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INTRODUCTION 

Germane (GeH4), the germanium analog of methane, was 

first prepared by Voegelen (1) in 1902 by the action of zinc and 

sulphuric acid on germanium tetrachloride. No further work on 

the hydrides of germanium was done until 1922 when Mdller and 

Smith (2) studied the preparation of germane with a view to 

using the hydride in a reaction, similar to the Marsh test, for 

the detection of minute quantities of germanium. 

year, Paneth and Schmidt-Hebbel (3) produce~ germane by the re

action of sulphuric acid with a mixture of zinc, magnesium and 

germanium, and Schenck. (4) obtained germane from the action of 

acid on magnesium germanide. 

Since that time ·much work has been done on the prepara

tion and characterization of germane, substituted germanes and 

germanium hydrides up to Ge9H20 (5). In recent years, this 

field has been reviewed in detail by Johnson (6) up to 1950, by 

Rijkens (7) up to 1960, and by Quane and Bottei (8), whose review 

is intended as a supplement to Johnson•s, up to 1962. Since it 

is not the purpose of this introduction to rêwrite these reviews, 

only a brief summary of those topics which are relevant to this 

work will be given . These topics include the classification of 
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compounds containing the germyl group, methode of preparation 

of these compounds and a summary of their physical properties 

(Appendix I) • 

CLASSIFICATION OF GERMYL COMPOUNDS 

There are about seventy compounds containing the 

germyl (GeH3 ) group reported in the literature to the end of 

1964. They are conveniently divided into the following six 

groups. 

1) Germanium hydrides, from GeH4 to Ge9H20 (9,5). 

2) Alkylgermanes, from methylgermane ~(CH3GeH3) (10) to 

n-octylgermane {n-CsH17GeH3) (11), including l,l,l-trifluoro-

3-germy1 propane (12), vinylgermane (13) and 3-germyl-2-

propylene (12). 

3) Germyl halides, including digermanyliodide (14) and 

pseudo ha1ides such as germylcyanide, -isocyanate and -isothio

cyanate (15 1 16,17). 

4) Germyl oxygen and sulphur compounds, including germyl 

acetate (16), methoxygermane (18,19), digermoxane (20), and di

germthi an ( 20) • 

5) Alkali metal salta (21,10) bf the type GeH3M, where 

M = Li, Na, K. 
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6) Mixed hydrides of germanium with silicon (22,23,24), 

arsenic, phosphorous, and nitrogen (25), including sorne fifteen 

germanium-silicon hydrides of the general type GexSiyH2x+2y+2 

where x=l ta 3 and y=l ta 5 (26). 

PREPARATION OF GERMYL COMPOUNDS 

1. Germanium Hydrides 

Germane has been prepared by a variety of methods 

with yields ranging from 10 ta 99 per cent. These methods 

include reduction of germanium tetrachloride with lithium 

.aluminum hydride, lithium (t-butoxy) aluminum hydride (27) or 
•' 

sodium borohydride (28), acid hydrolysis of the metal (3) or 

alloy (4,29); acid or alkaline reduction of the oxide (2,30), 

reduction of the alloy with dichlorohydrazine in anhydrous hy-

drazi~e (31), electrolytic reduction of an acid solution of the 

oxide (32), and reduction of an acidic oxide solution with sodium 

borohydride (33). Of these methods, the best yield is obtained 

by the reduction of germanium dioxide in hydrobromic acid by 

sodium borohydride. In the original preparation, described by 

Piper and Wilson (33), germanium dioxide was dissolved in boiling 

hydrobromic acid anœthe solution was then cooled in an ice bath 

for the aqdition of aqueous sodium borohydride. Germane was 

obtained with a yield of 73 per cent. If the mixture of 
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germanium dioxide in hydrobromic acid is refluxed for 6 hours 

and the solution of sodium borohydride is added to this solution 
. 

without cooling, almost quantitative yields·of germane are 

obtained. 

The higher germanium hydrides occur as by-products 

in the preparation of germane by most of the methods mentioned 

previously. The yield of a germanium hydride decreases as the 

number of germanium atoms in the chain increases, and although 

the hydrides up to Ge9H20 have been prepared and identified, 

those from Ge6Hl4 to .Ge9H20 have been observed only as pe~s on 

a gas chromatogram or mass spectrogram(5l Although the hy-

drides up to pentagermanè (Ge5H12) have been prepared in low 

yields, sufficient quantities have been obtained to allow 

determination of their phy~ical properties (5,62). 

Digermane was first described by Dennis and his co-
Î' 

workers (29) in 1924. They obtained it by the action of hydro-

chloric acid on magnesium germanide but the yield was only 5 per 

cent of the germanium used. Digermane has also been prepared 

in low yield from germane in a gas discharge (5), along with the 

higher hydrides in smaller amounts. No specifie method has yet 

been described for the preparation of digermane in high yield. 
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2. Alkylgermanes 

The alkylgermanes, which include all the normal ali

phatic compounds from methyl- to n-octylgermane as well as 

vinylgermane, 1-germyl-2-propylene and 1,1,1-trifluoro-3-

germyl propane, have been prepared by the reduction of the 

appropriate alkyl germanium trihalide with lithium aluminum 

hydride or lithium hydride. Sorne have also been prepared by 

the reaction of germyl sodium in liquid ammonia with alkyl 

halides. 

