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The gas phase electron spin resonance technique has been applied to study the quenching efficiency of Hg-

(6°P,) mercury atoms by molecular hydrogen.

The concentration of hydrogen atoms produced by the mercury

photosensitized decomposition of molecular hydrogen in a flow apparatus was followed as a function of the partial

pressure of hydrogen with argon, neon, and hydrogen as carrier gases.
action mechanism proposed was shown to be in agreement with the experimental observations.
ching rate kg was evaluated from the experimental results.

The quenching of excited mercury atoms Hg
(6%P;) was first observed by Cario and Franck! and
since that time this process has been the subject of
numerous detailed investigations. Several compre-
hensive reviews of the literature have appeared.?:3)
Most investigators have devoted their attention to
studying the quenching of excited Hg(3P;) mercury
atoms by hydrogen,»® or hydrocarbons,2-4:10-13)
though many detailed studies have been made of the
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The kinetic equations derived from the re-
The total quen-

quenching processes caused by other molecules.”:12-14)
Undoubtedly the reaction of this type which has been
most extensively investigated is that of the mercury
photosensitized decomposition of molecular hydrogen.
These extensive studies have been carried on not only
because of the intrinsic importance of the quenching
process itself, but because the mercury photosensitized
decomposition of molecular hydrogen has proven to
be a clean source of hydrogen atoms of considerable
importance in the study of hydrogenation processes.

The quenching of excited mercury Hg(63P;) atoms
has been measured by both physical and chemical
methods. Thus Thomas and Gwinn® studied the
quenching efficiency of molecular hydrogen by measur-
ing the pressure changes in the reaction cell. Cveta-
novic? developed a chemical method for the estimation
of quenching efficiencies. This method is based on
chemical analysis of the reactants. Generally mix-
tures of nitrous oxide and hydrocarbons were used to
quench the excited Hg*(63P;) atoms, and subsequent
product analysis enabled relative values for the
quenching efficiencies to be estimated. Both
physical'?21® and chemical methods%1% have been
used to study the quenching of excited mercury Hg
(6%P,) atoms by alkanes and related compounds. The
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flash photolysis technique was first used by Callear and
Norrish?) to investigate mercury photosensitized
reactions and in particular to study the role of
Hg(3P,) atoms. Callear and Williams!5:1%) studied
mixtures of mercury vapour and various gases when
subjected to a single pulse of uv radiation. A micro-
wave pulse method was developed by Callear and
Hedges”® and applied particularly to study the role
of HgH as an intermediate in Hg(63P;) photosen-
sitized reactions. More detailed studies of the for-
mation of HgH in the mercury photosensitized de-
composition of molecular hydrogen were reported by
Callear and McGurk?. Many workers have studied
the importance of complex formation as an intermediate
in the quenching of excited mercury Hg(63P;) atoms
by molecules other than hydrogen. Thus Homer
and Lossing!® as the result of studies using a mass
spectrometric technique postulated the formation of a
HgCO* complex with a life-time of about 3 x10-5
sec to account for the results of their study of the reac-
tion Hg(6%P,) atoms with CO. This same system was
studied extensively by Karl, Kruss, and Polanyi®-21)
who recorded the infrared emission of vibrationally
excited carbon monoxide to its ground state. The
results were also interpretated in terms of the formation
of a HgCO* complex. Later, in an extensive phy-
sical and chemical study?» of the Hg/CO system,
by London, Vikis, and Le Roy, it was stated that the
results failed to yield any substantial additional evi-
dence for the existence of the HgCO* complex.
Recently electron spin resonance spectroscopy has
been used to study atom concentrations in reacting
systems. In the case of certain reactions it has proved
possible to detect atomic hydrogen in the gas phase at
concentrations as low as 10°-10" atom/cc, and to esti-
mate the concentrations of such atomic species quan-
titatively.29) This method has been applied to the
study of the mercury photo-sensitized reaction between
hydrogen and oxygen.?*) In this paper we describe
a somewhat improved experimental method using
electron spin resonance spectroscopy and a flow system
to study in greater detail this photosensitized reaction.

Experimental

The pure cylinder hydrogen used in these experiments
was further purified by passage through a catalytic deoxy-
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genator unit (Deoxo), and through a cold trap held at liquid
nitrogen temperature. The other gases used, namely
argon and neon, were obtained from the Matheson Company
and were stated to be better than 99.9989;, pure. Before
use these were passed through a cold trap held at liquid
nitrogen temperature.

