Journal of Photochemistry, 3 (1974/75) 285 - 289 285
© Elsevier Sequoia S.A., Lausanne — Printed in Switzerland

PHASE-SHIFT STUDY OF THE QUENCHING AND TRAPPING OF Cd
228.8 nm RESONANCE RADIATION

PETER D. MORTEN, COLIN G. FREEMAN, RODNEY F. C. CLARIDGE and
LEON F. PHILLIPS

Chemistry Department, University of Canterbury, Christchurch (New Zealand)
(Received June 3, 1974)

Summary

Cadmium vapour at ~ 560 K has been irradiated with 228.8 nm
radiation from a microwave discharge lamp modulated at 30 kHz. The phase
angle of 228.8 nm fluorescence, relative to a fixed reference signal, has been
measured as a function of the partial pressure of quenching gas. Rate
constants kg for the quenching of Cd (5'P;) have been calculated from:

To/T= 1 +kQNQTO

where T is the trapping time for resonance radiation in the presence of Ng
molecules of quencher per cm3, and T, is the trapping time in absence of
quencher. Trapping times were determined from the phase shift between

the exciting light and the fluorescence; the phase angle corresponding to zero
phase shift was obtained by an extrapolation procedure. Values for kg are
given for Q = He, Ar, H,, N,, NH;, N,O, CO,, CO, propene and n-butane. The
values range from 5.2 X 1072 to 1.5 X 10™? cm® molecule™ s71; T, was typ-
ically 1.4 us. i

Introduction

The possibility of using phase-shift measurements to estimate radiation
trapping times and quenching rates in systems of large optical depth was
previously investigated by computer simulation [1]. We now report a practical
application of the results of that study. For fluorescence excited by a mod-
ulated source of radiation, the phase delay, §, between the fundamental
components of the exciting radiation and the fluorescence defines a trapping
time, 7, such that:

tan § = 2xfT (1
where f is the modulation frequency. Ty, the trapping time calculated from

the phase-shift measured in the absence of a quencher, is not the same as the
trapping times which are characteristic of either the quenching of steady-state
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fluorescence or the decay of fluorescence when excitation ceases. If the
concentration »f quencher is not too large the trapping time T derived from
phase-shift measurements in the presence of quencher obeys a Stern—Volmer
equation of the form:

To/T =1+EkgNgTo (2)

where kq is the rate constant for quenching by a species whose concentration
is Nq molecules cm™3. In the present experiments the observed phase-shifts
were sufficiently large that Ty could be determined with reasonable precision
directly from the phase-shift data. This is in contrast to a previous study of
quenching and trapping of Lyman a-radiation [2], where T, was obtained

by extrapolation on the basis of the assumption that the trapping time gov-
erning the intensity of steady-state fluorescence was equal to T,.

Several studies have been reported of the quenching of resonance ra-
diation from Cd(3P,) at 826.1 nm [8 - 5] but, apart from a few preliminary
measurements [4, 6], there appear to be no data for the quenching of
resonance radiation from Cd(*P,) at 228.8 nm.

Experimental

The experimental system was similar to that described previously [7, 8].
The main differences from the system described in ref. [8] were that the
filter between the lamp and reaction cell was removed and that the configura-
tion of the cell was rotated through 90 ° so that the exciting radiation
entered the fluorescence cell along a line perpendicular to the entrance slit
of the McPherson Model 218 monochromator. This was necessary in order
to minimize errors arising from variation of phase angle with distance from
the point of entry of the exciting beam [1]. Observations were made with a
slit width of 0.8 mm, the fluorescence being viewed through a collimating
system of aperture ~ 1 °. The viewing region of the cell was approximately
1.5 cm from the window through which the exciting radiation entered. The
experimental procedure consisted simply of measuring the phase angle at a
point of quadrature of the modulated 228.8 nm fluorescence signal, relative
to the internal reference signal of the lock-in amplifier, over a range of pres-
sures of the quenching gas. All experiments were carried out with a modula-
tion frequency of 30 kHz. The pressure of Cd remained constant at 9 X 1072
Torr (saturated vapour pressure at 255 °C) during the experiment. Quenchers
used were research grade materials, or were purified as previously de-
scribed [7].

Results
Representative curves showing the variation with pressure of the observ-

ed phase angle & (relative to the internal reference signal of the lock-in
amplifier) are shown in Fig. 1. At infinite pressure of quencher the phase
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Fig. 1. Variation of ohserved phase angle, ®, with quencher gas pressure (modulation

frequency 30 kHz). ® has arbitrarily been set at values shown below. From top to bot-

tom curves are for: Ny (®g = 8.0° 8¢ = 16.6 * 0.2°); NyO(Pg = 4.0°, 5o = 14.7 + 0.2°;

n-butane ($g=0°,65=1565.0+0.2°).