Methylgermane was prepared by Teal and Kraus {10) by 

the action of a methyl halide (iodide or bromide) on germyl 

sodium in liquid ammonia. 

GeH3Na + CH3X ---fi>. Nax + CH3GeH3 • • • 1) 

Ponomarenko et al (34) obtained methylgermane by reducing 

methyltrihalogermane with lithium hydride in dioxane. Amberger 

and Boeters (35) used lithium aluminum hydride as a reducing 

agent to prepare the same compound. 

Lithium aluminum hydride was also used to reduce 

vinyltrichlorogermane to vinylgermane (13) and 1-trichlorogermyl-

2-propylene to 1-germyl-2-propylene (12). 
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Ethylgermane was prepared (36,10) by bubbling ethyl 

bromide through a solution of germyl sodium in liquid ammonia, 

as was iso-amylgermane from iso-amylhalide. Ponomarenko et al 

(34) prepared ethylgermane by the lithium hydride reduction of 

an ethyl germanium halide (chloride or bromide). 

Teal and Kraus {10) were the first to report the pre

paration of n-propylgermane from the reaction of n-propylbromide 

with germyl sodium in liquid ammonia. Johnson and Jones {37) 

prepared n-propyltrichlorogermane from germanium tetrachloride 

and n-propyl lithium in petroleum ether, and then reduced it with 

lithium aluminum hydride in iso-propyl ether to n-propylgermane 

in 85 per cent yield. 

The series of compounds from n-butylgermane to n-octyl

germane were prepared by Satgé (11) by reduction of the appropri

ate alkylgermylhalide in ether solution with lithium aluminum 

hydride. The yield of alkylgermane by this method usually 

approached 90 per cent. 

Ponomarenko et al (12) prepared 1,1,1-trifluoro-3-

germylpropane by lithium hydride reduction of the trihalogermane. 
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3. Halides and Pseudo Halides 

The monohalogermanes and digermanyliodide constitute a 

series of compounds containing a halide and the GeH3 group. For 

purposes of classification, this series is expanded to include 

the pseudo halides, germylcyanide, -isocyanate, and -isothio-

cyanate. Germylhalides are usually prepared by the action of 

the pure halogen or hydrogen halide on germane. The pseudo 

halides are prepared from halogermanes by reaction with the 

appropriate silver salts. 

Chloro- and bromogermane were prepared by Dennis and 

Judy (15) by the reaction of germane with hydrogen chloride or 

bromide in the presence of the appropriate aluminum trihalide 

as catalyst. 

·AlX3 GeH4 + HX - :> • • • 2) 

They attempted to prepare iodogermane by this method, but could 

not isolate it. In 1959 Sujishi (38) prepared and isolated 

iodogermane and he bas used it to prepare other germyl compounds 

(20). More recently Srivastava et al (16) prepared bromogermane 

by the direct interaction of bromine with germane, with yields 

in excess of 60 per cent. 

GeH4 + Br2 ---1..,..,.. GeH3Br + HBr. • •. 3) 
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Srivastava and Onyszchuk (39) also prepared fluorogermane by 

passing bromogermane over dry silver fluoride. 

Mackay and Roebuck (14) used the direct interaction 

of digermane with iodine at -63° to prepare digermanyliodide. 

Digermanylchloride appeared to be formed in the reaction of 

digermanyliodide with silver chloride but it could not be iso-

.lated. 

The pseudo halogermanes have been prepared by Srivastava 

et al (16) by passing a halogermane over the appropriate silver 

salts, following the silver salt conversion series for silyl 

compounds proposed by MacDiarmid (40). The interaction of silver 

cyanide with chlorogermane produced germylcyanide, but a pure sam

ple CQUld. not be isolated because it decomposed during purifica

tion. The pure compound bas been obtained by the reaction of 

bromoger.mane with silver cyanide {38). The reaction between 

silver cyanate and bromogermane gave germylisocyanate in 93 per 

cent yield. Bromogermane and silver thiocyanate also react 

quantitatively (97 per cent yield) to produce germylisothio

cyanate, which decomposes at 55° (16). 

4. Oxygen and Sulphur Compounds 

Compounds in which a germyl group is bound to an 

oxygen or sulphur atom comprise a series which includes germyl 
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acetate, methyaxygermane, digermoxane and digermthian. The se 

compounds are generally prepared from a halogermane by the 

action of the appropriate dry salt containing oxygen or 

sulphur. 

Germyl acetate was prepared in almost quantitative 

yield (96 per cent) by Srivastava et al (16) by passing bromo

germane over dry silver acetate. The reaction of liquid 

chlorogermane with dry sodium metholate at -50° yielded about 

60 per cent methoxygermane, but Griffiths (18) was unable to 

separate the pure material. The pure compound bas recently 

been prepared by the mercury photosensitized reaction of methanol 

with germane (19). Goldfarb and Sujishi (20) prepared diger-

mthian by the reaction of germyliodide with mercuric sulphide. 

Digermoxane was obtained (20) in 35 per cent yield by shaking 

digermthian with a large excess of granular red mercuric oxide 

at -40°. 

