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Summary

The method of spectroscopically studying transient atoms in absorption
by time-resolved attenuation of atomic resonance radiation has been applied
to electronically excited tin atoms, :.n(5'D2 ) . This atomic state was generated
by the pulsed irradiation of tin tetramethyl in the presence of excess helium
buffer gas and monitored photoelectrically via the resonance transition at
X = 285 .06 nm { Sn[5d(sF2) - [5p2 ('D 2 )] } . The resulting technique is found
to be highly sensitive and has been used to investigate the collisional behaviour
of Sn(51 D2 ) in the presence of the gases He, Xe, H 2 , 0 2, and SnMe4, for
which quenching rate constants at 300 K are reported . These rate constants
are compared with analogous data for other atomic states in Group IV, name-
ly, C(2p 2 'D2 ) and Pb(6p 2 1 D2), and briefly considered from the viewpoint
of spin and orbital symmetry on collision .

Introduction

There is an extensive current interest in the reactivity of electronically
excited atoms in low lying 1 D states above the 3P ground state [1 - 3] . Much
of the experimental work on the 'D state has hitherto been primarily con-
cerned with Group VI atoms, and especially the electronically excited oxygen
atom, O(2p 4 'D 2 ), on account of its importance in the chemistry of the
earth's upper atmosphere [1 - 3] . However, a more general concern in recent
years with the relationship between electronic structure and atomic reactivity,
guided by considerations of spin and orbital symmetry for atom-molecule
collisions [1] , has stimulated experimental investigations to be carried out on
a wider range of atomic states . One practical objective of such studies is to
characterize the collisional behaviour of atoms with the same gross electronic
structure in a given group of the Periodic Table. Direct studies of the reactivity
of atoms in Group IV, especially in the (np 2 1 D2) state, are a growing point
in this field and the concern of this paper . In particular, we describe a highly
sensitive method for monitoring electronically excited tin atoms, Sn(5p 2 'D2),
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1.068 eV above the (5p 2 3 P0 ) ground state [4], and for studying its kinetic
behaviour on a time-resolved basis .

Detailed kinetic investigations of Group IV atoms, in which the 1D state
has been monitored spectroscopically, have hitherto dealt mainly with carbon
and lead. Braun et al . [5] have monitored C(2 1 D2 ) photographically in absorp-
tion by means of kinetic spectroscopy following flash photolysis, and Wolf et
al. [6] have detected this state in a flow system by attenuation of atomic
emission subsequent to the plasmolysis of a number of organic compounds .
However, kinetic data were not reported for this latter study . Husain and
Kirsch [7 - 9] have developed the method of time-resolved attenuation of
atomic resonance radiation for the study of this atomic state following its
production by pulsed irradiation . Husain and Littler [10,11] employed a
similar method for studying Pb(6'D 2) . We now describe a comparable tech-
nique for investigating the kinetic behaviour of Sn(5'D2 ) . The method is
highly sensitive and has been used to obtain collisional quenching data for
this atomic state, for which there have been no previous investigations .
Earlier kinetic spectroscopic work on the tin atom has been restricted to
photographic detection of the ground state in absorption during the variable
high temperatures of explosions [12] . Callear and Oldman [13] have detected
Ge(41 D2 ) following flash photolysis but have not reported kinetic data . The
present results for the collisional quenching of Sn(51D2) are compared with
those for the analogous states of carbon and lead .

Experimental

Sn(5 1 D2 ) was generated by the pulsed irradiation of tin tetramethyl,
SnMe 4 , in the presence of excess helium buffer gas to ensure no significant
rise in temperature on photolysis . A coaxial lamp and vessel assembly, similar
to that described in the study of Pb(6 1D2) [ 10,11] , was employed . The
inner cylinder comprised the reaction vessel and the annular space, of thick-
ness - 2 mm to facilitate an intense plasma discharge between machined
brass electrodes, the photolysis lamp . The common wall was constructed of
standard quartz and permitted photolysis to a lower wavelength limit of -
X = 200 nm. High voltage switching by means of ignitron circuitry (BK66,
B.T.H ., U.K.) was used to fire the photolysis lamp at an energy of 500 J
(C = 10 MF, V = 10 kV) through krypton gas (pKr = 1.3 kN/m2, 1 Torr = 133
N/m2 ) . Following irradiation, both Sn(5'D2), and also the highest state within
the 5p2 configuration, Sn(5 1 So), 2 .128 eV above the 53P0 ground state [41,
were monitored by atomic absorption spectroscopy, as both of these states
are highly optically metastable [14] : the sum of the Einstein coefficients for
the 'D and rS states to all lower levels are given by Garstang [14] as 1 .0 and
8.5 s 1 , respectively . The following resonance transitions were monitored :

Sn[(5d 3F2) F (5p2 1 D2 )] X = 285.06 nm (gA = 11 x 108 s-1 )

	

[15]
Sn[(6d 3D°) F (5p 2 I S O )] X = 291 .45 nm (gA = 9 .5 X 108 C 1 ) [15]
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Themost intense source of the resonance lines was found to be that obtained
from a microwave discharge (incident power 80 W) through a flow system of
SnC14 in helium (vs.cl4 = 2.7 N/m2, Ptotal with He = 270 N/m2) rather than by
using a sealed metallic source as described in the study of Pb(6'D 2 ) [ 10, 11] .
The atomic lines were separated with a 1 m grating monochromator (Hilger and
Watts "Monospek" 1000, Czerny-Turner mount, blaze wavelength = 300 nm,
1200 lines/mm), used in the first order .

