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The mercury(63P1)-photosensitized decomposition of tetramethyltin (TMT) has been studied at 120 and 250 °C

and at pressures from 10 to 20000 Pa.

The gaseous products detected were ethane, methane, and hydrogen. The

yields of these products increased linearly with increasing reaction time and light intensity. From the effects of Og,
NO, and H; on the yield of ethane, the major primary reactions of the mercury-photosensitized decomposition of

TMT were concluded to be processes with an Sn—-C bond cleavage.

The quantum yields of these products were

independent of the TMT pressure at higher pressures than 200 Pa at 120°C.  The quantum yield of ethane was also
independent of the TMT pressure, while that of methane increased upon increasing the pressure at 250°C. The
cadmium (53P1)-photosensitized decomposition of TMT has been studied at 280 °C. The detected products were
the same as those from the mercury-photosensitized decomposition, although the yield of hydrogen was very small.
The pressure dependence of the yields of ethane and methane in the cadmium-photosensitized decomposition was
very similar to those in the mercury-photosensitized decomposition of TMT at 250 °C.

Organometallic compounds have been widely used for
the development of microelectronic devices. There
have been many quantitative studies of the thermal and
photochemical decompositions of organometallic com-
pounds in the gas phase. The major primary products
of the thermal? and photochemical®¥decompositions
of tetramethyltin (TMT) have been reported to be
methane and ethane, indicating that the primary process
in these decompositions is an Sn—C bond cleavage.

The mercury-photosensitized decomposition of TMT,
which apparently has not been studied before, is
interesting for a comparison with the mercury-
photosensitized decompositions of tetramethyl com-
pounds of other group-14 elements(neopentane (NP),56)
tetramethylsilane (TMS),”® and tetramethylgermane
(TMG)?) which have been quantitatively studied, and
also for a comparison with the thermal decomposition
and the direct photolysis of TMT. The primary proc-
esses in the mercury-photosensitized decompositions of
NP, TMS, and TMG have been reported to be C-H
bond cleavage; this is clearly different from that in the
thermal decomposition and the direct photolysis of
TMT.

The present study was undertaken in order to investi-
gate the mercury- and cadmium-photosensitized decom-
positions of TMT.

Experimental

The mercury-photosensitized reaction of TMT was carried out
at 120 and 250 °C in a conventional cylindrical quartz vessel (5
cm long and 4 cm in diameter) fitted with plane quartz
windows at each end. Mercury vapor of constant pressure
(vapor pressure at room temperature) and volume was admit-
ted into the reaction vessel with various amounts of TMT.
In this way the concentration of mercury in the vessel was kept
constant irrespective of the TMT pressure and the reaction
temperature ([Hg]=9.3X10~7 moldm™3). A low-pressure
mercury lamp (Toshiba Electric Co., germicidal lamp) made of
a quartz tube was used. The 184.9 nm resonance line was

filtered out by a Vicor filter. The light intensity absorbed by
mercury atoms at 253.7 nm was determined by means of cis-2-
butene actinometry!® (Lys—4.5X10"°mols™).

The cadmium-photosensitized reaction of TMT was carried
out at 280 °C in the cylindrical quartz vessel mentioned above.
A few small piecies of cadmium metal were placed within the
vessel before various amounts of TMT were admitted. A
home-made spiral cadmium discharge lamp (filled with about
2700 Pa Ar) made of Pyrex was used. This lamp emits only
the resonance line at 326.1 nm. The absorbed light intensity
at 326.1 nm was determined by cis-2-butene actinometry?
(L:s=1.23X1078 mols™).

Product analysis was carried out by fractionation at —196
and—89 °C, and measurements by gas buret and gas chroma-
tography. The first portion, noncondensable at —196 °C was
collected using a Toepler pump. This portion consisted of
hydrogen and methane, and was analyzed by combustion over
copper (II) oxide at 280°C. Noncondensable products at
—196°C from a TMT-Oz system were analyzed by means of
gas chromatography, using a 2-m column of molecular sieve
(5A) at 25°C. The second portion, which was not condensa-
ble at —89 °C, was analyzed by means of gas chromatography,
using a 6-m column of VZ-7 (Gasukuro Kogyo Co., Ltd.) at
0°C and a 2-m column of Gasukuro-pack 55 (Gasukuro
Kogyo Co., Ltd.) at 180°C. The third portion, which was
condensable at —89 °C contained a large amount of TMT; it
was not analyzed.

TMT (Kanto Chemical Co., Ltd.) was dried over a molecu-
lar sieve 4A and purified by trap-to-trap distillation. cis-2-
Butene (Nihon Tokushu Gasu K. K., pure grade), Oz, NO,
N0, and H; (these inorganic gases are comercially available
and all pure grade) were used as supplied.

