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Cross Sections for the Quenching of Hg(6s6p!P:)
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Absolute cross sections for the quenching of Hg(6s6pP1) by simple molecules were measured by employing
a Stern-Volmer type intensity measurement combined with a phase-shift measurement of effective radiative
lifetime. The cross sections are approximately gas kinetic, except for rare gas atoms and tetrafluoromethane.
The cross sections can be correlated with the Cg long-range force parameter to the power 0.52.

Mercury is the most fundamental and widely used
photosensitizer. Study on mercury-photosensitized
reactions has the longest history in the field of
photochemistry and relevant reactions have been dealt
with in many review articles.!-8 However, most of the
study has been concentrated on the triplet excited-state
mercury, the Hg(6s6p3P1) and Hg(6s6p®Po) states, and
much less study has been made on Hg(6s6p!P:)-
sensitized reactions.®-1® No absolute values of cross
section for the quenching of this state have been
reported yet. Since the energy of Hg(*P;) is
175 kJ mol-1 higher than that of Hg(3P,), it is expected
that some chemical exit channels which are not
available in reactions of Hg(3P1) or Hg(3Po) are open
in reactions of Hg(*P;). For example, CO is not
produced efficiently in the Hg(3P1)-sensitized reaction
of CO2, while CO is one of main products in the
Hg(!P1)-sensitized decomposition of CO2.1¥ Quench-
ing processes of the 1P; excited states of Cd, Zn, Mg,
and Ca have been studied more extensively than
reactions of Hg(1P;).7.8.16-26) [t has been revealed that
the 1P, states of these metal atoms are far less selective
in quenching than the lower-energy 3P; states, and
that the quenching cross sections are very large,
comparable to those for gas kinetic collisions, except
for rare gas atoms and perfluoroalkanes.?8,16-20,24-26)
In other words, the quenching processes of these
excited atoms are entrance-channel controlled. The
cross sections for the deactivation of these 1Py states as
well as the metastable 3Pz and 3Py states of rare gas
atoms can be correlated with the C¢ long-range force
parameter to a power between 0.2 and 1.0, for cross
sections larger than 50X10-20 m27.8.20 As for the
Hg('P:1) state, a similar relationship between cross
sections and Cs parameters has also been postulated
on the basis of measurements of relative quenching
efficiency obtained by Granzow et al.7-%:2? In the
present work, absolute cross sections for quenching of
Hg(6s6p!'P1) by simple molecules are determined and
compared with those of analogous P, states of the
other groups IIA and IIB metal atoms.

Experimental

The basic principle of lifetime measurement is the same

as that described previously.?® Resonance radiation at
184.9nm from a microwave-powered mercury lamp was
amplitude modulated at a frequency of 80, 100, or 120 kHz.
This resonance radiation was used to irradiate a cylindrical
reaction vessel made of Suprasil quartz, 31 mm in length
and 27 mm in internal diameter, which contained a drop of
mercury. The resonance fluorescence from the mercury
vapor in the vessel as well as the exciting light from the
lamp was detected alternately, with the aid of an aluminium
mirror, with the same photomultiplier tube (Hamamatsu,
R106) in conjunction with a vacuum ultraviolet monochro-
mator (JASCO, VUV-1B). The phase difference between the
photomultiplier signal and the internal reference signal of a
lock-in amplifier (NF Circuit Design Block, 5610) was
measured. The lifetime is given by the tangent of a phase
delay angle of fluorescence relative to the excitation divided
by the angular frequency of the modulation. In order to
check the effect of the resonance radiation at 253.7 nm, some
measurements were performed with a y-ray irradiated LiF
plate, which absorbed the 253.7 nm line more than 99%
while transmitting the 184.9 nm line around 50%. It was
confirmed that the lifetime is independent of the 253.7 nm
light intensity.

In Stern-Volmer type experiments, the output of the
mercury lamp was modulated at 70 Hz. At this frequency,
steady-state can be assumed. The ratio of the fluorescence
intensity in the absence of quencher, I, to that in the
presence of quencher, I, was measured as a function of
quenching gas pressure. The detection system was the same
as that used for the lifetime measurement. The bimolecular
rate constant for the quenching of Hg('P1), kg was
determined by using:

o
I

=1 4 kqrere[Q], (1

where, 7 is the effective radiative lifetime of Hg(!P;) in the
absence of quencher as derived from the phase-shift
measurement, and [Q] is the concentration of quencher.
The validity of Eq. 1 will be discussed later. In order to
avoid the effect of pressure broadening, measurements were
performed in the presence of 8 kPa of He, which is much
larger than the quencher gas pressure, except in the case of
quenching by rare gas atoms. In the case of rare gas atoms,
the total pressure was kept constant at 33 kPa. Since the
quenching gases used in the present work do not absorb the
184.9 nm resonance line, no correction was necessary for
direct absorption. The quenching cross section, g, can be
obtained by dividing kq by the mean relative velocity,
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(8RT/7mu)'2, where R is the gas constant, T is the absolute
temperature, and u the reduced mass. The pressure of gases
was measured with a mercury manometer. Low pressures,
below 1 kPa, were estimated by the expansion technique
using a known volume ratio. Experiments were performed
at 30612 K.