Fig. 2. Stern—Volmer plot of T'y/T against quencher gas pressure for data shown in Fig. 1.
® n-butane;0, NyO;®, Ng,. (Points are read from smooth curves of Fig. 1.)

delay due to quenching and trapping must become zero, while at zero pres-

sure of quencher the phase delay will be due solely to the trapping time T,.
Thus 6§ ¢ must be given by the difference in observed phase angles at the two
extremes, i.e.

g =P — Do 3)

At intermediate pressures the phase delay due to trapping and quenching is
given by:

=, — (4)
Hence
tan(® . — Py)
= 5
0 onf (5)
and
tan(® .. — P T
ant ©) = 20 14 kaNeT, 8)

tan(® .. — @) T

Of the quantities which are required for the evaluation of Ty and kg, ¥4 and
¢ are readily available. However, as the pressure of quencher is increased to a
large value the intensity of fluorescence decreases sharply, which prevents & ..
from being determined directly. ® .. was found by an iterative procedure in
which the first estimate of ®.. was based upon the high pressure limit of the
observed curve of ¢ against quencher pressure. Thereafter ®.. was adjusted
to obtain optimum linearity of a plot of Ty/T vs. the pressure of quencher
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TABLE 1

Results for quenching and trapping of Cd 228.8 nm resonance radiation

Quencher Ty/us kQ/cm3 molecule 1§71 og X 10'%/cm? Temperature/K
He 0.98 5.2 x 10712 0.30 563
Ar 1.19 7.0 X 10712 1.10 561
H, 1.69 2.6 x 1010 10.7 558
Ng 1.58 3.6 x 10710 50 557
NH, 1.60 5.2 x 10710 58 557
NoO 1.39 9.1 x 10 1° 149 556
co, 1.33 9.2 x 10710 150 567
co 1.33 1.01 x 107° 138 568
propene  1.42 1.46 X 1072 234 562
n-butane .1.42 1.49 x 1072 267 568

(eqn. 6) at low pressures. In this way ®.. could be estimated to within 0.2 °
(i.e. a variation of more than 0.2 °in the value of &.. in either direction caus-
ed a perceptible curvature in the plot of Ty/T vs. Ng). The uncertainty in @ ..
resulting from this procedure, together with scatter in values of &, leads to a
total uncertainty in 8, of + 0.5 °. This in turn leads to an estimated uncer-
tainty of +4% in values of T, and an uncertainty of +10% in the final values
of kq. Figure 2 shows a test of eqn. (8) for some representative quenchers.
Table 1 lists the results obtained for the 10 different quenching gases used.
In addition, measurements were made with O, as quencher but are not listed
because of their lack of reproducibility. These results indicated that kg for
O; is certainly greater than that for n-butane (1.5 X 107?) and this is there-
fore considered a lower limit for O,. Quenching cross-sections, oo were cal-
culated from:

5
0qg=kq (nuu/8RT) (7

where the symbols have their usual meaning.

In addition to the experiments with 228.8 nm radiation, some measure-
ments were made for quenching by NH3; of Cd(3P,) at 326.1 nm, in order to
compare results obtained by the present technique with those of other
workers. Values of quenching cross-sections for Cd(3P;) with NH; are shown
in Table 2, and it can be seen that the various results agree within the
combined experimental uncertainties. The trapping time, T, measured for
326.1 nm radiation was 2.5 us which is identical with the lifetime of Cd(3P,)
[9].

Furthermore, the value of kg measured for Cd(*P,) with H, (2.6 X
1071° cm?® molecule™ s ') is in good agreement with the figure of ~ 3.5 X
10710 estimated by Breckenridge and Callear [6].

With the exception of H,, the values of kq listed in Table 1 generally
reflect the size of the quenching molecule. For the larger molecules kg values
are greater than the collision numbers (by up to an order of magnitude in the
case of propene and n-butane). It is apparent that in these cases there must be
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TABLE 2

Quenching cross-sections for ammonia with Cd 326.1 nm radiation

Study ONHg X 1016/cm2
This work 0.049
Lipson and Mitchell [3] 0.041
Steacie and LeRoy [41] 0.052

appreciable attractive forces acting between Cd(1P;) and the quenching mol-
ecule during the quenching process. Variations in the values of Ty outside the
range of the uncertainty quoted above are due to differences in the distance
between the point of entry of exciting radiation and the viewing region be-
tween different experiments. The values of T, observed in the present system
lie between 500 and 800 times the natural lifetime of CA(1P,) (2 X 1072 5) [9],
i.e. the experiments were indeed carried out under conditions of large optical
depth. Some preliminary quenching results were obtained with a system in
which the exciting light entered the cell along a line parallel to the entrance
slit of the monochromator, the length of the incident beam viewed by the
monochromator being about 1 ecm. These results would be expected to err
on the large side because or the effect of variation of trapping time with
distance from the point of entry of the exciting light [1]. In fact the differ-
ence amounted to approximately a factor of 3 in kg. Because of the very
narrow angle of acceptance of the present optical system we consider that
this effect causes a negligible error in the results of Table 1.
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