Results

The Hg(3P:)-Photosensitized Decomposition. The
thermal decomposition and direct photolysis were found
to be negligible under the conditions for the mercury-
photosensitized reaction. The gaseous products
detected in the mercury-photosensitized reaction were
ethane, methane, and hydrogen. The yields of these
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Pressure dependence of the quamtum yields of ethane (@), methane (O), and hydrogen (CJ) in the mercury-

photosensitized reaction of TMT at 120 °C (a) and 250 °C (b).
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Fig. 2. Quantum yield of ethane in the mercury-
photosensitized reaction of TMT at 120°C in the

presence of O2 (@) and NO (O).
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Fig. 3. Quantum yield of ethane in the mercury-

photosensitized reaction of TMT at 120°C in the

presence of Hs.

- on the yield of ethane.

products increased linearly with increasing reaction time
and light intensity, showing they were primary products.

The quantum yields of these products are shown in
Fig. 1 as a function of the TMT pressure (since the yield
of hydrogen was very small at 250 °C, that is not shown
in Fig. 1(b)). The quantum yields of all products are
constant at higher pressures than 2000 Pa and decrease
with decreasing TMT pressure in the low-pressure
region at 120°C (Fig. 1(a)). The quantum yield of
ethane is also constant, while that of methane increases
with increasing TMT pressure at 250 °C (Fig. 1(b)).

Figure 2 shows the effect of added Oz and NO on the
yield of ethane, while Fig. 3 shows the effect of added Hs
The yield of ethane decreases
with increasing the ratios of Os/ TMT, NO/TMT, and
Hz/ TMT.

The quenching cross section for TMT was obtained

o 1 L 1 1
0 1 2 3 4
[TMT1/[N,0]
Fig. 4. Competitive quenching plot for TMT and
N:20.
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Fig. 5. Pressure dependence of the quantum yields of

ethane (®) and methane (O) in the cadmium-
photosensitized reaction of TMT at 280 °C.

from the competitive rates of the mercury-
photosensitized reactions of TMT and N2O. The yields
of nitrogen from N»O are expressed by

PR _ [TMT]
¢N2 I+B [N20] i

M

where ¢X. and ¢n, are the yields of nitrogen in both the
absence and presence of TMT. A §-value of 0.70 was
obtained from the straight line in Fig. 4 by a least-
squares method. The quenching cross section
(60=ko(8 RT/mtu)~22; kq is the quenching rate constant
and u is the reduced mass) for TMT can be calcu-
lated using

oo(TMT) _
aq(N20)

1+MHg/MN2O 1/2
B ( 1+ Mg/ Mt ) )
where 0o(N20) is the cross section for N2O; we used the
value of 56.5X10716 cm2.12) A value of 63.7X10716 cm?
for TMT was obtained. This value is considerably
larger than those for NP (4.4X1071% cm2) and TMS
(15.7X10716 cm?).7

The Cd(3P;)-Photosensitized Decomposition. Pri-
mary products were the same as those from the mercury-
photosensitized decomposition, with the production of
ethane and methane again being linear with the reaction
time. Hydrogen was a very minor product. The
methane/ethane ratio of the cadmium-photosensitized
decomposition was appreciably larger than that of the
mercury-photosensitized decomposition at 120°C and
comparable to that at 250°C. As Fig. 5 shows, the
yield of ethane was constant and that of methane
increased with increasing the TMT pressure. The
effect of added Hz on the yield of ethane was very
similar to that observed in mercury-photosensitized
decomposition.
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Discussion

From the facts that the major products in the
mercury-photosensitized reaction of TMT were ethane
and methane (while hydrogen was the minor product),
and that Og and NO in quantities of about 15% com-
pletely suppressed ethane formation (Fig. 2), the follow-
ing simple sequence is indicated as being the major
initial reactions:

Hg*+ TMT — Hg+CHs+ (CHs)sSn, 3)
CHs+ CHs — C2Hs, 4
CHs+ TMT — CH4 + CHaSn (CHa)s. (5)

Contrary to the effect of Oz on ethane forma-
tion,methane formation was not completely suppressed
by the addition of Oz in quantities of about 2 of Og/
TMT. The following molecular formation of methane
may contribute:

Hg*+TMT — CH4+ CH2=Sn (CHjs)s. 6)

The primary molecular formation of methane was pro-
posed in the direct photolysis of TMT at 185 nm.3
Minor reactions for hydrogen formation are

Hg*+ TMT — Hg+ H + CHSn (CHa)s, @)
and
H+TMT — Hz+ CH2Sn (CHs)s. 8)

In the mercury-photosensitized rections of NP, TMS,
and TMG,reactions corresponding to Reactions (7) and
(8) are the major initial reactions; C—M bond cleavage
(M is a central atom) as Reaction (3) was not observed.