S. Alkali Metal Salts 

Germyl alkali metal salts form a distinctive series 

of solid GeH3 compounds. They are formed by the reaction of 

germane with alkali metals dissolved in liquid ammonia, and are 

relatively unstable at room temperature. The salt used exclu-

sively in this work, germyl sodium, was prepared in 1934 by 
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Kraus and Carney (41). They bubbled germane through a solu-

tion of sodium in anhydrous liquid ammonia and, on removal of 

the ammonia, obtained a white solid which decomposed rapidly 

at room temperature, and more slowly at -33°. The reaction 

scheme proposed for the formation of germyl sodium from germane 

and sodium in liquid ammonia is (42): 

GeH4 Na -63° ~ ~2 + GeH3Na 

2Na l -45° 

J 
GeH4 • • • 4) 

H2 + GeH2Na2 --..!'lli3 -450 :;a.. NH2Na + GeH3Na 

Germyl sodium crystallizes first with 6 molecules of ammonia 

of crystallization, which are lost forming four solid phases 

consecutively at -33° (41): 

GeH3Na • 6NH3 315~ GeH3Na • 4. 5NH3 23m: GeH3Na • 2NH3 . 3IDif' GeH3Na • • • 5) 

Kraus and Carney initially used germyl sodium to obtain pure 

germane from the mixture of germanium hydrides which they bad 

obtained by the action of ammonium bromide on magnesium germanide 

in liquid ammonia. They bubbled the mixture of hydrides through 

a solution of sodium in liquid ammonia to form germyl sodium. 

Ammonium bromide was then added to produce pure monogermane. 

Other workers, e.g. Glarum and Kraus {36), have used germyl sodium 

• 
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as a reagent for the preparation of alkylgermanes. Another 

germyl salt, germyl potassium, bas been prepared by Teal and 

Kraus {10), from germane and potassium in 1iquid ammonia. 

They found that one mole of germyl potassium was soluble in 

4.6 moles of ammonia, and it appeared to be more stable 

toward thermal decomposition than germyl sodium, but much 

less is known about its formation and properties. More re-

cently, Amberger and Boeters (21) prepared germyl lithium by 

the reaction of germane with lithium in liquid ammonia. On 

removal of the liquid ammonia, the white solid germyl lithium 

retains two molecules of ammonia of crystallization at -78°, 

which are lost at room temperature. 

6. Mixed Hydrides 

The two main methods of preparation of mixed hydrides 

of germanium with silicon, phosphorous, arsenic and nitrogen 

are gas discharge of a mixture of two hydrides and acid hydroly-

sis of a mixed calcium or magnesium alloy. These methode 

generally yield such small quantities of mixed hydrides that 

vapeur phase chromatography or mass spectrometry are required to 

identify them. 

The si~plest silicon-germanium hydride, germylsilane 

(or silylgermane) bas been prepared by three different methods. 
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It was originally prepared and separated by Spanier and 

MacDiarmid (22) from an equimolar mixture of silane and ger

mane in an electric discharge. Subsequently, Varma and Cox 

(24) used the reaction of silyl potassium with chlorogermane 

at room temperature to obtain a 20 per cent yield of germyl

silane. Using the method of acid hydrolysis of calcium 

germanide-silicide, Royen and Rocktaschel (23) prepared germyl

silane, germyldisilane and digermylsilane as well as sorne 

higher hydrides of germanium and silicon. 

Timms et al (26) used acid hydrolysis of a germanium

silicon-magnesium alloy to obtain mixed hydrides of the type 

SixGeyH2x+2y+2, which they separated by vapour phase chroma

tography. They observed fifteen peaks characteristic of 

germanium-silicon hydrides with different total number of atoms, 

different germanium-silicon ratios, or different degrees of 

branching. All of the compounds appeared to have a terminal 

germyl group. 

Drake and Jolly (43) prepared GeH3PH2, Ge2PH7, 

GeP2H6 and GeH3AsH2 by passing a mixture of germane and phosphine 

or arsine through an ozonizer at -780. They could not separate 

germyl phosphine from digermane and the higher germanes produced. 
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Royen et al {25) used acid hydrolysis of a solid solution of 

calcium germanide with calcium.phosphide, calcium nitride, or 

calcium arsenide to produce germylphosphine,germylamine and 

germylarsine respectively. 

OUTLINE OF THE RESEARCH PROBLEM 

Prior to 1960 when this work was started, our know

ledge of the preparation and properti~s of compounds contain

ing the GeH3 group was meagre, and only 20 germyl compounds 

were described in the literature. Alkylgermanes had been 

prepared in high yield by the coupling reaction of germyl 

sodium.with alkyl halides, and it was of interest to determine 

if germyl sodium would~ouple with other halides. Since there 

was no method reported for the specifie preparation of diger

mane in high yield, the first attempt was to react germyl 

sodium with a halogermane, in the hope of obtaining digermane 

in high yield. 

The yields obtained from these experimente led to a 

further investigation of the usefulness of germyl sodium as a re

agent for the preparation of compounds containing the germyl group. 

