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Abstract

Absolute quantum yields UClþCl� for the formation of chlorine atoms were measured under collision-free conditions

for the gas-phase dissociation of carbon tetrachloride (CCl4) after pulsed laser photoexcitation at 193 and 135 nm. By

means of a photolytic calibration method, where the gas-phase photolysis of HCl was utilized as a reference, values of

UClþCl� (193 nm)¼ 1:5� 0:1 and UClþCl� (135 nm)¼ 1:9� 0:1 could be obtained which demonstrate the importance of

the ultraviolet (UV) and vacuum-UV photolysis of CCl4 as an efficient source of atomic chlorine formation.

� 2002 Published by Elsevier Science B.V.

1. Introduction

Carbon tetrachloride (CCl4) has been widely
used as an organic solvent until it has been realized

that after being released to the atmosphere it can

be decomposed by ultraviolet (UV) and vacuum-

ultraviolet (VUV) radiations in the stratosphere

leading to the formation of chlorine atoms which

enter into the ozone destroying ClOx cycle [1–3].

Among the chlorinated and fluorinated methanes

involved in the stratospheric ozone destruction
CCl4 has the highest ozone depletion potential

(ODP) [4]. As a consequence, much effort has gone

into the determination of the optical absorption

spectrum in the UV and VUV spectral regions

[5–10], as well as into the measurement of nascent

photoproduct fluorescence yields after excitation

by VUV radiation [8,9,11,12]. In addition, studies

on the formation dynamics of ground-state
Clð2P3=2Þ and spin–orbit excited Cl�ð2P1=2Þ chlorine
atoms after UV and VUV laser photoexcitation

were carried out [13,14]. However, as far as the

primary quantum yield for chlorine atom forma-

tion is concerned, to the best of our knowledge, no

direct measurements of this quantity under colli-

sion-free conditions have been reported so far.

The focus of the work to be presented in the
following was on the measurement of the absolute

quantum yield for chlorine atom formation in the

193 and 135 nm photolysis of CCl4. The present

experiments were performed under collision-free

conditions in a low-pressure flow reactor at room

temperature using the pulsed laser photolysis/

vacuum-ultraviolet laser-induced fluorescence (LP/

VUV-LIF) �pump-and-probe� technique in com-
bination with a photolytic calibration approach.
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2. Experimental

The CCl4 gas-phase photolysis studies were

carried out in a flow reactor using the experimental

arrangement described in detail elsewhere [15].
Hence, only experimental details relevant to the

present studies will be given in the following.

CCl4 (AppliChem, >99%) degassed prior to use

by several freeze–pump–thaw cycles was pumped

through the reactor at room temperature. The gas

flow rate in the reactor was set high enough to

ensure fresh sample gases between successive laser

shots at the laser repetition rate of 6 Hz. In the UV
and VUV photolysis experiments the CCl4 pres-

sure was typically 10–18 mTorr. For the photolytic

calibration HCl (Messer Griesheim, 99.99%) was

pumped through the cell at pressures of typically

50–70 mTorr (UV photolysis) and 400-450 mTorr

(VUV photolysis).

In the first part of the work the unpolarized

output of an ArF excimer laser (193 nm emission
wavelength, pulse duration 15–20 ns) was em-

ployed as a photolysis (�pump�) laser to dissociate

the CCl4 parent molecules. Very low pump laser

intensities (2–5 mJ/cm2) had to be employed dur-

ing the measurements in order to avoid multi-

photon dissociation of CCl4 (which could be

observed at pump laser intensities >30 mJ=cm
2
).

As depicted in Fig. 1a, a linear dependence of the
chlorine atom signal on the pump laser intensity

was observed under the low pump laser intensity

conditions of the present experiments demon-

strating that the Cl and Cl� photofragments orig-

inate from a one-photon dissociation process.

