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Physicochemical properties of dimethylzinc, 
dimethylcadmium and diethylzinc have been 
investigated by means of vapor pressure measure- 
ment, mass spectroscopy and gas chromatogra- 
phy. The saturated vapor pressure-temperature 
dependence of these alkyl organometallics was 
determined to be as follows 

For dimethyl zinc: 
1.752 X lo3 

T + 8.603 1% P(sub.)Torr = - 

1.461 X lo3 
T + 7.429 log f'(evap.)Torr = - 

For dimethylcadmium: 
2.080 X l@ + 8.588 log P(sub.)Torr = - T 

1.843 X lo3 
T + 7.715 1% P(evap.)Torr = - 

For diethylzinc: 
2.012 x 103 + 7.996 - 

T log P(evap.)Torr - - 

The temperature ranges for vapor phase decompo- 
sition for deposition of each metal were clarified, 
and vapor-phase species released in the decompo- 
sitions were investigated. These investigations on 
the organometallics are to provide basic material 
data for the establishment of organometallic 
chemical vapor deposition techniques for Group 
IIB-VI compounds. 

Keywords: Organometallic, vapor pressure, 
decomposition, metal vapor deposition 

* Present address: Fujitsu Ltd, Kamikodanaka 1015, 
Nakahara-ku, Kawasaki 211, Japan. 
t Tosoh Corporation, Tokyo Research Center, Hayakawa 
2743-1, Ayase, Kanagawa 252, Japan. 

0268-2605/91/040337-11$05.50 
0 1991 by John Wiley & Sons, Ltd. 

1 INTRODUCTION 

The metal organic chemical vapor deposition 
(MOCVD) technique has been extensively 
applied to prepare single-crystal thin films of 
semiconductors, not only of Group 111-V com- 
pounds but also of Group IIB-VI and other 
compounds. This technique is superior to the 
halide CVD technique from the viewpoint of 
lowering of growth temperature, higher utiliza- 
tion efficiency of source materials, etc., and is 
believed to be particularly suited for growth of 
thin films of multicomponent compounds. 

Many studies on the growth of single-crystal 
thin films of Groups IIB-VI compound semicon- 
ductors such as ZnSe and CdS have been made, 
motivated by their practical use in the field of 
optoelectronics, in which methyl and ethyl com- 
pounds of Group IIB elements have been used as 
precursors. However, few investigations have 
been made on the physicochemical properties of 
these alkyl metalorganic compounds, especially 
on their saturated vapor pressure, decomposition 
temperature, decomposition products and so on. 
The final aim of the present study is to contribute 
to studies on metalorganic vapor-phase deposi- 
tion of Group IIB-VI compound semiconduc- 
tors. 

2 EXPERIMENTAL 

In order to investigate the physicochemical beha- 
vior of these alkyl metalorganics, vapor pressure 
measurements, mass spectroscopy and gas 
chromatography investigations were carried out. 

In the vapor-pressure measurements, a quartz 
Bourdon gauge with a spoon-type sensor was 
used to measure the temperature dependence of 
the saturated vapor pressure and pressure 
changes resulting from the decomposition of 
these compounds in the vapor phase. The con- 
struction and the operation of the gauge were 
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described in detail in our previous and 
other  reference^.^'^ The inner volume of the 
sample chamber including the spoon is about 
7-8 cm3, and 10-5-10-6 mol cm-3 of each com- 
pound was loaded in the chamber. Each vapor- 
pressure measurement was carried out for about 
70h in the temperature range from -60°C to 
900 "C. Furthermore, similar measurements were 
performed on a system in which hydrogen gas was 
enclosed with the compound in the chamber in 
order to investigate the effect of hydrogen used as 
a carrier gas. 