The time-dependent light absorption representing the temporal variation
of Sn(5'D2) and Sn(5'S o ) subsequent to photolysis, was detected by means
of a photomultiplier (E.M.I. 9783QB) mounted on the exit slit of the mono-
chromator . The out-put was fed into a current-to-voltage converter employing
a fast settling operational amplifier [ 16] as described in recent experiments
on the kinetic study of C(2 1 S o ) [17] . The time constant used in the detection
circuit was 2 Fzs . Whilst the duration of the photoflash discharge was approx-
imately 20 tis, the effect of the scattered light on the photomultiplier tube
was to prevent kinetic measurements being made during the first 60 ps at the
slit widths employed in the time-resolved measurements. The photoelectric
pulses were displayed on a storage oscilloscope (Tektronix type 564B, time
base 2B67, type 3A7 differential comparator) and photographed (D. Schack-
man Co. camera) for kinetic analysis .

Materials
SnMe4 liquid (Aldrich Chemicals Co .) was cooled to -196 ° C and

degassed by freeze-pump-thaw cycles . The material was then fractionally
distilled from room temperature to -196 ° C before use. SnC14 liquid (Fison
Laboratory Reagent) was cooled to -196 ° C and degassed and purified as
described for SnMe 4 before use in the atomic flow lamp . Cylinder He (Brit-
ish Oxygen Company Ltd), for use both as the buffer gas and in the atomic
flow lamp, was purified by passage through a standard B .O .C. purifier,
capable of purifying both He and Ar . Kr, Xe, H2 and 02 (B.O.C . Grade X
gases) were used directly .

Results and Discussion

Figure 1(a) shows a typical oscilloscopic trace indicating the production
and decay of Sn(51 D2 ) obtained by monitoring the absorption of light at
X = 285.06 nm following the photolysis of SnMe 4 in the quartz region (a >
200 nm) . Negligible absorption at X = 291 .45 nm was detected, demonstrating
an insignificant photolysis yield of Sn(5'S o ) when considered in terms of the
gA value for this transition [16] . Thus the oscilloscopic traces at A = 285 .06
nm may be interpreted in terms of a single kinetic decay for the 'D atom
without including relaxation into this state from the 'S o state. The leading
edge of the trace represents the effect of scattered light and measurements
on the traces were not carried out until the decays fell outside this region of
interference . Figure 1(b) gives an example of the decay of Sn(5'D 2 ) in the
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(a)

	

(b)

Fig. 1. Typical oscilloscopic traces indicating the decay of Sn(5 1D2 ) in the presence of
oxygen obtained by monitoring the absorption of light at X = 286 .06 inn {Sn[ 5d(3F2)l

Sn[ 5p 2 ( 1D2)I } . pg.M. = 0.40 N/m2 ; ptots, ,M If. = 3.33 kN/m 2 ; E = 500 J; time scale
= 50 ps per division . poI(Iq/m ) : (a) 0.0 ; (b) 0 .53 .

presence of the quenching gas oxygen . The appropriate quenching rate con-
stants were determined from modification to the trace in Fig. 1(a) by a range
of pressures of the deactivating gas .

We employ the modified Beer-Lambert law [18]

Ifr = Ia exp [-e(cl)'r ]

	

(i)

(where the symbols have their usual significance) in order to measure the
relative concentrations of Sn(5 1D2 ) and hence the absolute values of the
overall first-order decay coefficients, h', for the decay of the excited atom in
a given reaction mixture . Equation (i) has been used in measurements on the
attenuation of resonance radiation by various transient atoms [2, 3 ], recent
examples being the series of investigations on Pb(6 3Po ,1 ,2 , 61D 2 , 61 So) [10,
11, 19- 21] and As(4 2D3i2 , 512 , 42P112,312) [22] . Figure 2 shows the so-
called Beer-Lambert plot for the resonance transition at A = 285 .06 rim, the
slope of this plot yields, in this case, y = 1 .3 ± 0.1 . The use and limitations of
eqn. (i) has been discussed in detail in a number of papers involving measure-
ments of this type [2, 3], particularly in the recent kinetic studies on lead
atoms [10, 11, 19 - 21] . We adopt the procedure of taking the value of y to
be unity, especially as self reversal in the spectroscopic source should be
relatively small for the excited atom .