Germyl sodium was allowed to react ~ith the methylchlorosilanes, 

and silicon tetrachloride, and the series of methylgermylsilanes was 
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prepared. The change in the physical properties (including 

melting point, boiling point, infrared and n.m.r. spectra) of 

these compounds as methyl groups were successively replaced 

by germyl groups was determined • 

. During the course of this work, the preparation of 

germylsilane by an electric discharge method was reported in 

the literature (22) and it was of interest to see if this 

compound could also be prepared from germyl sodium and a 

halosilane. 

The successful preparation of the methylgermylsilanes 

prompted preparation of an analogous series with germanium 

replacing silicon. The first member of this series, 1,1,1-

trimethyldigermane was prepared • 
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EXPERIMENTAL 

INTRODUCTION 

Since most of the ~ompounds used and prepared in 

this investigation were volatile and in sorne cases reacted 

with air or moisture, it was necessary to use high vacuum 

techniques for their manipulation. For this purpose, a 

standard high vacuum apparatus, similar to that described by 

Jolly (44), was constructed. A detailed description of 

vacuum techniques is not necessary here, since comprehensive 

reviews are available (44,45,46,47,48). However, the more 

important techniques that were used will be described briefly. 

The use of high vacuum techniques bas sorne advan-

tages and disadvantages which were of special signifi?ance in 

this investigation. Sorne of the advantages are: a) materials 

of sufficient volatility may be transferredquantitatively by 

distillation, b} reactions may be done with small amounts of 

gas, c) small quantities of products·may be isolated and identi-

fied, d) compounds can be confined in glass containers in the 

absence of air or moisture, and e) highly taxie or spontaneous-

ly inflammable compounds can be handled with comparative safety. 

Disadvantages are: a) materials with normal boiling points 

above about 200° cannat be conveniently transferred by 
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distillation at room temperature, b) the complete separation 

of compounds with boiling points differing by less than about 

30° is difficult by fractional distillation, and c) large 

scale preparations are usually impractical. 

APPARAT US 

The vacuum apparatus, shown schematically in Figure 

1, was constructed of Pyrex glass and consisted of four main 

sections: 

1. a pumping section. 

2. storage vessels. 

3. distillation line for the separation and purification 
of volatile compounds. 

4. a central section for the measurement of pressure,. 
molecular weight and ether physical properties. 

All stopcocks and ground glass joints were lubricated with 

Kel-F 90 fluorocarbon grease (Minnesota Mining and Manufac-

turing Co.), and regreased as needed. The qpparatus was 

cleaned periodically using a concentrated solution of alkali 

permanganate fol'lowed by rinsing with concentrated HCl and 

distilled water. 

Pumping System 

The apparatus was evacuated using a single stage 

mercury diffusion pump, DP, backed by a rotary oil pump, OP. 
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Figure 1 

vacuum Apparatus 
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A ballast bulb, BB, reduced the back pressure, and a vacuum 

of lo-4 mm of mercury was obtained as measured with a tilting 

McLeod gauge, MG. A removable pump trap, PT, which was 

cooled in liquid air, protected the pumps from contamination 

by condensable vapeurs. A three-way stopcock allowed air to 

be pumped from the apparatus without passing through the mer-

eury pump. This prevented contamination of the latter by 

mercuric oxide. The oil trap, OT, prevented oil being drawn 

back into the apparatus in the event of a power failure. 

Storage System 

Volatile materials were stored in 5-litre bulbs, 

SB 1, 2, 3, 4, connected to the manifold, JJ'KK', through 

condensation traps and stopcocks. Germane and hydrogen 

chloride were stored in these bulbs for long periods without 

decomposition. Less volatile materials were sealed in glass 

"break-se al" vials and stored at room temperature if stable, or 

at -780 or -1940 (liquid air temperature) if unstable. 

Distillation Line 

Volatile materials were introduced into or removed 

from the system by means of stopcocks and ground glass joints 

C, D, and E, which also served as· points of attachment for 
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auxiliary apparatus. Seven distillation traps, T-1 to T-7, 

of about 70 ml capacity and two "LeRoy" low temperature 

fractionation columns (49), Ll and L2, werè interconnected 

as shown in Figure 1. Purifications were done by distilla-

tion through traps immersed in "slush baths" or through 

"LeRoy stills" immersed in liquid air. The "LeRoy stills" 

were more useful because the temperature could be continuously 

varied by suitable adjustment of the pressure in the jacket and 

the current through the heating coil. 

Measurement Section 

This section consisted of a removable condensation 

tube, CF, a thin walled molecular weight bulb, MW, of accurate-

ly known volume (263.9 ml), a sensitive, soft glass spoon 

gauge (46), SG, used as a null point indicator, and a mirror 

backed mercury manomèter, u. There were two advantages in 

using a spoon gauge for pressure measurements; 

1) measurements could be made in the absence ~f mercury 
vapour, and 

2) measurements at all pressures were done in a constant 
known vol ume. 
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TECHNIQUES 

Temperature Measurernent 

Temperatures below 0° were measured to ±0.1° with 

copper constantan thermocouples in conjunction with a sensi

tive potentiometer (Rubicon Instruments, Modal 2733). Ap

proximate temperatures in the range oo to -430 were measured 

with an alcohol in glass thermometer, and temperatures above 0° 

were measured with accurate mercury in glass thermometers. 

