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Summary

We describe a kinetic study of chlorine atoms in the 3p5(2P,) ground
state using time-resolved resonance line absorption in the vacuum UV.
C1(32p;) was generated by the repetitive pulsed irradiation of molecular chlo-
rine in a flow system kinetically equivalent to a static system and monitored
photoelectrically at A = 138.79 nm (3p*4s(*P,,,) « 3p°(*Pj,9)) using signal-
averaging techniques. A kinetic regime was employed in which first order
diffusion of chlorine atoms to the walls completely dominated the compet-
ing effect of atomic recombination. The variation of this decay process in
helium, coupled with the use of the “long-time solution’’ of the diffusion equa-
tion for a cylinder, was used to measure the diffusion coefficient D, , of
C1(32P;) in helium which was found to be 0.43 + 0.01 cm?s ™ at 1 atm (7 =
300 K). The result is compared with that for the diffusion of argon in
helium.

1. Introduction

A large body of absolute rate data for reactions of atomic chlorine in
the 3p® ground state configuration has been reported in recent years [1]
as a result both of fundamental kinetic interest in this species and of the role
of chlorine atoms in stratospheric pollution by chlorofluorocarbons (freons)
[2, 3] . The atomic diffusion coefficient is clearly of basic concern to the
consideration of such gas phase kinetic processes. In this work the measure-
ment of the diffusion coefficient of C1(32P,) by resonance line absorption
in the vacuum UV in the time-resolved mode is described. Two general
considerations of this technique will clarify the nature of the measurement.
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(1) Decay rate measurements in which the atom is monitored directly
in “real time”’, as opposed to the use of a mechanistic assumption of a
balance between, say, the production of chlorine atoms by a combination
of photochemical and kinetic processes and the loss of chlorine atoms by
diffusion, ensures that it is the diffusion process that is being studied. In the
simplest terms, the decay rate in real time should be inversely propor-
tional to the total pressure. This condition should be satisfied when diffu-
sional decay followed by efficient wall removal dominates gas phase kinetic
removal. This is achieved in the present measurements by the low energy
photochemical generation of chlorine atoms from Cl, under conditions in
which the rate of atomic recombination is small.

(2) The rate measurements described here were made on a time scale
and in a pressure regime such that spin—orbit relaxation of any photochem-
ically generated chlorine atoms in the 2P,,, state, 881 cm™ above the Pz,
ground state [4], had been completed. This can be seen by reference to the
collisional quenching rate data for CI(3p°®(®Py;)) [5, 6]. Hence, the two
states are in Boltzmann equilibrium in this investigation and it can be shown
readily that monitoring of either the J = 1 level or the J =  level will lead to
identical kinetics. Thus, the resulting rate measurement, in the present case a
diffusional rate, describes the behaviour of a Boltzmann averaged system for
these two close-lying electronic states. In contrast, rate measurements specific to
the J =1 level can be made provided that a short time scale is employed
following the pulsed generation of Cl(3%P,;,) before a Boltzmann equilib-
rium is established [5, 6].

2. Experimental

The experimental arrangement for studying Cl(32P,) was similar to that
described by Fletcher and Husain [5, 6] for the study of C1(3%Py;,) with
some modifications. In contrast with these earlier spin—orbit relaxation
studies, which employed CCl, as the photochemical precursor [5, 6], atomic
chlorine was generated in these experiments by the repetitive pulsed irradia-
tion (E = 63 J, 0.2 Hz) of Cl, in the presence of excess helium in a standard
coaxial lamp and vessel assembly using a flow system kinetically equivalent
to a static system [5, 6]. C1(32P;) was monitored via the resonance transi-
tion in the vacuum UV at A = 188.79 nm (3p*4s(*Pys;5) « 3p°(®P3.2)) [4]
using a mlcrowave-powered atomic emission spectroscopic flow lamp [7,

