molecules with excitations only up to the two
dashed horizontal lines indicated within the ground state
potential curve. In contrast to the previous conjecture,'® we
note that the calculated potential curves® imply excitation
from these Cl, which, at the position of their outer turning
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points, can lead to the observed emissions. It should be noted
that according to the calculated data of Table I the available
energy for CH,Cl, is slightly short of the excitation energy of
Cl,(1'2}) (8.06 eV).® This can, however, be due to the
combined uncertainties for the dissociation energy of
CH,Cl, (+0.06 eV) and the calculated energy of
Cl,(1'2}) ( 4 0.1t00.2eV). On the other hand, the VUV
emission intensity observed for CH,Cl, is extremely small
and its generation by impurities or by contamination of the
photolysis vessel cannot be completely excluded.

Figure 5 demonstrates that the formation of electroni-
cally excited HC1(B ') occurs similarly. Here, vibration-
ally excited HC1(X) molecules are necessary to provide part
of the energy for exciting HCI(B) in the second absorption
step. The corresponding maximum vibrational excitations of
HCI(X) (see Table I) are indicated by the two horizontal
lines in Fig. 5 for the photolyses of both CHCl, and CH,Cl,.
In the case of CH,Cl,, the energy available for the excitation
of HCI appears to be smaller than the calculated energy of
the B !X+, A possible explanation for this will be given in the
next section.

One can see in Fig. 5 and Fig. 10 of Ref. 21 that the
HCI('II) state, the inner minimum of HCI(B'=*) and
some other states also are within the reach of the energy of
the second 193 nm photon. The lowest fluorescent state gen-
erated by vertical excitation of HCI(X) is (B '=*,0' = 8) at
10.25 eV.?® All lower lying states are heavily predissociat-
ed.?® We did not observe emission in the respective wave-
length range at 121.1 nm and below, probably because the
fluorescence yield is small ( <0.04)2° and the detection sen-
sitivity of the present system is very low at these wave-
lengths.

Obviously for the HCl intermediates formed in the 193
nm photolysis, only the singlet ground state is energetically
accessible (Fig. 5), which in turn undergoes an allowed tran-
sition to the HCI(B) state by absorbing a second ArF-laser
photon. The remaining fragments, CCl, in reaction (4) and
CHC! in reaction (6) are also generated in their singlet
ground states if spin is conserved in the first photolysis step.
The corresponding situation can be more complex in some
cases for the Cl, intermediate. The CH, radical generated
from CH,Cl, by reaction (5) possesses a triplet ground
state. With spin conservation, the other fragment Cl, ought
to be produced in a triplet state but the available energy is
insufficient to excite the lowest Cl, triplet states at about 2.1
eV (see Table I). The missing triplet emission at 254 nm and
the extremely weak singlet emission might be indicative for
the spin forbidden process. Furthermore, it should be noted
for the formation of Cl,(1 'S, ) that the CH, radicals can-
not be generated in their lowest singlet state, 0.392 eV above
the ground state*? because the available energy does not per-
mit this.

Providing spin conservation is obeyed and considering
the available energies and the singlet—triplet splittings of the
photolysis fragments,’* both triplet and singlet interme-
diates can be generated in the ArF-laser photolysis of CHCIl,
and CCl,. Because of the large singlet—triplet splitting of
CO,’ only singlet fragments should be allowed for COCl, in
reaction (1). It should be cautioned, however, not to stress

the spin conservation rule too much since the low fluores-
cence intensities are not necessarily in support of it.

Subsequent, allowed transitions in the second absorp-
tion step can populate all observed Cl, states except
ClL,(2'Il,). This state cannot be reached from the
Cl,(X '=;") ground state because of the g-u selection rule,
which usually is strict. Its excitation from the (1 %1, ) state,
on the other hand, only violates spin conservation, which
may be less rigorously obeyed for the heavy Cl, molecule.
The detailed understanding of this process requires further
work. ‘

The KrCl* emission is an interesting monitor of the en-
ergy of reacting CI? since at least 8.06 ¢V are required to
form excited KrCl* in reaction (7). Thus, CH,Cl, cannot
yield this emission [see reaction (5) of TableI] in agreement
with the present results and the extremely weak VUV emis-
sion intensity. On the other hand, the occurrence of this
emission in the photolysis of CHCl; demonstrates that (al-
most) all excess energy appears in the observed Cl¥ frag-

- ments [reaction (3)]. In the photolyses of CCl, and COCl,,

the excess energies are much larger than 8.06 eV and such a
detailed conclusion cannot be drawn. For the formation of
ArCl* emission, the excitation energy of CI¥ has to be at
least 9.2 eV. As stated above, the excitation energy of Cl¥
most likely does not exceed 8.9 eV for all molecules studied
here. This inference is in agreement with the lack of ArCl*
fluorescence at 185 nm.