Figure 3 shows typical first-order plots for the decay of Sn(5 1 D 2 ) in the
presence of oxygen, obtained from oscilloscopic traces of the kind indicated
in Figs. 1(a) and 1(b) using eqn . (i) . In general, the slopes of plots of this
type shown in Fig. 3 are given by - yk', where we have taken y to be unity.
k' is then expressed in the form :

k'= k Q[Q] + K

	

(ii)
where k Q is the second-order rate constant for collisional quenching by an
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Fig . 2. Beer-Lambert plot for the variation in the light transmitted from an atomic reson-
ance lamp, attenuated bye n(5 1D2 ), at x = 285 .06 nm Sn[ 5d( 3F0)] Sn15p 2(1D2 )]
ptotalwithHe = 3 .33 kN/m .

Fig . 3. Pseudo first-order plots for the decay of Sn(5 1 D2) in the presence of oxygen ob-
tained by monitoring the absorption of light at T = 285 .06 nm. ps1. 4 = 0 .40 N/m 2 ;
pw,„1,,.;thF,= 3.33 kN/m 2 ; E = 500 J . po, (N/m2 ) ; o, 0.0; o, 0 .30 ; o, 0.52,

added gas Q. K is taken to be a constant in a given series of kinetic experi-
ments in which [Q] is varied and includes losses by diffusion, weak spont-
aneous emission and collisional quenching by impurities and products of
photolysis. Figure 4 shows quenching data for the decay of Sn(5 1D 2 ), plotted
in the form of eqn . (ii), for hydrogen and oxygen, and Fig. 5, for the parent
molecule, the slopes of these plots yielding the second-order rate constants
for quenching by these gases . The results of the present investigation are
given in Table 1 where the data have been compared with those for C(2 1D2 )
and Pb(6'D2) .

In general, the relative reaction rates exhibited by the three low lying
states of the carbon atom in the 2p2 configuration are in accord with corre-
lations between specific electronic states of reactants and products based on
the weak spin orbit coupling approximation [9] . The data on C(2 1 D2 ) in
Table 1 fall within this context . By contrast, the collisional behaviour of the
lead atom in the analogous states in general is not in accord with correlations
constructed on this basis [11] . . Indeed, the property of Hund's case (c)
coupling in the electronic states of diatomic molecules such as PbO [23] is
a spectroscopic expression of the large spin orbit coupling . This prevents the
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Fig. 4. Pseudo first-order rate coefficients (k') for the decay of Sn(51D2) in the presence
of (a) oxygen and (b) hydrogen, p sn~ = 0.40 N(m2;pt~ wa, M= 3 .33 kN/m2;E=500,1,

construction of such correlation diagrams, not only in terms of the designa-
tion of the symmetry of the states associated with the collision complex but
also as a result of the ordering of the states of reactants and products at
infinite separation . In the case of Pb + 02 [11] , this is manifest by the fact
that from the viewpoint of energy, O z(alA g ) lies within the manifold of
Pb(63 P,, ) ; in the case of Sn + 02, Sn(5 1D2 ) + 0 2(X8 E¢) lies within the J
states of Sn(5 3P3 ) + O2 (a1A g ) [4, 24] .

Further, whilst chemical reaction between Sn(5'D 2 ) + 02(X3E;) to
yield SnO is exothermic (AH=- 1 .59 eV) [24] even if one could crudely
neglect the effect of spin orbit coupling on the ordering of states, Sn(5'D 2 )
+ O2(X3 Eg) would not correlate with ground state products . Indeed, these
reactants would only correlate with higher, energetically inaccessible states

aor-

IM
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Fig. 5 . Variation of the pseudo first-order rate coefficient (h') for the decay of Sn(5 1 D2 )
with the pressure of tin tetramethyl, ptotaiugth p = 3.33 kN/m2 .



TABLE 1

Second order rate constants (1k g cms molecule1 s 1 , 300 K) for the collisional removal of
Sn(51 D2 ), C(21 D2) and Pb(6 D2) by various gases

» Data from this work

[24, 25] . Thus the collisional behaviour of the tin atom with oxygen is clearly
seen to be governed by the effect of spin orbit coupling.

Abstraction of a hydrogen atom from H 2 by Sn(5 1D 2) is endothermic
(AH > 0.2 eV) [24] . Thus the relatively rapid collisional removal by this
molecule presumably arises from the effect of the strong spin orbit coupling
[Te(SnH(X2H r)) = 0, 2182 cm-1 ) [24] on the so-called "non-adiabatic tran-
sition" [1] yielding physical relaxation to Sn(5 3 P,, ) . This would be facilitated
further by chemical interaction associated with an intermediate SnH 2 .
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