For mass spectroscopy, a quadrupole mass 
spectrometer was used to investigate the vapor- 
phase species resulting from the decomposition of 
the commpounds. The specimen was enclosed in 
a Pyrex glass or quartz tube of 3 mm i.d. and 6 cm 
long with a breakable tip under a vacuum of 
3 x Torr, and then the tube was placed in the 
center of a small tantalum wire-wound furnace. 
The furnace was placed in a vacuum chamber so 
that the breakable tip faced the inlet of the ioniza- 
tion chamber of the mass spectrometer. After the 
chamber was evacuated to lo-' Torr and the tube 
was maintained at a desired temperature for 
about 30 min, the tip was broken with a cutter and 
then the gas in the tube was ejected to a slit of the 
inlet of the ionization chamber. The equipment 
used was an Anelva model GA-360 quadrupole 
mass spectrometer which is capable of sweeping 
the mass numbers from 1 to 360 in 1 s. The output 
signal of the spectrometer was recorded on photo- 
sensitive recording paper at a speed of 1 m s-l, 
and the signals were recorded for 3 s. In normal 
mass spectroscopy, a high ionization voltage of 
about 70eV is applied to an introduced gas, but 
considerable fragmentation of gas molecules and 
rearrangement of ions sometimes make identifi- 
cation of original molecules difficult. Therefore, 
low ionization voltages from 10 to 20eV were 
used in this work. 

In order to complement the results of mass 
spectroscopy, gas chromatography was conducted 
on a specimen which was kept at the same tem- 
peratures as those in the mass spectroscopy. The 
specimen was enclosed in a quartz ampoule of 
8mm i.d. and 5cm long under a vacuum of 
3 x lop6 Torr, and was quenched in ice-water 
after being kept at a desired temperature in a 
furnace. The ampoule was broken in a glass tube 
which was purged with helium gas, and a fixed 
volume of the gas mixture was injected into the 
inlet of the gas chromatograph equipment (Yana- 
gimoto Model G-180) after being sampled with 

the use of a microliter syringe. The system is 
equipped with an FID detector, and activated 
alumina, silica gel and Apiezon were used in its 
absorption columns. 

Alkyl metalorganic compounds used in this 
work were prepared by Tosoh-Akzo Industries 
Ltd and used after being divided into small 
ampoules by two or three distillations. These 
ampoules were kept in a dark, cool place because 
these compounds tend to decompose under 
natural light. 

3 RESULTS AND DISCUSSIONS 

3.1 Dimethylzinc [Zn(CH,),] 

A typical pressure-temperature curve for dimeth- 
ylzinc is shown as curve A in Fig. 1. It is observed 
that the saturated vapor pressure P of this com- 
pound rises at about -60"C, and it completely 
vaporizes near 0 "C after which the pressure 
agrees with that of the ideal gas laws. 

The plots of log P versus 1/T K-' for the satur- 
ated vapor pressure forms two linear relationships 
which differ slightly in their gradients. Thus, the 
temperature dependences of the saturated vapor 
pressure for sublimation and evaporation of 
dimethylzinc were determined to be as follows 
(Eqns [ l ]  and [2]): 

For sublimation: 
1.752 x lo3 

T +8.603 [ l ]  1% P(sub.)T0rr = - 

For evaporation: 
1.461 X lo3 

T +7.429 [2] - log P(evap.)Torr - - 

The saturated vapor pressure at room tempera- 
ture (25 "C) is about 336 Torr according to Eqn 
[2] and this suggests that the compound can be 
suitably used as a precursor for MOCVD growth. 
The following equation for the saturated vapor 
pressure is given in Ref. 28, without distinction 
between sublimation and evaporation: 

1.560 x 103 
log PTom = - T +7.802 [31 

As shown in Fig. 1, the pressure-temperature 
curve shows a larger increase in pressure than that 
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Pressure-temperature curves of dimethylzinc with and without hydro- Figure 1 
gen. A, without hydrogen; B, with hydrogen. 

of the ideal gas law in the temperature range from 
270 to 370 "C, suggesting an increase in moles of 
vapor species due to decomposition of the com- 
pound. Mass spectra of the vapor phases at vari- 
ous temperatures are shown in Figs 2(a), (b), (c) 
and (d). 