2. ArF + KrF

The energy of a KrF-laser photon (5.000 eV) is signifi-
cantly less than that of an ArF-laser photon (6.415 V).
Therefore, the number of states capable of being reached by
the second KrF-laser photon is reduced to Cl,(2 °I, ) and
some other triplet states'>'* close to the Cl,(2°I1, ) state.
This can be easily seen for Cl, fragments being formed by the
first 193 nm photon and having an excitation energy of
slightly less than D,. Then the Cl, excitation can be at most
7.48 eV, which is well above the excitation energy of
CL,(2°I1,) (7.185)" but below the lowest excited bound
singlet state. In the ArF-laser photolyses of CCl, and COCl,
which form these highly excited Cl, molecules, the detection
of triplet emission at 254 nm therefore is of no surprise. But
for CHCl,, the data of Table I suggest that the total energy
might be insufficient for generating the 254 nm emission.
The fact that triplet emission still is observed for CHCI, will
be explained in the next section.

It is evident from Fig. 5 that no excited bound state of
HCI can be reached in the ArF + KrF-laser experiments.
From the above discussion it is furthermore clear that two
KrF-laser photons have insufficient energy for the forma-
tion of highly excited bound Cl, and HCI states.

D. Enthalpy of formation of CHCI

In this section we will discuss two peculiarities already
mentioned: The apparent lack of energy (1) to excite
HCI(B '=%) in the case of the two ArF-laser photon photo-
lysis of CH,Cl, and (2) to form Cl,(2 *I1; ) and /or higher
triplet states in the case of the mixed ArF + KrF-laser pho-
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tolysis of CHCl,. Both processes [reactions (3) and (6)]
have the photofragment CHCI in common. Of all the values
for the enthalpies of formation used in the present work, that
for CHCI(AH J, = 334 + 45 kI mol ' ") is the least accu-
rately known. In fact, the absolute uncertainty of this value
is about 30 times greater than the combined uncertainties of
the other species involved in the two relevant photodissocia-
tion processes. From the energetics of the photodissociation
processes, an upper limit of the enthalpy of formation can be
estimated. Most appropriate for this purpose appears to be
the formation of CL,(2 *II, ) in the ArF + KrF-laser photo-
lysis of CHCIl, since (a) the electronic excitation energy of
C1,(2°11, ) is accurately known'* and (b) vertical excita-
tion of the potential minimum appears to be possible for the
primary Cl, photodissociation products. Both presupposi-
tions are not fulfilled that well for the other process forming
HCI(B 'S+) (see Fig. 5). With the use of Eq. (8):

AH % (CHC)
= E(ArF) + E(KrF) + 3/2RT + AH% (CHCL,)
— AH% (Cl,) — AE(Cl$) (8)

we calculated AH %, (CHCI) to be <314 kJ mol~". An up-
per limit is given because we cannot exclude formation of
internal energy in the fragments and excitation of triplet
states higher then C1,(2 *I1, ). In this equation, AH §, (X) is
the enthalpy of formation of species X at 0 K and 1 atm,
E(ArF) and E(KTrF) are the energies of ArF and KrF-laser
photons and AE(CIl}) is the excitation energy of Cl,.

In a previous work? the short wavelength cutoff for the
VUYV emission was observed to be 143 + 3 nm in the two-
photon ArF-laser photolysis of CHCl,. Replacing (KrF) by
E(ArF) and taking the energy for this wavelength into ac-
count for AE(CI?), we obtain a value of (307 4+ 17)
kJ mol~' for AH %, (CHC1). Also, this value will be an up-
per limit if not all the excess energy appears in the fluores-
cent Cl, and if the excited Cl, does not emit to the lowest
levels of the ground state. With this new value for AH %,
(CHCI) the energy available in reaction (6) for the two-
ArF-laser-photon generation of HCI(B) is 9.68 eV (instead
0f 9.40 eV). This energy is sufficient to excite HCI (B '=+)
in the case of CH,Cl, [see point (1) above].

V. CONCLUSION

This paper presents a report on a study of the fluores-
cence emissions in the ArF-laser photolyses of chlorinated
methanes and COCl, using an unfocused laser beam. These
emissions were produced by absorption of two photons and
were identified to originate from different (singlet and tri-
plet) states of highly excited Cl, for the photolyses of COCI,,
CCl,, CHCl,, and CH,Cl, and from HC1(B) for CHC], and
CH,Cl,. Pump and probe experiments with two ArF and
ArF + KITF lasers established the existence of intermediates
in each case. These intermediates were recognized to be Cl,
excited below the dissociation limit and vibrationally excited
HCI molecules in their electronic ground state. Excitation
energies up to the dissociation limit were observed for Cl, in
the photolyses of COCl, and CCl,. The formation of excited
Cl, and HCl in the first absorption step most likely are minor

photolysis processes and hence are of secondary importance
for stratospheric photochemical processes which occur at
around 200 nm. The experimental technique applied in this
work presents a very sensitive tool to monitor minor photo-
lysis products with small excitation energies.? It further al-
lows one to prepare molecules in the outer minima of double-
minimum potential curves by vertical excitation from the
outer turning points of the hot molecules at long bond dis-
tances. Energy considerations lower the reported value of
the heat of formation of CHCI to less than 307 4+ 17
kJ mol L.
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