Similar experiments to determine the cross sections for the
quenching of Hg(3P:) by Hz and D2 were also performed. In
this case, a glass cut-off filter was inserted between the lamp
and the reaction vessel to remove the 184.9 nm resonance
radiation.

Research-grade He (Japan Helium Center), N2 (Toyo
Sanso), Hz (Showa Denko), D; (Takachiho Kako), and CO
(Takachiho Kako) were used after being passed through a
column of heated copper chips at 590K and a trap filled
with molecular sieve 4A cooled at 77 K. Ar (Nihon Sanso)
and Xe (Takachiho Kako) were used after being treated in
the same procedure of purification except that the
temperature of the cold trap was raised properly. The
organic compounds except n-CsHio (Tokyo Kasei) were
products of Takachiho Kako and used without further
purification. Hg was used after repeated distillation under
vacuum.

Results

Quenching of Hg(3P1) by Hz and D2.  In advance of
quenching measurements of Hg('P:1), the cross
sections for the quenching of Hg(3P:) by Hz and D2
were measured. It was found that the apparent
radiative lifetime of Hg(3P;) in the absence of
quencher is dependent on the modulation frequency.
The measured lifetime in the presence of 8 kPa of He
increased from 1.2 to 1.5pus when the modulation
frequency was changed from 30 to 120 kHz. A similar
increase in lifetime with increase in modulation
frequency has also been observed in the case of
Cd(3P1), and this has been attributed to the effect of
radiation imprisonment.2? On the other hand, the
Stern-Volmer plots under the steady-state conditions
in the presence of Hz and D2 were found to be linear.
If we employ the average of the measured lifetimes
between 30 and 120kHz, 1.3 pus, as the effective
radiative lifetime, the absolute quenching cross sec-
tions are calculated to be 28X10-20 and 29X10-20 m?
for Ho and D, respectively, by employing Eq. 1.
These values agree well with the literature values.30-32
Although there is an uncertainty in the estimation of
effective lifetime, the above agreement should be
enough for check of the present apparatus. In
addition to this, it was found that the reciprocal of the
measured lifetime of Hg(3P1) in the presence of Hy,
1/1, increased linearly with the Hz pressure, and the
slope did not show any marked dependence on the
modulation frequency. If this value can be correlated
with the quenching rate constant by the following
equation, which is an exact expression when the
radiation trapping can be ignored:
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then, the quenching cross section for Hs is calculated
to be 29X10-20m2, which agrees well with that
determined by the first procedure as well as the
literature values.

Imprisonment Lifetime of Hg(!P;). Because of the
presence of radiation trapping, the effective radiative
lifetime of Hg('P:1) measured in the absence of
quencher was much longer than the natural radiative
lifetime, 1.4 ns,”-® but it showed no dependence on the
modulation frequency between 80 and 120 kHz in
contrast to the Hg(3P;) case. On the other hand, the
lifetime depended not only on the temperature of the
system but also on the He pressure. Since the addition
of a buffer gas is considered to broaden the spectral
line, we supposed, at first, that the imprisonment
lifetime would be shortened by the addition of a buffer
gas even if the quenching efficiency by the gas is
negligible. However, the lifetime in the absence of
any buffer gas was found to be around 100 ns, which
was shorter than that in the presence of a few kPa of
He. The imprisonment lifetime increased with
increase in the He pressure up to 0.5 kPa, and then
began to decrease. Under the present experimental
conditions, i.e., in the presence of 8 kPa of He and at
30612 K, the effective radiative lifetime was around
160 ns. The fluctuation in the lifetime during the 1 or
2h period necessary to perform a Stern-Volmer
measurement for one species was less than the random
error due to the uncertainty in the phase-angle
measurement of the fluorescence, 10 ns.

Quenching Cross Sections of Hg('P:). Figure 1
shows Stern-Volmer plots for four representative
quenchers. Linearity of similar plots for the other
quenchers was also good. The cross sections for the
quenching of Hg(1P;) were determined by employing
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Fig. 1. Stern-Volmer plots for Hy(O), Dx(®), CsHs
(A), and Nx(O).
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Table 1. Cross Sections for the Quenching of Hg(*P,)®
Quencher Cross section

10-20m?2
Ar <1
Xe <1
Na 79
H, “
D, 4“4
CO 71
CH, 52
C.H, 80
C;H, 132
n-C,H,, 135
neo-CyH,, 198
Fe <1

a) The error limits are +99%; see text.