In the spectrum at room temperature, two peak 
groups for monomethylzinc [Zn(CH3)+ : mlz 79, 
81 and 831 and a parent molecule [Zn(CH3):: mlz 
94, 96 and 981 are observed, which correspond to 
the three isotopes of zinc, respectively. Peaks at 
mlz 15, 16, 27 and 29 are of CH:, C&+, GH; 
and C,H:, respectively, as a result of fragmen- 
tation of the molecule. In the spectrum at 370 "C 
where the increase in pressure was completed, the 
peak groups of Zn(CH3)+ and Zn(CH3)$ disap- 
peared and only peaks for hydrocarbons were 
observed. On the inner surface of the tube used at 
370"C, a film-like deposit with a metallic luster 
was observed. Therefore, it is concluded that the 
increase in pressure in the temperature range 
from 270 to 370°C in curve A in Fig. 1 is caused 
by the decomposition of dimethylzinc to deposit 
metallic zinc and to release hydrocarbons. In the 
spectrum at 370 "C, observable peaks are of C&+, 
C2H:, C2H6+, C3&+, C3Hs+, C4Hs+ and of ionized 
radicals of these hydrocarbons. Figs 3(a), (b), (c) 
and (d) show the results of gas chromatography 
on the compound with and without hydrogen at 
420 and 650 "C, respectively. 

At 420"C, in addition to methane as a major 
species, ethane, ethylene, propane, propylene 
and a small amount of butane were detected, and 

the result shows good agreement with that of 
mass spectroscopy at and near the same tempera- 
ture. In curve A in Fig. 1, a pressure increase with 
a higher increasing rate than that of the ideal gas 
law is observed in a wide temperature range 
above 450 "C. The mass spectrum at 650 "C [Fig. 
2c)l shows only peaks of CH:, CH: and a trace of 
C2H: which is considered to come from residual 
GH,. Also, in the result of gas chromatography 
at the same temperature [Fig. 3(b)], about 96 % 
of methane and only residual ethane were 
detected. Therefore, it is considered that 
decomposition of the hydrocarbons to form meth- 
ane was one of the causes of increase in pressure 
above 450°C. On the other hand, it should be 
noted that the increase in pressure above 450 "C is 
much higher than that estimated from the 
amounts of C2, C3 and C, hydrocarbons from the 
results of gas chromatography at 420°C. As 
shown in Fig. 3(a), the vapor system contains 
each of these hydrocarbons by several per cent, 
respectively. Even if these hydrocarbons decom- 
posed to form methane at high temperature, it 
seems to be impossible to explain the total pres- 
sure at about 800 "C. Decomposition of methane 
to carbon and hydrogen begins in the neighbour- 
hood of 800 "C, so it cannot contribute to the total 
pressure at this temperature. 

In order to clarify another possible cause of the 
above pressure increase, mass spectroscopy was 
carried out at 550 "C on the deposit in a tube used 
in mass spectroscopy at 370°C. The tube was 
crushed and loaded into another glass tube, then 
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it was sealed after evacuating under vacuum of 
3 x Torr. The result is shown in Fig. 4(a), 
which indicates release of various hydrocarbons 
from the deposit. 

The figure shows that all of the alkyl radicals of 
dimethylzinc molecules were not released as methane 
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Figure 2 Mass spectra of dimethylzinc at various tempera- 
tures: (a) room temperature; (b) 370 "C; (c) 650 "C; (d) 370 "C 
with hydrogen; (e) 650 "C with hydrogen. 

ethane' Ipropyiene m with Hp 
(d) 650.C methane 

Figure 3 Gas compositions after decomposition of dimethyl- 
zinc: (a) 420 "C; (b) 650 "C; (c) 420 "C with hydrogen; 
(d) 650°C with hydrogen. 

hydrocarbon gas in the decomposition in which 
metallic zinc was deposited, but a fraction of them 
were deposited in a condensed phase in the form 
of highly polymerized hydrocarbon with fewer 
hydrogens. Therefore, it is considered that the 
continuous increase in pressure above 450°C in 
Fig. 1 is caused not only by vapor-phase 
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Figure 4 Mass spectra of the gases released at 550°C from 
deposits after the decomposition of the following compounds: 
(a) dimethylzinc, decomposed at 370 "C; (b) dimethylcad- 
mium, decomposed at 320 "C; (c) diethylzinc, decomposed at 
320°C. 
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decomposition of hydrocarbons which have 
already been released at 370"C, but also by 
release of hydrocarbons from the above polymer 
in the condensed phase. A similar behavior of 
pressure was also clearly observed in the 
decomposition of trimethyl compounds such as 
trimethylaluminum and trirnethylgalli~m,~~ and 
the polymer will therefore cause carbon contami- 
nation of growing crystals in MOCVD. 