Figure 1 shows a schematic diagram of the experimental
arrangement. The gaseous mixtures containing hydrogen
were introduced to the reaction vessel after passing through
the thermostated mercury saturator. The vapour pressure
of the mercury was varied by changing the temperature of
the circulating water cooling the saturator. The temper-
ature could readily be controlled to +0.2°C. After passing
the radiation zone the gases entered the ESR cavity operating
in a TE;;,, mode. The partial pressure of the gases was
determined by measuring the flow rate of each gas which
was accurately controlled by needle valves at the inlet and
outlet of the system. The capillary flow meters were care-
fully calibrated before use.

TE:ozc"V"y
pu”ur.///— S 4 Low Pressure Pressure
Tap’ // \\‘ ' Mercury Lamp Tap
O, Inlet
\ ’ 1 ;
“ b1 ] t 5
N A Air Mercury
~. - e
s= Temperature Saturator
Electromagnet Controlled Gas
Water = “Inlet
H
=1S5cm. Heater c? 9
L=10cm.

Fig. 1. Diagrammatic sketch of the experimental apparatus.

The irradiations were carried out using a Hanovia low
pressure mercury vapour lamp which was spiral in form and
having a diameter of 5 cm, and was 15 cm in length. The
flow tube was 2 cm o.d. quartz coated on the inside with
DuPont Teflon to reduce the rate of recombination of the
hydrogen atoms at the surface. It is well known that with-
out such wall coatings it is difficult to observe ESR signals
due to H atoms because of high efficiency of the recombi-
nation due to wall collisions when uncoated quartz is used.
A X-band homodyne ESR spectrometer using a modulating
frequency of 100 kHz was used to determine the hydrogen
atom concentrations. The H atom concentrations being

peak height (arbitrary units)

o 20 30 40 50
Integrated intensity (arbitrary unit)
Fig. 2. Relationship between the integrated intensity and
peak height of the ESR spectrum of H atoms in a flow
system at mean pressures of 0.3 to 0.2 torr,
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estimated by comparing the integrated intensities with lines
in the ESR spectrum of molecular oxygen whose concen-
trations in the reaction zone was known. The integration
was achieved by using two successive operational amplifiers
which provided respectively, the first and second integrals
of the original derivative spectrum. A plot of the integrated
intensity of the atomic hydrogen ESR signal against the peak
heights is shown in Fig. 2. These data were obtained at
mean pressures of hydrogen of 0.3 to 2.2 torr in the flow
system.

Results and Discussion

As will be clear from the above, our experimental
technique yields values for the variation of the concen-
tration of the hydrogen atoms as a function of
pressure. These data can be used to develop a kinetic
analysis of the processes which occur when excited Hg
(63P,) atoms are quenched by molecular hydrogen.

When ground state mercury atoms Hg(61S,) absorb
radiation of wavelength 2537A the following initial
processes occur:

ky
Hg(6'S,) + hv — Hg(6%P,)) 1)
k2 )
Hg(6°P;) — Hg(6'S,) + hv (2)

Collision of the excited Hg(63P;) atoms with molec-
ular hydrogen leads to a number of processes, all of
which are of importance in understanding the nature
of the complex reactions involved in the overall quench-
ing phenomena.

The first reaction leading to the production of hy-
drogen atoms which obviously occurs is

k
Hg(6°P,) + H, —» HgH + H (3)

Indirect evidence for the formation of HgH
was obtained by Thomas and Gwinn.» Various
workers®10:29:28) have discussed the possibility of this
process both in terms of studies of potential surfaces
correlating the Hg(6%P,) atom and molecular hy-
drogen energy states, and phase-space theory in which
reactive scattering is assumed to occur when the re-
lative energy of translation exceeds the hump in the
effective interaction potential curve. The observa-
tion of the spectrum of HgH in flash spectroscopic
studies of mixtures of mercury and H,, D,, by Callear
and Hedges”®, and by Callear and McGurk?
clearly established that reaction (3) does occur. We
should perhaps mention that Callear and McGurk?
have suggested that the interaction of Hg(63P,) atoms
and molecular hydrogen is somewhat more com-
plicated than has been indicated in Eq. (3). They
suggested that the following sequence of reactions
occur,

Hg(6°P;) +H, — HHgH?* (insertion)
HHgH* — HHgH (crossing)
HHgH — HgH + H (dissociation)

In the present studies, however, we are of the opinion
that Eq. (3) is an adequate representation of the
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interaction. The HgH formed in reaction (3) was
found® to decay in less than 200 usec.