Pressure Measurements 

Pressures were measured in most cases using the soft 

glass spoon gauge attached to the apparatus by means of the 

graded seal, F. The null point was indicated when the fine 

pointer surmounting the spoon was colinear with two fine dia-

metrically opposite lines on the outer jacket. The air pres-

sure required to equalize the spoon was then read directly from 

the manorneter, to ~0.4 mm. If there was no danger of gas-

mercury vapourinteraction, pressures in the range 1 to 20 mm 

were rneasured with a cathetometer to ±0.02 mm, using a de

mountable mercury manometer, Figure 2, which was attached at 

ground joint E. 

Vapourpressures below room temperature were measured 
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Figure 2 

Demountable Manometer 
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by condensing the sample in the cold finger, CF, surrounding 

it with the appropriate slush bath, and measuring the pressure 

with the spoon gauge. Measurements of vapour pressure in 

the range 1 to 20 mm, when there was no danger of gas-mercury 

vapeur interaction, were done using the cold-finger of the de-

mountable manometer instead of the cold-finger, CF. 

case the cathetometer was used to read the pressure. 

In this 

Vapour pressuresabove room temperature were measured 

in a sealed all-glass vessel, to which a direct reading mercury 

manometer was attached. This assembly was immersed in an oil 

bath and pressures were measured using a cathetometer. 

Determination of Molecular Weight and Purity 

The molecular weight of a volatile compound was 

determined by direct weighing of the vapour in a bulb, MW, of 

known volume, at a measured pressure and temperature. Appli-

cation of the Ideal Gas Equation gave the molecular weight with 

an accuracy of one per cent. 

The purity of a new volatile compound was tested by 

measuring the vapour pressure at a fixed temperature of sucees-

sive small samples of the compound. When the measurements were 

constant to within ±o.os mm, the sample was considered 
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tensiometrically pure. The purities of known volatile com-

pounds were checked by measuring their vapour pressures at 

known temperatures and comparing these with the values re

ported in the literature. 

Determination of Melting Point 

Melting points below room temperature were deter

mined by the dropping plunger technique described by Stock 

(47). The plunger consisted of a soft iron rod encased in 

glass, attached to a thin glass rod with a glass cross on the 

end. It was placed in the cold finger, CF, of the vacuum 

apparatus, Figure l,and was raised magnetically about two 

inches and then allowed to rest on a ring of material which 

was condensed below it. The temperature of the cold finger, 

immersed in a slush bath, was raised slowly (0.5°/minute) and 

the temperature at which the plunger fell was taken as the 

melting point. Melting was confirmed by visual observation 

of the liquid phase. 

Purification of Volatile Materials 

Volatile compounds were purified by low temperature 

fractional distillation through the "LeRoy stills" or throU:gh 

the traps retained at the required temperature by slush baths. 

Liquid air was used to condense and transfer volatile compounds 
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from trap to trap. 

Infrared Spectra 

Infrared spectra of gaseous compounds were re-

corded on one or more of the following Perkin-Elmer 

instruments : 

1) Infracord Model 137 double bearn spectrophotometer with 
sodium chloride optics for the range 4000-670 cm-1. 

2) Model 21 double bearn spectrophotometer with sodium 
chloride optics for the range 4000-650 cm-1. 

3) Model 421 double bearn grating spectrophotometer which 
recorded spectra in the range 4000-550 cm-1. 

The 10 cm gas cell used (Research and Industrial Instruments 

Co., England) had 5 mm thick NaCl or KBr windows, held in place 

by screw caps, using Viton "0" rings for sealing. The win-

dows were repolished when necessary using an alcoholic sus-

pension of alumina on a rotating wheel. 

Spectra were recorded at various pressures in order 

to detect as _many weak bands as possible and to resolve the 

strongest bands. Care was taken, in the case of materials 

having low vapeur .Pressure, to avoid condensation of liquid on 

the cell windows. The spectra were recorded only in the gas 

phase because it was necessary to recover the small arnount of 

sarnple available. 
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Proton Nuclear Magnetic Resonance Spectra 

Proton nuclear magnetic resonance (n.m.r.) .spectra 

were taken on a Varian Associates HR-60 high resolution spec

trometer, operated at 60 Mc./second and room temperature. 

Samples of the neat liquid were sealed in capillary tubes 

which were then placed in a standard thin walled n.m.r. tube 

containing carbon tetrachloride. Small amounts of tetra-

methylsilane (TMS, "t'= 10.0 ppm, Anderson Chemical Co.) were 

added to the carbon tetrachloride as an external standard and 

chemical shifts were reported in "'t:units. Calibration was by 

means of 60 eps sidebands on the TMS peak. Spectra were 

scanned severa! times in each direction and the average peak 

positions were reported. 

Measurements were repeated on a Varian Associates 

A-60 spectrometer and the integrated areas of the peaks were 

also recorded. The n.m.r. spectra were recorded using samples 

in the pure liquid form rather than in dilute solution because 

it was necessary to recover the small amounts of sample 

available. 

Inert Atmo$phere 

An evacuable, inert atmosphere "dry" box was used 

for manipulation of air or moisture sensitive materials such 
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as the alkali metals or amalgams. 