When dimethylzinc is used as a precursor in 
MOCVD, its vapor is usually supplied to the 
deposition zone by hydrogen as a carrier gas, and 
the influence of hydrogen on the decomposition 
of the compound should be considered. 
Therefore, similar measurements were performed 
on the system of dimethylzinc-hydrogen. A typi- 
cal example of the pressure-temperature curve of 
the above system is shown as curve B in Fig. 1. 
Almost the same amount of the compound as that 
for curve A was loaded in the sample chamber of 
a gauge, but it was found that the increase in 
pressure in the decomposition temperature range 
from 270 to 370°C is much lower than that in 
curve A. Figures 2(d) and 3(c) show the results of 
mass spectroscopy and of gas chromatography, 
respectively, at a temperature just above 
decomposition. In mass spectroscopy, the spec- 
trum differs from that without hydrogen shown in 
Fig. 2(b), in that peaks of C2 and C3 hydrocarbons 
have become relatively lower compared with 
those of CH: and CH: and that peaks of C, 
hydrocarbons have disappeared. Also gas 
chromatography at the same temperature showed 
a relative increase of CH, and a decrease of C,H, 
and C3H,. These results suggest the hydrogena- 
tion of hydrocarbons with a C=C bond and 
probably formation of CH, by hydrocracking of 
hydrocarbons with C-CH3 bonds. These addition 
reactions of hydrogen result in consumption of 
the added hydrogen, and thus the increase in 
moles of vapor species would be kept relatively 
lower. The increase in pressure above 450°C is 
also lower than that without hydrogen as shown in 
Fig. 1. this should come also from consumption of 
added hydrogen through the hydrogenation and 
hydrocracking to form CH4 from C2 and C3 hydro- 
carbons in the system. Another cause for the 
lower increase in pressure is the loss of hydrogen 
from the sample chamber by diffusion through 
the thin walls of the quartz spoon. According to 
our pressure measurement on hydrogen gas, the 
pressure decrease due to diffusion of hydrogen 
becomes appreciable at approximately 550 "C and 
more considerable with increasing temperature. 

The results of mass spectroscopy and gas chro- 
matography at 650 "C are shown in Figs 2(e) and 
3(d), respectively. Both results show that the 
vapor phase in the system is almost completely 
occupied by methane, and it is found that these 
results are very similar to those without hydrogen 
[Figs 2(c) and 3(b)]. Considering leakage of resi- 
dual hydrogen from the spoon of the gauge, it is 
reasonable that the increasing rate in pressure 
above 500 "C in curve B in Fig. 1 is not so high as 
that in curve A. 

3. Dimethylcadmium [Cd(CH,),] 
A typical example of a pressure-temperature 
curve of dimethylcadmium is shown as curve A in 
Fig. 5. The saturated vapor pressure (P) rises in 
the neighborhood of -30 "C and it agrees with the 
pressure of the ideal gas law after the condensed 
phase disappears. 

The log P versus 1/T K-' plots for the range of 
saturated vapor pressure gave two linear relation- 
ships which intersect each other at 271.5 K. The 
temperature dependences of sublimation and 
evaporation were found to be as shown in 
[Eqns [4] and [5].  

For sublimation: 
2.080 X lo3 

T +8.588 [4] 1% P(sub.)Torr = - 

For evaporation: 
1843 X lo3 

T +7.715 [5]  logP(evap.)Torr = - 

The following equations are given in references, 
only for evaporation. 

1.850 X lo3 
T +7.764 (Ref. 28) [6] log P T o m  = - 

1126.36 
T +  201.07 +6.490 (Ref. 30) [7] log P T o m  = - 

The increase in pressure in the temperature range 
from 180°C to 290°C is considered to be caused 
by decomposition of the compound in which 
metallic cadmium is deposited. The mass spec- 
trum at 320 "C where the decomposition is com- 
plete is shown in Fig. 6(b), with the spectrum at 
room temperature in Fig. 6(a). 