As described above, the addition of Oz and NO to the
photosensitization system suppressed the formation of
ethane (Fig. 2). As Fig. 2 shows, the yield of ethane
decreases with increasing the ratios of O/ TMT and
NO/TMT. The solid lines show the relative yields
calculated using the following relative quenching effi-
ciencies for TMT, Oz, and NO:

ko(TMT)/ kqo(O2) =0.56
and
ko(TMT)/ ko(NO)=10.30.

These were obtained from the following cross sections
for TMT, Oz, and NO: go(TMT)=63.7X10716 cm?2,
00(02)=62.5X10716 cm2,12 and 0o(NO)=111X"16 cm2.12)
The decreases in the yields of ethane observed in the
presence of Oz and NO are steeper than those expected
by the competitive quenching of the triplet mercury
atoms by TMT and Oz or NO. This shows that Oz and
NO have an additional effect (as radical scavengers) on
the formation of ethane.

The primary process in the mercury-photosensitized
decompositions of NP and TMG is known to be C-H
bond cleavage. It has been pointed out, however, that
at high light intensities and low substrate pressures,
methane is found as one of the major products, and that
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atom crackings occur under these conditions.”® To
examine the possibility of atom cracking in the present
reaction, we examined the effect of hydrogen addition to
the system. If atom cracking (shown by Reactions (9)
and (10)) contributes to the formation of the methyl
radical, one would expect that the yield of ethane con-
tinuously increases with increasing ratio of Hs/ TMT,
because of the large efficiency of the formation of
hydrogen atoms for Hs-triplet mercury atom system:12

H-+ CH2Sn(CHs)s > TMT* )
and
TMT#* —> CHs + Sn(CHs)s. (10

As shown in Fig. 3, however, the yield of ethane
decreases with increasing the ratio of Hy/ TMT. The
solid line shows the relative quantum yield calculated
using the following relative quenching efficiencies for Hs
and TMT (ko(Ho2)/ko(TMT)=2.90; obtained from
oq(H2)=27X1071 cm?212 and oo(TMT)= 63.7X10716
cm?). The decrease in the quantum yield can be
roughly explained by a competitive quenching of the
triplet mercuty by Hz and TMT. Therefore, atom
cracking can be ruled out.

The following reactions are considered to explain the
pressure dependence of the yields of ethane and
methane:

Hg*—> Hg+hv ko (11)
Hg*+TMT — Hg + CHs+ (CHs)sSn 3)
Hg*+ TMT —> Hg+ CH,+ CHz=Sn(CHa), kq (6)
He*+ TMT =55 Hg+ TMT (12)
CHs3+ CH3; — C:Hs ko (4
CHs+ TMT — CH, + CH:Sn(CHa)s ke (5
CH;Sn(CHs)s —> CHs + CH2=Sn(CHa)y ks (13)
Radicals — recombination reactions. (14)

From the above mechanism, the following relationship
can be derived by neglecting the contribution of CHs
and CH2Sn(CHs)s radicals to Reactions (14):

¢(C2He)=—;— o (15)

¢(CH4):0[2 —+ alM (16)
kl[CHS]ss

S(CHy) _ 200 | 2k

S(CHy o T[CHa L MTE (17

Since Reaction (5) requires an activation energy, as
shown by Borrell and Platt,® the contribution of this
reaction increases with increasing temperature. If this
reaction can be neglected at 120 °C, ¢(CHy) equals to as.
Therefore, at this temperature the quantum yields of
ethane and methane are independent of the pressure of
TMT. This is in agreement with the experimental
results shown in Fig. 1(a) (decrease in yields with decreas-
ing TMT pressure at low pressures seem to be due to
incomplete quenchlng of excited mercury atoms). At
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higher temperature (250 °C), however, Reaction (5) can
not be neglected, and the yield of methane may depend
on TMT pressure. The steady-state concentration of
methyl radical can be expressed as

a1lo )1/2.

this can be regarded as being independent of TMT
pressure. Figure 6 shows the ratio of the yield of
methane to that of ethane obtained at 120 °C and 250 °C
as a function of the pressure of TMT. The ratio
increases at 250 °C linearly with increasing the pressure
of TMT; this is in agreement with the expectaion from
Eq. 17. The slopes and intercepts of the lines in Fig. 6
are listed in Table 1.