Various mechanisms have been suggested for the
subsequent reactions of the HgH produced in reaction
(3). It may for example simply dissociate rapidly
as follows

HgH + M — Hg(61S,) + H + M

since the bond dissociation energy of HgH is only 8.6
kcal mol~1. Another possible reaction is, of course,

HgH + H — Hg(6'S,) + H,
which was postulated by Thomas and Gwinn® and
subsequently adopted by a number of workers.6—%22)

Apart from reaction (3) there are two other quench-
ing processes which must be considered to be of some
importance, namely

ky

Hg(6°P,) + H, — Hg(6°P,) + H, @)
k

Hg(6°P,) + H, — Hg(6'8,) + H, ()

The role of spin-orbit relaxation (reaction (4)) in the
quenching of excited mercury (63P;) atoms has been
studied in some detail%7-9:12-14.22) and it is clear
that in the case of hydrogen reaction (4) is an im-
portant process. Corresponding processes must occur
when a carrier gas is used in the experiments using
hydrogen mixtures so we must, in these cases, also in-
clude the following processes

k

Hg(6°P,) + M — Hg(6°P,) + M (6)
k

Hg(6°P,) + M —— Hg(61S,) + M @

many authers!—%7-9,12-14,29,30,32,33) have considered the
role of metastable Hg(63P;) atoms in mercury photo-
sensitized reactions. Callear and Hedges?-® showed con-
clusively that both molecular hydrogen and deuterium,
in the presence of large excess of nitrogen react with
Hg(63P,) atoms in the manner analogous to reaction
(3), namely:-

Hg(6°P,) + H, — HgH + H (31H)

Hg(6°P,) + D, — HgD + D (3'D)

and that the yields of HgH (or HgD) were slightly
higher from Hg(6%P,) than from Hg(63P,) atoms.
Earlier, however, Callear and Norrish® had shown that
the cross-section for quenching of Hg(62P,) by molecular
hydrogen is 0.08A2, whereas that for Hg(3P;) and
hydrogen is 6A2. More recently London et al.22) and
Callear and McGurk!” have confirmed that the rate
of deactivation or reaction of Hg(6%P,) atoms by
hydrogen is very small. For these reasons it is un-
likely that reaction (3'H) is of any major significance
in our case. The only reactions of Hg(6%P,) atoms
with hydrogen which need be considered are therefore,
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59, 2758 (1963).
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Hg(6°Py) + H, — Hg(6'S,) + 2H ®
Hg(6°Py) + H, — Hg(6%S,) + H, 9)
The corresponding reaction to (9) may also occur

with a non-chemically reacting atom or molecule,
i.e.,

k1o
Hg(6°P,) + M — Hg(6'S,) + M (10)
Because the life-time of the Hg(6%P,) atoms is long,
the radiative transition to the ground state
Hg(6°Py) — Hg(6'S,) + hv'
is also not likely to be of importance in our case.
The termination reactions involving hydrogen atoms
are:—
H + H + H,(M) — H, + H,[M] (11)
H (wall) — 14H, (12)
Since the life-time of Hg(63P;) is quite short and the
quenching processes kg, ky, and k; (and k,) are fast,
we can assume that a steady state concentration of
Hg(6%P,) and Hg(63P,) will quickly be established.
Applying the normal steady state approximations we

obtain the following equation for the rate of formation
of hydrogen atoms:—

d[H]/dt = 2k,[Hg(6°Py)]ss[H,] + 2ks[Hg(6°Py)]ss[He)
— kyo[H] =y, [H]?[H,]

As the total pressure in the flow tube was lower than
5 torr, and the concentration of hydrogen atoms was
also so low, the termolecular recombination process
(11) can be neglected, particularly as the transit time
from the irradiation zone to the cavity is probably
only 103 sec. Equation (13) therefore can be sim-

(13)

plified to
d[H]}/dt = 4 — k,[H], (14)
where
O anHy) ka[HL] 4 ko[M]
4= k2+kH[H2]+kM[MJ{ o skH°[H2]+km[MJ}‘ (15)

In Eq. (15) we have written ky for ks+k,+£;, ky for
ke+kq, and ky° for kg+k,.