In the spectrum at room temperature, peaks for 
CH:, fragments such as CH: and hydrocarbons 
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Figure 5 Pressure-temperature curves of dimethylcadmium with and without 
hydrogen. A, without hydrogen; B, with hydrogen. 

by rearrangement of ionized radicals were 
observed in addition to two peak groups of 
Cd(CH3)+ (mlz 125, 126, 127, 128, 129, 130 and 
131) and of Cd(CH,): (m/z 140,141,142,143 and 
144). In the spectrum at 320"C, these two peak 
groups of Cd(CH3)+ and Cd(CH,): had disap- 
peared and those of C1 , C2 , C3 and C4 hydrocar- 
bons were observed. The results of gas chromato- 
graphy on dimethylcadmium with and without 
hydrogen are shown in Fig. 7(a), (b), (c) and (d). 

As shown in Fig. 7(a), 83% of methane, 10% of 
ethane, 5% of propane and 2% of n-butane were 
detected at 320°C. The pressure increase from 
320 to 700°C in curve A in Fig. 5 can not be 
explained by only the increase of vapor species 
through the decomposition of the above C,, C3 
and C4 hydrocarbons. Another vapor-phase spe- 
cies which makes an important contribution to the 
increase in pressure in the above temperature 
range is considered to be gaseous cadmium vapor- 
ized from the deposited metallic cadmium. Only a 
trace of Cd+ was seen in mass spectroscopy at 
650 "C, because most cadmium released in the 
decomposition was deposited in the tip of the 
tube, which is at a low temperature, and the 
vapor pressure of cadmium in the tube is very 
low. The saturated vapor pressure of metallic 
cadmium is given by Eqn [8].31 

5.763 x 1b 
T + 12.282 - 1.28 log T [8] log PTom = - 

According to the above equation, the saturated 
vapor pressures of metallic cadmium are 
1.25Torr at 400°C and 82.6Torr at 600°C. 
Therefore, it is estimated that, in the pressure 
increase between 320 and 700°C in curve A in 
Fig. 5, the saturated vapor pressure should aug- 
ment on the pressure increase by decomposition 
of C2, C3 and C, hydrocarbons and by release of 
hydrocarbons from the condensed polymer men- 
tioned below. 

Hydrocarbons, released from the condensed 
phase deposited in the decomposition of the com- 
pound, are also one of the causes of pressure 
increase in the above temperature range, in the 
same manner as that of dimethylzinc. Figure 4(b) 
shows a mass spectrum of fragments of the 
crushed tube at 550°C which was used for the 
spectroscopy at 320 "C in Fig. 6(b). As seen in the 
figure, the spectrum is similar to that of dimethyl- 
zinc shown in Fig. 4(a), and it can be said that, in 
the decomposition of dimethylcadmium also, 
polymer with less hydrogen was deposited and 
hydrocarbons were released from the polymer in 
the above temperature range. 

In the spectrum at 650 "C, major species in the 
system are CH: and CH: and a small amount of 
C, hydrocarbon species (mlz 28 and 29), and 
furthermore, in the spectrum at 800 "C, only CH; 
and C&+ were observed except for a trace of 
ethane. Gas chromatography at 650 "C gave only 
4 YO of ethane in addition to 96 YO of methane as 
the major species. 
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Figure 6 Mass spectra of dimethylcadmium at various tem- 
peratures: (a) room temperature; (b) 320 "C; (c) 650 "C; 
(d) 320 "C with hydrogen; (e) 650°C with hydrogen. 

A pressure-temperature curve of dimethyl- 
cadmium in coexistence with hydrogen gas is 
shown as curve B in Fig. 5. Increase in pressure 
by decomposition of the compound in the temper- 
ature range from 180 to 280°C is scarcely 
observed, in contrast to that without hydrogen. 

n - butane 

(a) 32OoC methane 

(b) 650°C met ha  n e 

wi th  H2 

ethane 

wi th  H 2  
(d) 650°C 1 methane 

Figure 7 Gas compositions after decomposition of dimethyl- 
cadmium. (a) 320 "C; (b) 650 "C; (c) 320 "C with hydrogen; 
(d) 650°C with hydrogen. 