The main products from the cadmium-
photosensitized reaction of TMT were ethane and
methane. The pressure dependences of the yields of
these products are similar to those in the mercury-
photosensitized reaction at 250 °C.  The effect of Hz on
the yield of ethane is also very similar to that in the
mercury-photosensitized reaction. These findings
show that the reaction mechanism for the cadmium-
photosensitized reaction of TMT is similar to that for
the mercury-photosensitized reaction. The ratio of the
yield of methane to that of ethane is shown as a function
of the TMT pressure in Fig. 6. The ratio again
increases linearly with increasing TMT pressure. The
slope and intercept of the line for the cadmium-
photosensitization are also listed in Table 1.

The values of a2/ on obtained from the intercepts are
listed in Table 1. The value of az/a: for the mercury-
photosensitized reaction at 250 °C is very similar to that
for the cadmium-photosensitized reaction. It is sensi-
tive to temperature, and is large at high temperatures.

4
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Fig. 6. Plots of ®cy,/ Pc,u, against the TMT pressure
for the mercury-photosensitized reaction at 120°C
(O) and 250 °C (®) and the cadmium-photosensitized
reaction at 280 °C (O).
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Table 1. Comparison of Various Constants for Mercury-
and Cadmium-Photosensitized Reactions
Hg Cd
120°C 250°C 280°C
Intercept 0.12 0.89 0.80
105 slope/Pa—1 0 9.0 43
az/ a1 0.10 0.45 0.40
10710 k1/1 mol—1s—1 2.5 2.5 2.5
10~ k2/ 1 mol—ts—1 0.34 4.6 7.0
109 [CH3]ss/ mol 11 9.5 2.8

This shows that the ratio of the molecular formation of
methane (Reaction (6)) to the formation of methyl
radical (Reaction (3)) increases with increasing tempera-
ture. This molecular process for the formation of
methane is known to occur in a direct photolysis of
TMT vapor at 185 nm.? Since we have no informa-
tion, however, on the temperature dependence of this
process, further discussion of the temperature depend-
ence of the aa/ o1 seems not to be justified.

The value of the slope seems to depend on the temper-
ature and kind of sensitizer. The ki- and kz-values
included in the slope can be obtained from the
literatures:

ki/1mol-1s-1=(2.5%0.2) X 101013
and
ko/ 1 mol-1s—1=1.2X 108 exp (—4100/ 7).®

These values are also listed in Table 1. The steady-
state concentrations of CHs can be estimated from the
values of the slope and those of k1 and k2 and are listed
in Table 1. The value of [CHsls obtained for the
mercury-photosensitized reaction at 250°C is larger
than that for the cadmium-photosensitized reaction.
This tendency is not apparently in agreement with the
fact that the rate of the ethane formation in the mercury-
photosensitized reaction of TMT is smaller than that in
the cadmium-photosensitized reaction of TMT (the
values of 6.7X1071° and 15.7 X107°mols™! for the
mercury- and cadmium photosensitized reactions were
obtained from the time dependences of the yield of
ethane). This discrepancy may result from the differ-
ence in the volume of reaction zone, based on the
differences in the cross sections of the beams of exciting
light and the absorption coefficients of mercury and
cadmium: that is, the mercury-photosensitized reaction
occurs locally near the front window of the cell because
of the large absorption coefficient of mercury (the ratio
of the volumes of reaction zone (Vug/Vea=1/26) is
consistent with the values of [CHs]ss and the apparent
rate of ethane formation in the mercury- and cadmium-
photosensitized reactions).

Contrary to the mercury-photosensitized decomposi-
tions of NP, TMS, and TMG, the main initial reactions
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of the mercury- and cadmium-photosensitized decom-
position of TMT are processes with a cleavage of an Sn—
C bond (the formation of CHs and the molecular forma-
tion of methane). In this respect, the present reactions
are very similar to the direct photolysis of TMT as well
as the cadmium-photosensitized reaction of acetalde-
hyde, which was reported to proceed through the forma-
tion of an excited complex between the Cd* and an
aldehyde molecule, or after an energy transfer from Cd*
to an aldehyde molecule.’¥ The triplet energy of TMT
is not yet known, but is probably lower than those of NP
and TMS, because the absorption band of TMT shifts
to alonger wavelength than do those of NP and TMS.15
Since the quenching cross section of triplet mercury
atom for TMT is larger than those for NP and TMS, as
described above, the triplet energy transfer from Hg
(®P1)(and Cd(®Py)) to TMT to produce a triplet state of
the TMT molecules seems to occur. This is the reason-
ing used to explain that the mechanism for TMT is
different from those for NP, TMS, and TMG, and that
it is rather similar to those of the cadmium-
photosensitized reactions of aldehydes.

The present work was partially supported by a Grant-
in-Aid for Scientific Research No. 63540342 from the
Ministry of Education, Science and Culture.
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