Gas Chromatography Using Infrared Detection 

Since sorne of the compounds prepared are unst able 

in the presence of the thermal or ionization detectors usually 

used in vapour phase_chromatography (VPC), the strong absorp

tion band at 2050 cm-1 due to the GeH3 stretching vibrations 

was used as the means of detecting the emergence of the sam-

ple from the column. A 10 cm gas cell with NaCl windows 

was fitted with an entrance and exit tube, and connected with 

Tygon tubing to the exit of the VPC column. The column, 17 

mm internal diameter and 8 feet long, was packed with 20 

per cent by weight silicone grease on acid washed firebrick 

(40-60 mesh; Matheson, Coleman and Bell). This column was 

used at room temperature, 220, with nitrogen as a carrier gas 

at a flow rate of about 700 ml/minute. The infrared cell 

was placed in the sample bearn of the Perkin-Elmer Model 421 

spectrophotometer, the monochrometer was set at 2050 cmrl 

and the scan clutch disengaged to allow use of the drum drive 

as a time scale. The exit tube of the gas cell was connected 

by means of Tygon tubing and stopcocks to one of three collec

tion traps cooled in liquid air. 
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In arder to avoid decomposition in the presence of 

air, it was necessary to use the following method to transfer the 

sample to the VPC column. The volatile liquid sample was 

sealed under vacuum in a small tube fitted with a serum cap. 

To facilitate removal of the sample with a syringe, about 

10 cc (S.T.P.) of dry nitrogen was injected into the tube 

with a gas syringe. The sample was removed from the small 

tube using anOther syringe and then introduced into the inlet 

of the column by injection through a serum cap. The inlet 

system was maintained at 40° to hasten volatilization of the 

sample. 

If a VPC detector is capable of detecting only one 

component of a mixture, it cannat, obviously, give any in

formation on the emergence of other components of the mixture 

from the column. Thus, it cannat indicate the extent of 

separation obtained on the column, or the purity of the de-

tected component. In spite of these limitations, the ab-

sorption band due to the GeH3 stretching vibrations was used 

as a means of detecting the emergence of compounds containing 

the GeH3 group from the column. A very strong absorption 

band was necessary so that it could be detected when the co~ 

pound was diluted with nitrogen. The elution curve was sharp 
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and tailed out only sliqhtly. Any material eluted before the 

GeH3 containinq sample was collected in one trap, the sample 

was collected in a second trap, and the tail of the sample 

peak, along with any material eluted after the required sample, 

was collected in a third trap. 

Fractional Codistillation on a "Cady Column" 

In addition to VPC, some materials were purified by 

fractional codistillation on a column described by Cady and 

Siegwarth (50) • The column was a 1..( inch diameter copper U-tube 

with 40 cm arms, packed with 55 mesh silicon, and dry nitroqen 

was used as the carrier gas. The effluent gas from.the "Cady 

column" was passed through an infrared gas cell attached to the 

Perkin-Elmer Madel 421, as was done for the VPC separations. 

Characterization of Compounds 

New compounds were characterized by measuring as many 

of the fo1lowing physical properties as possible with the amount 

of sample available. 

1) · Elemental analysis* 

2) Molecular weight in the vapour phase. 

3) Vapour pressure-temperature relationship. 

* Elemental analyses were done by Scwarzkoff Microanalytical 
Laboratory, New York. 



- 29 -

4) Boiling point at 760 mm (extrapolated or interpolated). 

5) Latent he at of vaporization. 

6) Trouton • s Constant. 

7) Mel ting Point. 

8) Infrared spectrum. 

9) Proton n.m.r. spectrum. 

PREPARATION OF MATERIALS 

Germane GeB4 

The reduction of germanium dioxide in aqueous hydrogen 

bromide by an aqueous solution of sodium borohydride proceeds 

smoothly at room temperature to give germane in almost quanti~ 

tative yield. This preparation was originally done (33) by 

simply dissolving the germanium dioxide in boiling 1 M hydro

bromic acid and cooling the solution in an ice bath before 

adding the sodium borohydride solution, and yields of germane 

of 60-75 per cent were reported. Bowever, when the germanium 

dioxide is refl.uxed in 1 M hydrobromic acid for about 6 hours 

and the solution is not cooled during the addition of sodium 

borohydride, the yield is almost quantitative (18). This 

method of preparation of germane .was chosen over the others 

available (27,28,29,30,3.1·,32,41,51) because of its simplicity 

and high yield. 
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Germane was prepared in the apparatus shawn in 

Figure 3. A one litre, 3-necked flask A, was equipped with 

a dropping funnel B, a magnetic stirring bar, a reflux con

denser C, and a nitrogen inlet which extended below the level 

of the liquid in the flask. The condenser was maintained 

at -78° in order to retain the bulk of the solvent, and it 

was attached to a trap D, which in turn led to three traps 

E, F, G and a "LeRoy still 11 L, on the vacuum apparatus. A 

mercury 11blow off" H, on the "LeRoy still" served to allow 

hydrogen produced in the reaction, and nitrogen to escape 

without the admission of air or moisture. 

Germane was collected in the traps, and then puri

fied by vacuum distillation through the "LeRoy still u, main

tained at -15oo. 