The results of mass spectroscopy and gas chroma- 
tography at 320 "C are given in Figs 6(d) and 7(c), 
respectively. The system with hydrogen shows an 
apparently lower content of methane than that 
without hydrogen in both measurements of mass 
spectroscopy and gas chromatography [see Figs 
6(b), 7(a), 6(d) and 7(c)]. In the results of gas 
chromatography of the system with hydrogen, 
differences from that without hydrogen include 
higher content of ethane, lower content of pro- 
pane and no detection of n-butane. These results, 
of course , indicate that hydrogen was consumed 
to form ethane through hydrogenation of n- 
butane and propane. 

It is found that, in mass spectroscopy at 320 "C, 
peaks of methane were lower than those of eth- 
ane regardless of the presence of hydrogen while, 
in gas chromatography, methane was the major 
species in both systems with and without hydro- 
gen. It is considered that this fact comes from 
insufficient ionization of methane by the low ioni- 
zation voltage (10 eV) used in the present work. 

At 650 "C, patterns similar to those without 
hydrogen were obtained in both mass spectros- 
copy and gas chromatography. Thus, the total 
pressure in the system continues to increase, even 
above 700 "C, with increase of methane. 

3.3 Diethylzinc [Zn(C,H,),I 
One of the problems with MOCVD using alkyl 
metalorganic compounds as precursors is carbon 
contamination of the growin crystal. Diethylzinc 
has been sometimes ~sed'~-~' in spite of its lower 
saturated vapor pressure, because it gives less 
carbon contamination. 

A typical pressure-temperature curve for 
diethylzinc is shown in Fig. 8. The saturated 
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vapor pressure begins to rise at about -20 "C and 
it is about 20 Torr at room temperature. 

From the log P versus 1lTK-' plots, the tem- 
perature dependence of the saturated vapor pres- 
sure was found to be as shown in Eqn [9]. 
For evaporation: 

2.012 x 103 
+7.996 [9] T log P(e"ap.)Torr = - 

In the above plots, a break which corresponds 
to the melting point of this compound was not 
clearly found. The melting point of the compound 
has been reported to be -28 "C, but it was almost 
impossible to determine it in the above plots and 
to obtain the temperature dependence of the 
saturated vapor pressure for sublimation, because 
very few readings of pressure could be taken at 
such a low pressure range. Equations [lo] and 
[ l l ]  have been reported for evaporation of this 
compound. 

2.190 X lo3 
T +8.280 (Ref. 28) [lo] log PT** = - 

2.109 X lo3 
T +7.405 (Ref. 33) [ l l ]  log Pkpa  = - 

It is seen that the vapor pressure agrees with 
that of the ideal gas law after evaporation and the 
compound decomposes in the vapor phase in the 

temperature range 170-225 "C. Figure 9 shows 
the results of mass spectrography of the com- 
pound with and without hydrogen at various 
temperatures. 

The spectrum at room temperature [Fig. 9(a)] 
(that is, the cracking pattern) is characterized by 
three groups of peaks at mlz 64-70, 93-99 and 
122-128 which correspond to Z,+, Zn(C,H,)+ and 
Zn(C,H,):, respectively. As shown in Fig. 9(b), 
these peaks completely disappeared at 250 "C and 
a thin film with metallic luster was observed on 
the inner surface of the used tube. Therefore, the 
pressure increase in the above temperature range 
is considered to be caused by decomposition 
durir,g which metallic zinc is deposited. In the 
mass spectrum at 250 "C, considerable peaks for 
C, hydrocarbons with mlz 26-30 are observed 
together with peaks for C, hydrocarbons with mlz 
39-44 and C, hydrocarbons with mlz 55-58. 
Figure 10 shows the results of gas chromatogra- 
phy of this compound with and without hydrogen 
at various temperatures. 

At 250 "C, as shown in Fig. lO(a), ethane and n- 
butane were detected as major species together 
with small amounts of ethylene, trans-2-butene 
and cis-Zbutene. Considering tht C,H, is the alkyl 
radical released from the compound, it would be 
reasonable to estimate formation (i) of ethane by 
addition of hydrogen to the radical and (ii) of n- 
butane by coupling of two radicals. In Fig. 9(b), 
peaks for C3 hydrocarbons were observed, but not 
from the results of gas chromatography shown in 