Eq. 1. In general, Eq. 1 is not a correct expression
when the radiation trapping cannot be ignored.3?
However, according to the numerical calculation by
Phillips,3 under the condition of large optical depth,
the effective radiative lifetime measured by the phase-
shift method is nearly identical with that character-
istic of the Stern-Volmer measurement. In other
words, Eq. 1 may be used to evaluate quenching rate
constants. Boxall et al.3® have also shown experi-
mentally that there is no significant difference
between escape factors for pulsed and steady-state
excitations at high opacities. The absolute quenching
cross sections determined in this way are summarized
in Table 1. These values are much larger than those
for Hg(3P1) or Hg(3Po). The random statistical error
from the least-squares best-fit slopes of the Stern-
Volmer plots was around £3%. Taking into account
the uncertainty in the lifetime measurement, 6%, the
total uncertainty is estimated to be £9%.

Discussion

Imprisonment Lifetime of Hg('P:). The increase
in the imprisonment lifetime caused when a small
amount of He was added, cannot be explained in
terms of the concept of line broadening or quenching.
In order to explain this increase, we considered that
the decay of Hg('P:1) in an evacuated system was
controlled mainly by deactivation on walls. The
mean free path in such a system is controlled by the
vapor pressure of mercury and is about 2cm. On the
other hand, a simple calculation shows that, if the
resonance radiation at 184.9 nm from the lamp has a
Doppler broadened line shape at 1000K and the
hyperfine structure splitting of the 1P; state is much
smaller than the Doppler width at 306 K, then 50% of
the incident light is absorbed within 0.05 mm from the
cell wall. Of course, the spectral line shape of the
resonance radiation from the microwave-powered
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Table 2. Comparison of the Relative Quenching

Cross Sections®
Quencher This work (i:‘a:lz.g)w I\?t'd;‘i‘:;an

N, (1.00) (1.0) (1.0)

Ar <0.01 1.1

H, 0.56 0.2

D, 0.56 0.55

co 0.89 1.0 2.3

CH, 0.65 0.3 2.3

C,H, 1.01 4.8

C,Hy 1.66 2.1

a) N, was chosen as a standard. b) Ref. 9. c) Ref. 10,

lamp we used must have been severely reversed, and
the excitation in the reaction vessel should have been
much more uniform, but the incident radiation from
the lamp should still have been absorbed mainly
within a thin layer near the cell wall. The addition of
a small amount of a buffer gas decreases the mean free
path and diffusion rate of Hg(!P:) atoms, and
increases the apparent lifetime. Similar deactivation
processes of excited metal atoms at cell walls have also
been reported recently with Zn and Cd.?4:3® The
decrease in the imprisonment lifetime caused when
more than 0.5kPa of He was added can easily be
explained by the increase in the escaping factor due to
the change in the absorption line profile. The
effective radiative lifetime without a buffer gas
estimated by extrapolating the values above 0.5 kPa is
350 ns. This lifetime is a factor of 3 or 4 shorter than
that predicted by the Holstein theory on the
assumption of infinite slab or cylinder geometry.3?
This difference may be attributed to the difference in
geometry of the reaction vessels. The effective
radiative lifetime calculated numerically by Phillips
for a realistic geometry is also one order of magnitude
shorter than that calculated by the Holstein formula
for infinite geometry.34:37

Comparison with the Literature Values. There
have been no measurements of absolute cross section
for the quenching of Hg(1P:), but relative values have
been reported by Granzow et al.? and Madhavan et
al.l®  Granzow et al.?® employed a Stern-Volmer
measurement, while Madhavan et al.19 estimated the
cross sections by measuring production rates of
Hg(3P;) from Hg(*P;). In Table 2, the results are
compared. The agreement is very poor. If we choose
N2 as a standard, the value for CO reported by
Granzow et al.? is in reasonable agreement with the
present result, but their result for Hz is a factor of 3
smaller than the present one. Granzow et al.? have
described nothing about total pressure. Therefore, we
suspect that they did not keep the total pressure
constant. If they did not, this may be a cause of error,
because the effective radiative lifetime as well as the
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amount of light absorbed is considered to depend on
the total pressure. It is more difficult to explain their
result for Ar. Since the quenching of the 1P; states of
Mg, Cd, and Zn by Ar is inefficient,”8.16,19,24.25 we are
sure that the present result for Ar is much more
reasonable. The quenching efficiency by Ar observed
by Granzow et al.? is too large to be explained by
effects of impurities in Ar, such as quenching and
direct absorption of the 184.9nm resonance line.
Therefore, it is hard to give any reasonable
explanation for this discrepancy. The agreement
between the present results and those of Madhavan et
al.19 is still worse. The change in total pressure may
also be a cause for the discrepancy in this case.
However, in any cases, we suspect that their method is
too indirect for quantitative determination of cross
sections.