For LIF detection of chlorine atoms, narrow-

band VUV �probe� laser radiation ðDxVUV �
0:3 cm�1Þ tunable in the wavelength region 133.5–
136.4 nm was generated by resonant third-order

sum-difference frequency conversion of pulsed dye

laser radiation (pulse duration 15–20 ns) in Kr

[16]. In the four-wave mixing process ðxVUV ¼
2xR � xTÞ the first frequency xR ðkR ¼ 212:55
nm) is two-photon resonant with the Kr 4p–5p

ð1=2; 0Þ transition and kept fixed during the mea-

surement. The second frequency xT could be tuned
from 480 to 521 nm to cover the four allowed

Clð4s2Pj0  3p2Pj00 ; j0 ¼ 1=2; 3=2 j00 ¼ 1=2; 3=2Þ
transitions [17]. Ground-state Cl(2P3=2) and excit-

ed-state Cl�ð2P1=2Þ atom fragments were detected

employing the (j0 ¼ j00)-transitions at xCl ¼
74228:0 cm�1 (134.72 nm) and xCl� ¼ 73980:9
cm�1 (135.17 nm), respectively, which have the

highest transition probabilities [18]. The probe la-

ser beam was aligned to overlap the pump laser

beam at right angles in the viewing region of the
LIF detector. The delay time between pump and

probe laser pulses was typically 150� 10 ns, which

allowed the collision-free detection of the nascent

Fig. 1. Dependence of the Cl atom signal (a) on the photolysis

(�pump�) laser intensity in the 193 nm photolysis of CCl4 and (b)

on the VUV �pump/probe� laser intensity as obtained in the 135

nm CCl4 photodissociation experiments. Solid lines are the re-

sult of a least-squares fit ðInpumpÞ to the experimental data in

order to determine the power-dependence n of the respective

LIF signals. The values obtained for n are given in the figure.
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Cl and Cl� atom products under the low-pressure

conditions of the experiments. Under the present

experimental conditions, relaxation of Cl� by

quenching as well as fly out of the Cl, Cl� atoms

and secondary reactions with CCl4 or HCl were

negligible. In the two-color, 193 nm pump and
VUV probe, photolysis experiments the �VUV-self-

photolysis-background� subtraction method used

in our previous CH3CF2Cl (HCFC-142b) UV

photolysis studies was adapted to obtain LIF sig-

nals which originate from chlorine atoms solely

produced by the 193 nm pump laser pulse (see e.g.

[19]).

In the second part of the study, the VUV laser
radiation was utilized to photodissociate the CCl4
parent molecules as well as to detect the nascent

Cl, Cl� photodissociation products within the same

laser pulse (the duration of the laser pulse was

about 10–15 ns). In all experiments special care

was taken to separate the VUV laser radiation

from the unconverted fundamental laser beams by

means of a lens monochromator (see Fig. 1 of
[20]). Cl and Cl� LIF signals were observed

through a band pass filter, ARC model 130-B-1D,

by a solar blind photomultiplier positioned at right

angles to both pump and probe laser. During the

measurements the VUV laser beam intensity was

monitored with an additional solar blind photo-

multiplier. Each point of the recorded Cl, Cl� atom

Doppler profiles was averaged over 30 laser shots
at a laser repetition rate of 6 Hz. LIF signals, UV

pump and VUV probe beam intensities were re-

corded with a boxcar integrator system.

In the two-color (193 nm pump and VUV

probe) experiments care was taken that the ob-

served Cl, Cl� atom LIF signals in the CCl4 (see

Fig. 1a) as well as in the HCl photolysis showed a

linear dependence on the pump laser and on the
VUV probe laser intensities. In these experiments

the Cl, Cl� atom LIF signals were normalized

point-by-point to the UV pump and VUV probe

laser intensity.

In the one-color (VUV pump–probe) experi-

ments the Cl, Cl� atom LIF signals were normal-

ized point-by-point to the square of the VUV

(pump/probe) laser intensity. The (n ¼ 1þ 1)-
photon nature – one-photon parent CCl4 molecule

dissociation followed by a one-photon Cl, Cl�

atom LIF-detection step – of the process was ex-

perimentally verified by varying the VUV laser

intensity (see Fig. 1b). Similar measurements were

performed in case of HCl where a value of

n ¼ 2:0� 0:1 was obtained. From the observed

VUV laser intensity dependence it can be con-
cluded that �secondary� photolysis of photodisso-

ciation products can be neglected.