0 200 400 600 
Ternpcrature. "C 

Figure 8 Pressure-temperature curves of diethylzinc with and without hydro- 
gen: A,  without hydrogen; B, with hydrogen. 
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Mass spectra of diethylzinc at various temperatures: 
(a, room temperature; (b) 320 "C; (c) 650 "C; (d) 800°C; 
(e) 320 "C with hydrogen; (f) 650 "C with hydrogen; (g) 800 "C 
with hydrogen. (f) (9) 

Fig. lO(a). Although the peak at m/z41 corre- 
sponds to -CH=CH-CH:, m/z42 to 
CH,--CH=CH:, m/z 43 to -CHz---CHT-CH,+ 

and mlz 44 to CH3-CHz--CH:, respectively, 
these fragment ions are considered to come from 
rearrangement of fragments of n-butane, fruns-2- 
butene and cis-2-butene. 

After the decompositions mentioned above, 
the pressure shows agreement with that of the 
ideal gas law with a gradually larger increase 
above 300 "C followed by a rapid increase above 
450°C. In the results from mass spectroscopy at 
650°C [Fig. 9(c)], peaks of C3 and C4 hydrocar- 
bons almost disappeared and those for CH: , CH: 
and C2H: grew considerably. The result of gas 
chromatography at 580 "C [Fig. 10(b)] supports 
the above measurement, i.e. n-butane and 
butenes were not detected and methane, ethane 
and ethylene occupied the larger part in the 
system in order of content. In vapor pressure 
measurements on n-butane, trans-2-butene and 
cis-2-butene, it was observed that a rapid increase 
in pressure by decompositions of these hydrocar- 
bons began in the neighbourhood of 450 "C, and it 
is reasonable to conclude that the rapid increase 
in pressure above 450°C in curve A in Fig. 8 is 
caused by the decomposition of these hydrocar- 
bons in the system. The saturated vapor pressure 
of metallic zinc is not considered to contribute to 
the total pressure of the system at 580 "C, because 
it is about 10 Torr at 600 "C. At 650 "C, peaks of 
C, hydrocarbons became highest and peaks of 
benzene (mlz 78), toluene (mlz 92) and naphtha- 
lene (mlz128) appeared as shown in Fig. s ( ~ ) .  

(a) 250°C 

(b) 580°C 

74OOC 

with H2 

250°C 

wilh H2 

580'C 

with H2 

(d' 740 ' C 

t-2-butene 

n- butane ethane 

U methane 

Figure 10 Gas compositions after decomposition of diethyl- 
zinc: (a) 250°C; (b) 580 "C; (c) 740 "C; (d) 250 "C with hydro- 
gen; (e) 580 "C with hydrogen; (f) 740 "C with hydrogen. 
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(a) ethane 335 "C 
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Figure 11 Mass spectra of ethane and ethylene at 335 and 
580 "C: (a) ethane at 335 "C; (b) ethylene at 335 "C; ( c )  ethane 
at 580 "C; (d) ethylene at 580 "C. 

These aromatic hydrocarbons come from chain 
hydrocarbons having a C=C bond such as ethy- 
lene and p r ~ p y l e n e . ~ ~  The results of mass spec- 
troscopy on ethane and ethylene at 335 and 
580°C are shown in Figs. l l(a),  (b), (c) and (d). 

It is seen that reactors of ethylene resulted in 
the aromatic hydrocarbons mentioned above at 
580"C, whilst the spectrum of ethene at 580°C 
was not so different from that at 335°C. The 
spectrum of ethane at 335 "C is characterized by 
two high peaks at mlz28 and 30. From these 
spectra, the relative peak heights at mz 26,27 and 
28. From these spectra, the relative peak heights 
at mlz 26-30 at 320°C in Fig. 9(b) suggest co- 
existence of ethane and ethylene, and those at 

650°C [Fig. 9(c)] suggest a decrease of ethylene 
by the formation of aromatic hydrocarbons. 

As seen in Fig. 9(d), the spectrum at 800°C 
shows only peaks of CH:, C%+ and a small 
amount of benzene, and in gas chromatography at 
740°C [Fig. lO(c)], the greater part of the vapor 
phase in the system is occupied by methane. The 
saturated vapor pressure of zinc at 740 "C is about 
118 Torr and it should be a component of the total 
pressure of the system although it does not appear 
in the gas chromatography. 