Recently, Callear and Du!® have discovered three
emission bands from a mixture of Hg('P;) and Xe.
They have assigned the carrier of a broad band near
215nm to a bound complex of Hg('P;) with Xe
formed in a slow termolecular process, and the other
carriers to excited complexes which are correlated to
Hg(®P2). They have also demonstrated that the
production of Hg(3P2) from Hg(*P,) by Xe occurs in a
bimolecular process with a considerably large cross
section, 4X10-20mz2, The former conclusion is
consistent with the present results, while the cross
section they obtained for the formation of Hg(3P2) is
fairly large compared with the present value for the
quenching of Hg(*P1).

Correlation with the Cs Parameter. In the case of
the 1P; states of Cd, Zn, Mg, and Ca, the quenching
cross sections can be correlated with the propor-
tionality constant for the attractive part of the
Lennard-Jones 6—12 potential, Cs, to a power
between 0.2 and 0.9.78.16-20  Breckenridge and
Renlund!® have also pointed out that if only the
quenching by simple alkane hydrocarbons are
considered, the cross section increases rather linearly
with increase in the Cs parameter in the case of Cd(*P1)
and Zn(1P,). In the present case, the cross
sections are very large except for CFs and rare gas
atoms and a good correlation could be obtained
between logiooq and logioCs as illustrated in Fig. 2.
Figure 2 also suggests that a still better correlation can
be obtained if only the cross sections by the alkane
hydrocarbons are plotted. This will be discussed later.
It should be noted that the cross sections for the
quenching of Mg('P;) and Cd(!P;:) by CF4 are also
much smaller than those expected from the Cg
correlation.!6:19 The Cg parameters were estimated by
using the Slater-Kirkwood approximation. The
procedure was the same as that employed by
Breckenridge and Umemoto.1%:29 In general, for
entrance-channel controlled quenching, net coupling
to the final states must occur at a distance greater than
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Fig. 2. A log-log plot of the cross sections for the
quenching of Hg('P1) versus the long-range forces
Ce parameter. The solid line is the least-squares fit
of the data, while the dashed line is the fit for
only alkane hydrocarbons. The C¢ parameters are
in atomic unit.

the hard-sphere collision distance. As for quenchers
with positive or slightly negative electron affinities,
such as N2 and CO, the large quenching efficiencies
have been explained in terms of the charge-transfer
mechanism, in which it is assumed that facilitating
potential surfaces with appreciable charge-transfer
character are sufficiently low in energy.”"® On the
other hand, in the case of saturated hydrocarbons,
since the electron affinity is considerably negative, the
above charge-transfer mechanism cannot be applied.
It has been postulated that a strong chemical interac-
tion of the 'P; states with individual C-H bonds
provides necessary attractive potential surfaces.”-®
Then, the inertness of CFs; may be attributed to the
lack of attractive chemical interaction between the P
states and the C-F bonds. In the reaction of Mg(1P;)
with alkyl C-H bonds, two processes have been
postulated; insertion into C-H bonds and direct
abstraction of H atoms.?? Both of these chemical
interactions should be less attractive in the case of C-F
bonds because of the stronger bond strength,3® as well
as the heavier atomic weight of atom F. The least-
squares slope of the log-log plot shown in Fig. 2 is
0.521+0.08. Very similar results could also be obtained
if the parameters for the dispersion forces were
estimated from polarizabilities and ionization poten-
tials according to the formula presented in Ref. 39. In
this case, the slope is 0.5410.09. These values are
smaller than those for Cd(*P1) and Zn('P;) and nearly
equal to the value for Mg(!P1). It is interesting that
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the empirical rule proposed by Breckenridge that the
slope increases with increase in the electronic energy
of the excited state, is not fulfilled in the present
case.”"® On the other hand, if we restrict the
discussion only to the quenching by the alkane
hydrocarbons, the slope of the log-log plot shown in
Fig. 2 is 0.96+0.10. Very similar results can be
obtained for the other groups IIA and IIB metal
atoms. The slopes are 0.8510.16 for Cd(!P:),
1.041+0.14 for Zn('P:), 0.86+0.06 for Mg('P1), and
0.78+0.17 for Ca('P:). These results are more
consistent with the absorbing sphere model.”-®
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