81 (pay, = 2.0N m™2 py. = 130 N m2 typically; EMI microwave generator
type T 1001 EMI cavity C 111; incident power, 35 W) and was detected
photoelectrically by means of a “solar blind”” photomultiplier (EMR 541G-
08-18) mounted on the exit slit of a 1 m concave grating monochromator
(Hilger and Watts E 760). The resulting photoelectric signals, representing
transient resonance absorption by CI(32P;,,), were amplified without distor-
tion [9], were transferred and were stored in a transient recorder (Biomation
610 B) which was interfaced to a 200-point signal averager (Data Laborato-
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(k)
Fig. 1, Digitized time variation of the transmitted light intensity I,, at A = 138.79 nm

(Cl(3p*4s(*Pg,2)) > C1(3p°(®P3,2))) indicating the decay of CI(32P;) following the pulsed

irradiation of molecular chlorine in the presence of helium (E = 63 J; repetition rate,

0.2 Hz; p
average of

=17N m"’, Dtotal with He = 1.06 kN m—z;sweep rate, 100 us channel—l;
6 individual experiments): *, experimental data points; +, computerized

fitted points; (a) raw data; (b) smoothed data.
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ries DL 102A). The contents of the signal averager, representing the results
of typically 16 individual experiments on a given flowing reactant mixture,
were transferred onto paper tape (Data Dynamics Punch 1133) in binary
code for analysis using the University of Cambridge IBM 370/165 computer.

3. Results and discussion

Figure 1(a) shows the result of a typical photoelectric signal at A =
138.79 nm indicating the decay of Cl(32P3,2) following the pulsed irradia-
tion of Cl, in helium. The data were analysed using the standard Beer—
Lambert law directly (L, = I exp (—ecl)) rather than a modified law (k. =
I exp {—(ecl)’} [10]). v was found to be extremely difficult to calibrate
in these experiments in view of the large scatter in the intercepts of first
order Kkinetic plots derived from decays such as that given in Fig. 1(a); this
calibration depends on the reproducibility of absolute atomic chlorine con-
centrations at ¢ = 0 in contrast, of course, with the slopes of first order
decays which only depend on the time variation of relative atomic chlorine
concentrations. From an empirical viewpoint the photoelectric signals (e.g.
Fig. 1(a)) can be readily fitted by means of the Beer—~Lambert law to a first
order kinetic decay, i.e.

[01(32P3/2)]t = [01(32P3/2)]t=0 exp (—k't)
or
In{In(Ilp/1 )}, = —k 't + constant

where k'’ is the overall first order decay coefficient for C1(32P,) in a given
experiment. This can be seen by the inclusion of both the experimental
data points and the points resulting from computerized curve fitting in
Fig. 1(a) and, more satisfactorily, from the smoothed curve (Fig. 1(b)) which
was obtained using the data-smoothing procedure of Patterson [11]. Thus,
k' may be derived from the decay of atomic chlorine in the various reac-
tion mixtures investigated using the computerized curve-fitting procedure.
We may also note the collisional spin—orbit relaxation time 7, for the low
excess population of C1(3%P,,,) above the Boltzmann distribution that
would be photochemically generated, for example, with the reaction
mixture indicated in Fig. 1. Employing the spin—orbit relaxation quenching
rate constant for Cl(32P1,2) by Cl; obtained by Fletcher and Husain {5]

(k =(4.5 %+ 0.4) X 10711 cm® molecules ! 571 (300 K)), we see that, for
[Cl,] =17 N m™2, 7.,/ = 18 + 2 us which is negligible compared with the time
scale indicated in Fig. 1. The collisional relaxation time is, of course, very
rapid compared with the mean radiative lifetime 7, for spontaneous emis-
sion for C1(32P,,) > CI(32Pg;3) + kv (881 cm™), calculated by Husain and
Donovan [12] to be 83 s using the standard equations for magnetic dipole
emission [13 - 15]. Thus, we are clearly monitoring the kinetic decay of

a Boltzmann distribution for C1(32P,) using the resonance transition con-
nected with CI1(3%P3,,).
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TABLE 1

First order rate coefficients &’ for the decay of C'l(3zPJ) at various
pressures with helium