The pressure-temperature curve on a mixed 
system of diethylzinc and hydrogen is shown as 
curve B in Fig. 8. The pressure increase by 
decomposition of the compound began at about 
200°C whereas it began at about 170°C without 
hydrogen, and the mole ratio of vapor phases 
before and after decomposition is clearly lower 
than that in curve A. These facts suggest that the 
compound reacts with hydrogen as soon as it 
begins to decompose and hydrogen is consumed 
in the hydrogenation of radicals. 

Figures 9(e), (f) and (g) show the results of 
mass spectroscopy on the compound in the pres- 
ence of hydrogen at 320,650 and 800 "C, respecti- 
vely. At 320 "C, it is seen that the relative intensi- 
ties of peaks for C3 hydrocarbons of mlz 41, 42 
and 43, and C, hydrocarbons of mlz55, 56, 57 
and 58 became lower and those for peaks of m / z  
27, 28, 29 and 30 became higher, compared with 
those without hydrogen at the same temperature 
[Fig. 9(b)]. This indicates that hydrogenation of 
radicals of C2 hydrocarbons took place to form 
more ethane and ethylene when n-butane and 
butenes decomposed. In Fig. 9(e), the highest 
peak is at rnlz 28 which correspond to GH,, but 
ethane also gives the highest peak at m/z 28. As 
shown in Fig. l l(a) and (b), both ethane and 
ethylene gave fragment patterns in which the 
highest peak is at mfz 28, and the peak pattern of 
ethylene was characterized by a very low relative 
intensity of the peak at rnlz 30. Accordingly, 
these spectra suggest that ethylene coexists with a 
large amount of ethane in the system with hydro- 
gen at 320 "C. The result of gas chromatography is 
shown in Fig. 10(d), in which the system is in a 
similar state to that for Fig. 9(e), although the 
temperature is a little lower. It is seen that the 
relative amount of ethane was increased while 
that of ethylene did not change, comparing with 
that without hydrogen [Fig. lO)a)], and the 
decrease in intensity of n-butane reflects its 
decomposition and hydrocracking to form 
ethane. 
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Mass spectroscopy at 650°C [Fig. 9(f)] gave a 
similar result to that without hydrogen shown in 
fig. 9(c), in which the relative intensity of ethane 
is higher than that without hydrogen. In gas 
chromtography with and without hydrogen at 
580"C, methane is the major species in these 
systems, as seen in Figs lO(b) and (e), whilst peak 
heights of CH: and CH: are far lower than those 
of ethane and ethylene in the mass spectra in Figs 
9(c) and (f). This discrepancy is considered to be 
caused by the low ionization voltge (10 eV) which 
was not sufficient to ionize methane. 

At 800"C, with or without hydrogen, the 
system was almost entirely occupied by methane 
[Figs. 9(d) and (g)] and the results are supported 
by gas chromatography at 740 "C as shown in Figs 
lO(c) and (f). 

4 CONCLUSION 

Physicochemical properties of dimethylzinc, 
dimethylcadmium and diethylzinc were investi- 
gated by means of vapor pressure measurement, 
mass spectroscopy and gas chromatography. The 
temperature dependences of the saturated vapor 
pressure of these compounds were determined. 
The saturated vapor pressure of sublimation of 
diethylzinc is less than 1 Torr and it was imposs- 
ible to determine its temperature dependence 
with good accuracy. 

Dimethylzinc decomposes in the vapor phase in 
the temperature range 270-370 "C, releasing 
methane as a major species with small amounts of 
ethane, ethylene, propane and propylene. 
Dimethylcadmium decomposes in the range 180- 
290 "C, releasing methane as a major species with 
small amounts of ethane, propane and n-butane. 
Diethylzinc decomposes in the range 170-225 "C, 
releasing ethane and n-butane as major species 
with small amounts of ethylene, trans-2-butene 
and cis-2-butene. 

In the decomposition of these compounds, 
polymers with less hydrogen were deposited 
together with metals. These polymers decompose 
to release a few lower hydrocarbons at higher 
temperature. 

Hydrogen gas reacts with these compounds as 
soon as they begin to decompose and promotes 
the formation of methane with increasing temper- 
ature through hydrogenation and hydrocracking 
of the various hydrocarbons released. 
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