3. Results

Absolute primary quantum yields UCl (193 nm)

for Cl and UCl� (193 nm) for Cl� atom formation
were determined in separate measurements by

calibrating the Cl, Cl� atom signals SClðCCl4Þ; SCl�

ðCCl4Þ observed in the 193 nm photodissociation

of CCl4 against the Cl, Cl� atom signals SCl(HCl),

SCl� (HCl) of the well-defined Cl, Cl� atom number

densities generated in the 193 nm photolysis of

HCl (see Fig. 2). Values for UCl (193 nm) and UCl�

(193 nm) were derived via Eqs. (1a) and (1b), re-
spectively, [19]

UCl ð193 nmÞ ¼ cClfSClðCCl4Þ/ClrHClpHClg
=fSClðHClÞrCCl4pCCl4

g; ð1aÞ

UCl� ð193 nmÞ ¼ cCl�fSCl� ðCCl4Þ/Cl�rHClpHClg
=fSCl� ðHClÞrCCl4pCCl4

g; ð1bÞ

Fig. 2. Cl and Cl� atomDoppler profiles measured in the 193

nm photolysis of (a) 14 mTorr of CCl4 and (b) 70 mTorr of

HCl.
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where rHCl and rCCl4 are the room-temperature

optical absorption cross-sections of HCl and CCl4
at the photodissociation wavelength 193 nm. SCl

and SCl� are the integrated areas under the mea-

sured Cl and Cl� atom Doppler profiles and pHCl

and pCCl4
are the pressures of HCl and CCl4, re-

spectively. /Cl� (193 nm)¼ 0.40 and /Cl (193

nm)¼ 0.60 are the Cl and Cl� atom quantum yields

in the 193 nm photolysis of HCl, which can be

derived from the [Cl�]/[Cl] spin–orbit branching

ratio, 0:67� 0:09, obtained previously [19]. For

the HCl absorption cross-sections, the value

rHCl ¼ ð8:1� 0:4Þ  10�20 cm2 was used, which
has been measured for the ArF excimer laser

emission wavelength (193 nm) [21]. For the CCl4
absorption cross-section the value rCCl4 ¼
ð8:6� 0:5Þ  10�19 cm2 was used which was mea-

sured in the course of the present work. The latter

value is in good agreement with the value rCCl4 ¼
8:4 10�19 cm2 which can be derived from the

absorption cross-section data reproduced in [22].
In Eqs. (1a) and (1b), the factors cCl� and cCl are

corrections accounting for the different degrees of

absorption of the VUV probe laser radiation by

CCl4 and HCl. These correction factors could be

directly determined from the known distances in-

side the flow cell and the relative difference in the

probe laser attenuation measured in the CCl4 and

HCl photolysis runs. Under the present experi-
mental conditions the absorption corrections were

cCl � cCl� ¼ 0:75� 0:03. The experimental data

sets which were evaluated via Eqs. (1a) and (1b) to

determine UCl (193 nm) and UCl� (193 nm) con-

sisted of 19 Cl (Cl�) atom profiles obtained in

combination with 19 Cl (Cl�) profiles from HCl

calibration runs. Experimental errors were deter-

mined from the 1r statistical uncertainties of the
experimental data, the uncertainties of the CCl4
and HCl optical absorption cross-sections and the

uncertainty of the [Cl�]/[Cl] value in the 193 nm

photolysis of HCl using simple error propagation.

Values of UCl (193 nm)¼ 1:1� 0:05 and UCl� (193

nm)¼ 0:4� 0:02 were obtained from which a

value of UClþCl� (193 nm)¼ 1:5� 0:1 can be de-

rived for the total chlorine atom quantum yield in
the 193 nm photolysis of CCl4.

In a similar way absolute primary quantum

yields UCl (135 nm) and UCl� (135 nm) were deter-

mined for the 135 nm VUV photodissociation of

CCl4 (see Fig. 3). In this case values of /Cl� (135

nm)¼ 0.36 and /Cl (135 nm)¼ 0.64 for the Cl and

Cl� quantum yields in the 135 nm photolysis of HCl

were used in the evaluation, which could be derived

from the spin–orbit branching ratio, [Cl�]/
[Cl]¼ 0:56� 0:03 measured in the present work.

The latter value of the chlorine atom spin-orbit

branching ratio is in very good agreement with

theoretical results of quantum mechanical scatter-

ing calculations of the HCl photodissociation dy-

namics [23]. Absorption cross section values of

rHCl ¼ ð1:1� 0:1Þ  10�18cm2 and rCCl4 ¼ ð6:3�
0:5Þ  10�17 cm2, obtained in the course of the
present work, were used in the data evaluation of

the 135 nm photolysis experiments. Both values

agree, within the combined error limits, with

the corresponding values of rHCl ¼ ð1:2� 0:1Þ
10�18 cm2 and rCCl4 ¼ ð5:6� 0:6Þ  10�17 cm2,

which can be derived from the absorption cross-

section data reproduced in [24] and [9], respectively.