In a typical preparation, three grams (28. 9 mmoles) 

of germanium dioxide was refluxed for 6 hours with 375 ml of 

1 M hydrobromic acid solution (48 ml of 48% HBr with 327 ml 

of H20). Twenty-·five grams of sodium borohydride was dis

solved in 225 ml of water and added over a period of 1.5 

hours to the Ge02-HBr solution in a nitrogen atmosphere. 

The condensable gases were trapped in liquid air. The crude 



- 31 -

Figure 3 

Apparatus Used for the Preparation of Germane 
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germane was puri fied by distillation at -150°. The yield 

of germane, volatile at -150°, was 27.8 mmoles (96% of Ge02; 

Found: M, 76.6. Calcd. for GeH4: M, 76.6). Germane was 

store'd as a gas at room temperature for future use. 

Bromogermane GeH3Br 

Monobromogermane was prepared by the direct action 

of bromine on germane: 

GeH4 + Br 2 .._.... GeH3Br + HBr • • • 6) 

This reaction also produces a mixture of di-, tri- and tetra-

bromogermanes, which are less volatile than monobromogermane, 

and are easily separated from it by low temperature fractiona-

ti on. In a typical reaction, bromine (15.0 mmoles) was con-

densed in successive small portions on germane (15.0 mmoles) 

in a 500 ml flask cooled in liquid air, and the mixture was 

warmed slowly until the colour of bromine just disappeared • 
. 

Monôbromogerma~ was then separated from the mixture of pro-

ducts by severa! distillations at -64°. {Found: M, 158.0; 

v.p. 27.5 mm at -23°. Calcd. for GeH3Br: M, 155.5; Lit. 

(15) v.p. 28.0 mm at -23°. Yield, 55%). 

Germyl Sodium GeH3Na 

Germyl sodium was prepared according to the method 
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of Kraus and Carney (41) by bubbling germane through a 

solution of sodium in liquid ammonia. A weighed amount 

of freshly eut metallic sodium was placed in the reaction 

vessel (Figure 4), and degassed at room temperature for 

several hours. About 10 ml of anhydrous ammonia was con-

densed .in the bulb of the reaction vessel R, which was then 

kept at -450 while the sodium dissolved, giving a deep blue 

solution. A measured excess of germane from the 50 ml bulb 

B, was bubbled slowly through the liquid ammonia solution 

at -45° until well after the blue colour of sodium in 

liquid ammonia had disappeared. The excess germane and 

sorne ammonia were trapped in liquid air. In order to in-

sure that all of the sodium bad reacted to produce germyl 

sodium it was necessary to add germane even after the deep 

blue colour bad disappeared. . The liquid ammonia was pumped 

off at -45° and then the ammonia of crystallization was 

removed from the remaining white solid by continuous pumping 

for 4 to 8 hours at -23°. Ammonia is lest in the following 

four stages at -33° (41): 

The resulting pure, ammonia-free germyl sodium was stored in 

the reaction vessel at -78° under vacuum until it was used in 
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Figure 4 

Reaction Vessel used for Germyl Sodium 
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a reaction. Because of its instability, it was necessary 

to prepare germyl sodium for each reaction immediately before 

it was required. 

Purification of Sodium 

Sodium metal used in the reaction with bromogermane 

was purified by three trap-to-trap vacuum sublimations using 

a band torch to beat the sodium. The purified sodium was 

then sub~into the reaction vessel in the form of a mirror 

on the walls. ~reshly eut pieces of sodium, prepared and 

\ 
transferred in the 'flry box were used in the preparation of 

\ 
germyl sodium. J 

_ _/ 

Sodium Amalgam 

Sodium amalgam was prepared in a nitrogen atmos-

phere by adding sodium metal to mercury and grinding them 

together. Sodium was added until the amalgam was just fluid. 

The resulting amalgam was filtered through paper to remove any 

oxide or ûndissolved sodium. The filtered amalgam was 

placed in a lOO ml round bottomed flask with a magnetic 

stirring bar, and was degassed with stirring for one hour 

before.it was used. / 
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other Materials 

Table I summarizes the methode of purification and 

purity of other reagents used. 



e 

Compound 

Trimethylchlorosilane 
(CH3)3SiCl 

TABLE I , 

Method of Preparation 
or Supplier 

Dow Corning Corp. 
(Purified Grade) 

Dimethyldichlorosilane Dow Corning Corp. 
(CH3)2SiCl2 (Purified Grade) 

Methyltrichlorosilane 
CH3SiCl3 

Trimethylfluorosilane 
(CH3 )3SiP 

Silicon Tetrachloride 
SiCl4 

Dow Corning Corp. 
(Purified Grade) 

[(CH3)3Si] ·tJ + BP3 

Fisher Scientific Co. 