Outside the illumination region the rate of formation
of H atoms can be neglected so in those regions Eq.(14)
has the form

d[H]/d¢ = —kp,[H]. (16)

Under our experimental conditions when [H,]>»[H],
then the hydrogen atom concentration [H], in the ca-
vity given by the expression

(17)

H], = 1 {1 —exp(—ky,L/v) ;exp(—ky,l/v).

k
Where L is the length of the illumination zone, / the
distance from the end of the illumination zone to the
ESR cavity, and v is the linear flow velocity. The
effect of the flow velocity on the hydrogen atom con-
centration in the cavity [H], at constant pressure of
hydrogen of 0.374 torr is shown in Fig. 3. If we assume
that k,L/v and kyl/v are both«1, then from Eq.
(17) we obtain the result
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Fig. 3. Plot of hydrogen atom concentration [H], as a
function of 1/v at pressure of hydrogen of 0.374 torr.

which is in agreement with the experimental results
as shown in Fig. 3.
From Egs.(13)—(17) we can obtain the expression

)

B k
e = ke —2
[El, (b + [H,]
| (] + o[ M]
(aky® + koky) [Ho] + (Rykyo +Eske) [M]

where B=(2I]k;,){1 —exp(—ky,L[v) }exp(—k;,l[/v) which
is constant under the conditions of our experiments
where L, v, and I were kept constant. To evaluate
ky=ks+k, ks we proceed as follows. Eq. (18) can
be rewritten as

g~ (o i)

where C=Bk°/(ksky°-+keks) if we neglect the quen-
ching by inert gases used as carriers. A series
of experiments were carried out using Ar, Ne, and
H, as carrier gases at constant flow rate. Plots
of the function 1/[H], obtained from the measure-
ments of [H],, the hydrogen atom function in the
cavity against 1/[H,] are shown in Figs. 4, 5, and 6.
Least squaring the data gave the values of kyjk, at
20°C listed in Table 1. The ratio ky/k, was evaluated
because the method was thought not to be accurate
enough to determine the parameters separately.

To evaluate k; we need to have an estimate of £,

Lo as)

(19)

]

504

40+

1/[H]. (arbitrary units)

T T T T T T T
10 20 30 40 50 60 7.0

1/[H,] (torr-1)

Fig. 4. Plot of 1/[H]. against 1/[H,] at total pressure of
1.0 torr with argon as the carrier gas,
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1/[H]. (arbitrary units)
o
0
1

20 40 €0 80 100 120 1O 160
1/[H,] (torr-1)

Fig. 5. Plot of 1/[H], against 1/[H,] at total pressure of
2.0 torr with neon as the carrier gas.

v T
o] o] o] [o]
1 1 L 1

1/[H]. (arbitrary units)

)
1

l.lO 2‘0 3’40 41‘0 50 60
1/[H,] (torr-1)

Fig. 6. Plot of 1/[H]. against 1/[H,] with hydrogen as
carrier gas.

under the conditions of our experiments. The true
lifetime of Hg(63P;) atoms with respect to radiation
has been reported by Garrett?”) as being 1.08 x 10-7
sec. This value may, however, need correction be-
cause of the possible imprisonment of the resonance
radition, which has the effect of decreasing this value
as the mercury vapour pressure is increased. For
the range of mercury vapour pressure used in our
experiments, we may make use of the expression (20)
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proposed by McAlduff and LeRoy?®)

ky = (1—¢[Hgl)/z (20)
when ¢ is a constant. As has been pointed out by many
authors?%-31) radiation imprisonment effects depend
on the geometry of the cell as well as the nature of the
light source used. Under our experimantal conditions
it was difficult to measure the concentration of the
mercury atoms with high precision. This difficulty
was, however, circumvented to an acceptable degree by
the following method. The concentration in the reac-
tor region was assumed to be linearly related to that
in the saturator. If we assume there was little change
in I, then by reducing the concentration of mercury
atoms by one half, we carried out a determination of
kyu/ks with the temperature of the reactor at 12°C at
which point the vapour pressure of mercury is one half
the value at 20°C. The value of the ratio (ky/ks)see/
(kufks)12° was found to be 0.91, and substituting this value
into Eg.(20) we obtain the result that k,=1.2/r. This
enables us to calculate k;; from the data in column 2 of
Table 1. The resulting values of £y are given in column

3 of Table 1. The only other data available for com-
TaBLE 1. SUMMARY OF THE RATE CONSTANTS AT 20°C
Carrier kalk, « I:‘l?)l—_l: ?elzﬂ_ 1 Literature

gas (torr-1) this work values

H, 1.11+0.20 22.5+4.0  30.7 (Ref. 22)
Ar  1.05+0.41  21.2+8.2  29.0 (Ref. 1)
Ne 0.98+-0.33 20.9-+5.7

parison is given in column 4 which are obtained by
a chemical method.»?» The chemical method for
determining the kinetic parameters is possibly subject to
several inherent errors. The ESR method is more
direct and may be more accurate. The agreement
between the two sets of values is, however, satisfactory.
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