For the pressure conditions of the 135 nm quantum
yield measurements the correction factors were

cCl � cCl� ¼ 0:95� 0:04. Evaluation of 10 Cl (Cl�)

atom profiles obtained in combination with 10 Cl

(Cl�) profiles from HCl calibration runs yielded

values of UCl (135 nm)¼ 1:5� 0:07 and UCl� (135

nm)¼ 0:4� 0:02 which result in a value of UClþCl�

Fig. 3. Cl and Cl� atomDoppler profiles measured in the 135

nm photolysis of (a) 18 mTorr of CCl4 and (b) 450 mTorr of

HCl.
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(135 nm)¼ 1:9� 0:1 for the total chlorine atom

quantum yield in the 135 nm photolysis of CCl4.

4. Discussion

The observation of primary chlorine atom

product quantum yields UClþCl� (193 nm)¼
1:5� 0:1 and UClþCl� (135 nm)¼ 1:9� 0:1, which
are considerably higher than unity, is consistent

with the fact that for both photolysis wavelengths

the corresponding photon energies, �hx (193

nm)¼ 6.4 eV and �hx(135nm)¼ 9.2 eV, are high

enough to break two C–Cl bonds [11].
For the 193 nm photolysis wavelength, which

leads to an excitation in the red edge of the first

absorption band of CCl4, denoted as A(1t1–r�)
valence band in [9], chlorine atoms can be only

formed via two dissociation pathways (all disso-

ciation energies Ed given in the following were

taken from Table 1 of [11] and refer to the Cl atom

formation channel)

CCl4ð~XX1A1Þ þ �hx! CCl3ð~XX2A1Þ þ ClðCl�Þ
Ed ¼ 2:94 eV; ð2Þ

CCl4ð~XX1A1Þ þ �hx! CCl2ð~XX1A1Þ þ 2ClðCl�Þ
Ed ¼ 5:91 eV: ð3Þ

Therefore, the present result of UClþCl� (193

nm)¼ 1:5� 0:1 implies that substantial amounts

of the observed chlorine atoms must be formed via

the three-body decay channel (3) along with

CCl2ð~XX1A1Þ products. The latter implication is

consistent with the results of previous photode-

composition studies at 214 and 185 nm in which

primary quantum yields for CCl3 and CCl2 for-
mation were determined from the analysis of sta-

ble photochemical reaction products after

irradiation of static CCl4 samples in the presence

of different radical scavenging agents [25,26].

These studies revealed a pronounced increase in

the CCl2 quantum yield after the photolysis

wavelength was decreased from 214 to 185 nm. In

addition, these studies along with the results ob-
tained at a photolysis wavelength of 163 nm [26]

(which leads to an excitation in the blue edge of the

A band) indicate that at the same time the CCl3
quantum yield decreases rapidly with decreasing

photolysis wavelength (see Table 1).

At a shorter photolysis wavelength of 147 nm,

which results in B(1t1–4s) band Rydberg excitation

of CCl4 [9], the rather low CCl3 quantum yield
UCCl3 ¼ 0:04� 0:02 determined in [26] demon-

strates that the C–Cl single-bond cleavage path-

way (2) is only of minor importance in the VUV

photolysis of CCl4. The low value of the CCl3
quantum yield along with the CCl2 quantum yield

of UCCl2 ¼ 0:6� 0:2 led the authors of [26] to the

conclusion that an additional three-body frag-

mentation process of the kind

CCl4ð~XX1A1Þ þ �hx! CClðX 2PÞ þ Cl2 þ ClðCl�Þ
Ed ¼ 7:38 eV; ð4Þ

Table 1

Quantum yields of primary products formed in the gas-phase photolysis of CCl4 at different UV and VUV photodissociation wave-

lengths kphoto

kphoto 254 (4.9) 214 (5.8) 193 (6.4) 185 (6.7) 163 (7.6) 147 (8.4) 135 (9.2)