Potar (Torr) k(5 Piota (Torr) E (s
142 1490 7.83 268
1.71 1250 8.50 268
2.29 876 9.74 233
2.39 924 10.90 160
292 853 11.50 237
3.39 601 12.30 197
4.29 619 13.00 206
5.87 397 14.90 161
6.70 382 19.40 146
7.79 319
1500
1200 |-
— 9001 o
ﬁ 6001 c
300[—
0 1 L 1
0 0.2 0.4 0.6 0.8
-t
1/p total (torr™ )

Flg 2. Variation of the pseudo first order rate coefficient k' for the decay of Cl(8p (zPJ))
in the presenoe of excess helium, obtained by time-resolved line absorption at A = 138.79
nm (3p 48(41’5,2) «3p (2P3 /2)) followmg the pulsed irradiation of Cl,.

The resulting measured first order rate coefficients for the decay of
C1(32Py) in the presence of excess helium are listed in Table 1. Before
deriving the diffusion coefficient for atomic chlorine from these data, we
stress that the good first order decays that may be fitted to plots of the type
given in Fig. 1 are further substantiated both by order-of-magnitude calcula-
tions, including the effect of atomic recombination, and (see later) by the
plot itself (Fig. 2) from which the diffusion coefficient is derived. Dealing
first with the effect of atomic recombination, the removal of atomic chlo-
rine both by first order kinetic decay (k') and by atomic recombination
according to the overall processes
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Cl (+ wall) » .Cl, k'
Cl + Cl + He -+ Cl, + He R,
yields an integrated rate expression of the form

[Cl]t.; oeﬁk’t

1+ 2k [Cl],-o[Hel (1 —e™*)/k

[cj, =

An experimentally observed first order decay for atomic chlorine will clearly
result if the ratio R = 2k,[Cl],.o[He] /%' is much less than unity. Taking
the most unfavourable case of the last datum point in Table 1 (pg. = 19.40
Torr (1 Torr = 133 N m™2), ' = 146 s71), an estimate of 1% photolysis of
molecular chlorine (pg, = 0.05 Torr) at the energy of 63 J employed here
(compared with a previously observed value of 10% for a flash energy of
1500 J [16]) and k; = 6 X 1073 c¢cm® molecules™2s™ [16], we see that R
~ 8X 1074

On the basis of the foregoing, given that the removal of atomic chlorine
is governed by diffusion to the walls of the reaction vessel, then the “long-
time solution” of the diffusion equation for a cylinder (length /{ = 30 cm,
radius r = 0.95 cm) yields [17, 18]

k'=(a%/1% + 2.412/r)D, , ~ 5.81 D, 5/r®

as 2> r2. Since the diffusion coefficient D, , is inversely proportional to
the pressure p, a plot of k' versus 1/p should yield a straight line as shown
in Fig. 2. Furthermore, the intercept of the plot passes through the origin
within experimental error and the slope yields D; 5(CL(382P;) in helium) =
0.43 £ 0.01 cm? s at 1 atm.

This type of kinetic method has been used to determine diffusion
coefficients of electronically excited iodine atoms I(5p°(*P,/z)) in noble
gases [12, 19, 20]. The most sensible quantitative comparison is perhaps
that with the result for the diffusion coefficient of the nearest noble gas
(argon) in helium where D, ;, = 0.641 cm?s™! at 1 atm [21]. The larger inter-
molecular forces that would be expected between chlorine and helium
would, in the simplest terms [21], lead to a lower value for D, ,. A quanti-
tative estimate of this, however, such as that arising from the use of the
“first approximation Chapman—Enskog equation’ [21], would require more
fundamental data than at present available in order to calculate the colli-
sion diameter o, , and the appropriate transport integrals Q¢ via the
interaction energy e; ; and thus the resulting effect on D, ,. Significant
differences in D, , for ClI(3%Pg,,)and CI(3%Py;;) in helium would not be
expected in view of the small energy difference between these two electronic
states.
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