UCCl3 0:9� 0:1b 0.4c 0:25� 0:05b 0:04� 0:02b

UCCl2 0:05� 0:03b 0.6c 0:76� 0:2b 0:6� 0:2b

UCCl 0:36� 0:22d

UClþCl� 0:9� 0:1a 1:0� 0:13f 1:5� 0:1e 1.6f 1:77� 0:3f 1:6� 0:64f 1:9� 0:1e

kphoto is given in nm. The corresponding excitation energies �hxphoto are given in parentheses in units of eV.
aFrom [25] (derived from Br2 consumption measurements in the 254 nm photolysis of CCl4=Br2 mixtures).
b From [26].
c Values reported in [25].
dValue calculated from the respective values of UCCl3 and UCCl2 : UCCl ¼ 1� UCCl3 � UCCl2 .
e Present work.
f Values calculated from the respective values of UCCl3 ;UCCl2 and UCCl : UClþCl� ¼ UCCl3 þ 2 UCCl2 þ UCCl (for details see text).
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which does not result in CCl3 or CCl2 formation

must be operating at that wavelength. CCl radical

formation was already proposed in [25] in con-

junction with the results of previous 147 nm pho-

todecomposition studies of CCl4. Following this
proposition, a CCl quantum yield of 0.36 (see

Table 1) can be derived from the given values of

UCCl3 and UCCl2 via UCCl ¼ 1� UCCl3 � UCCl2 (in

this calculation a total CCl4 photodestruction yield

of unity was assumed which is not unreasonable

considering the absence of any vibrational struc-

ture in the B absorption band of CCl4 [9]). As can

be seen in Fig. 4, the resulting chlorine atom
quantum yield UClþCl� (147 nm)¼ 1:6� 0:64 is not

inconsistent with the chlorine atom quantum

yields derived from the UV (A band) photolysis

studies and the chlorine atom yield measured in

the present work at 135 nm (see also Table 1).

The 135 nm photolysis wavelength excites CCl4
in the red edge of the first component of the strong

X band doublet of the absorption spectrum, which
has been assigned to a (2t2–4s) Rydberg transition

[9]. The observation of CCl2ð~AA1B1–~XX
1A1Þ fluo-

rescence emission which closely follows the shape

of the D(1t1–4p) and X(2t2–4s; 2t2–4p) band ab-

sorption spectrum in the 140–120 nm wavelength

region indicates that for photolysis wavelengths

<150 nm a new chlorine atom formation channel
(5) which results in electronically excited CCl2
fragments starts to operate [11]

ClCl4ð~XX1A1Þ þ �hx! CCl2ð~AA1B1Þ þ 2ClðCl�Þ
Ed ¼ 8:05 eV: ð5Þ

Although this reaction channel might not con-

tribute significantly to chlorine atom production in

the 147 nm photolysis (as indicated by the quite

small CCl2ð~AA1B1–~XX
1A1Þ fluorescence cross-section

observed across the B band) a substantial contri-
bution to the chlorine atom formation can be in-

ferred for the 135 nm photolysis wavelength from

the pronounced increase in the subsequent D and

X bands (see e.g. Fig. 1 in [9]).

5. Summary

Absolute quantum yields for the formation of

chlorine atoms UClþCl� (193 nm)¼ 1:5� 0:1 and

UClþCl� (135 nm)¼ 1:9� 0:1 were measured in gas-

phase photodissociation studies of CCl4 under

collision-free conditions. The fact that both values

are considerably higher than unity demonstrates

the presence of chlorine atom producing three-

body decay channels, which emphasize the im-
portance of the UV and VUV photolysis of CCl4
as a quite efficient source of atomic chlorine in the

earth�s atmospheric photochemistry.

Acknowledgements

Partial financial support by the Deutsche Fors-
chungsgemeinschaft (DFG) is gratefully acknowl-

edged. ALwas supported by the Landesgraduierten

F€oorderung Baden-W€uurttemberg. We thank Dha-

nya Suresh for her help in the VUV photolysis ex-

periments. HRV wants to thank Prof. J. Wolfrum

(Director of the Institute of Physical Chemistry,

Ruprecht-Karls-University Heidelberg) for his

continuous interest in the present work.

Fig. 4. Primary quantum yields for chlorine atom formation

ðUClþCl� ) in the UV and VUV photolysis of CCl4. Values are

plotted against excitation energy. Open circles are the results of

the present direct measurements. Solid symbols represent values

derived from the analysis of stable photochemical reaction

products observed after the irradiation of static CCl4 samples

[25,26]. For further details see text and Table 1. The dashed line

is included just to guide the eyes.
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