Silicon Tetrafluoride Matheson Co. 
SiP4 

Bromosilane C6H5SiH3 + HBr 
SiH3Br 

Chlorine Matheson Co. 
Cl2 

Trimethylbromogermane (CH3)4Ge + HBr 
(CH3)3GeBr 

Trimethylfluorogermane UCH3)3Ge] 2o + GeP4 
(CH3)3GeP 

Method of 
Purification 

Vacuum Distillation 

Vacuum Distillation 

Vacuum Distillation 

Vacuum Distillation 

Refluxing over Cu 
and Distillation 

Vacuum Distillation 

Vacuum Distillation 

Vacuum Distillation 

Vacuum Distillation 

Vacuum Distillation 

e 

Molecular Weight 
Calcd. Found 

108.6 110.0 

126.0 128.8 

149.5 150.8 

92.1 93.7 

169.9 169.2 

104.1 104.2 

111.0 110.8 

70.9 70.4 

197.6 199.8 

136.7 136.6 

Comparison was also made of the infrared spectra with those in the literature. 

w 
...,J 
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RESULTS 

DIGERMANE Ge2H6 

There are no methods available for the preparation 

of digermane in high yield. Digermane usually occurs as a 

by-product in yields of about 5 per cent in the preparation 

of germane (29,30,31,52,53}. It bas also been prepared in 

law yield by subjecting germane to an electric discharge (5). 

Severa! methods have been reported for the preparation of 

fully substituted digermanes, Ge2R6, where R = CH3, C2H5, 

C6H5, C6Hll or p-CH3C6H4 (54,55,56,57,58). Sorne of these 

methods, with suitable modifications, have been used in an 

attempt to prepare digermane in high yield. 

Germyl Sodium and Bromogermane 

The reaction between germyl sodium and bromogermane 

was carried out a total of nine times under varying reaction 

conditions. Measurable amounts of digermane were produced 

in only three of these experimente, and the best yield of 

crude digermane was only 6.8 per cent. The other attempts 

did not yield sufficient digermane for it to be identified 

by infrared measurements. The best results were obtained 

when bro~ogermane (5.68 mmole) was condensed on a slight 
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deficiency of freshly prepared ammonia-free germyl sodium 

(4.1 mmoles) and the mixture was allowed to react first at 

-450 and then at -230 for a total of two hours. The vola-

tile products were separated by low temperature fractional 

distillation. The fraction volatile at -130° was germane 

(0.38 mmoles) and accounted for 9.4 per cent of the germyl 

sodium available. The fraction (0.28 mmoles, 6.8%) volatile 

between -1200 and -1000, which was thought to contain diger

mane, bad the vap.our pressure of digermane (Found: v.p. 

25.4 mm at -46°. Lit. (52) for Ge 2H6 : v.p. 24.0 mm at -46°) 

but its molecular weight was low (Found: M, 137. Calcd. for 

Ge2H6: M, 151. 2) indicating the presence of a low molecular 

weight impurity which, however, could not be identified. An 

infrared spectrum of this fraction contained two peaks at 

1141 cm-1 and 828 cm-1 which have not been observed in the 

spectrum of pure digermane (59) and bence must be due to the 

unidentified impurity. This fraction accounted for 6.8 

percent of the germyl sodium available. Attempts to remove 

the unidentified impurity by fractional distillation were 

unsuccessful. 

In an attempt to increase the yield of digermane, 

a five-fold excess of bromogermane (23.3 mmoles) over germyl 
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sodium (4.2 mmoles) was used, so that a solid-liquid inter

action might occur. The materials were allowed to react 

for two hours at -30°, after which time the volatile pro-

ducts were separated. Germane (1.42 mmoles) was produced 

to the extent of 33 per cent of the germyl sodium available 

but only a trace of digermane was present, as indicated by 

infrared measurements. Bromogermane (19.75 mmoles) was 

recovered, indicating that 3.5 mmoles were consumed in the 

reaction. 

Three different solvants were also tried in a 

further attempt to increase the yield of digermane in the 

reaction of germyl sodium with bromogermane. In one experi

ment, about 2 ml of tetrahydrofuran (THF) which bad been 

dried over and distilled from sodium was condensed on to the 

germyl sodium. The reaction vessel was held at -78° over

night, during which time the liquid THF changed from deep 

blue to light brown. The reaction products were distilled 

out of the reaction vessel and separated. Germane (2.49 

mmoles) was present to the extent of 25 per cent of the g.ermyl 

sodium availâble, and there was no evidence of any digermane. 

The reaction was repeated using 2-3 ml of dried, 
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redistilled benzene as a liquid medium and the mixture (5.6 

mmoles of GeH3Na, 9.2 mmoles of GeH3Br) was allowed to react 

at oo for two hours. The reaction products were separated 

by low temperature fractionation, and germane (2.8 mmoles) 

accounting for 50 percent of thè germyl sodium.available, 

was recovered. The fraction volatile at -780 and trapped 

at -150° had a molecular weight of 137 (Calcd. for Ge2H6: 

M, 151.2. Calcd. for GeH3Br: M, 155.5) and a vapour pres

sure of 13.8 mm at -51° (Calcd. for Ge2H6: v.p. 17.5 mm. 

Calcd. for GeH3Br: v.p. 4.7 mm). Repeated slow distilla-

tions of this mixture through a trap at -780 resulted in 

fractions wbich increased in molecular weight to 143.2, but 

the vapour pressure of the final fraction was still lower 

than that .of digermane. This material decomposed after 

about 3 weeks at room temperature, and since digermane is 

stable, the mixture must have contained a considerable amount 

of an unstable component, probably bromogermane. The measured 

infrared spectrum did not rule out the presence of bromo

germane. 

In another experiment, diethylene glycol dimethyl 

ether {diglyme) was used as a liquid medium. A deficiency 

of bromogermane (2.9 mmoles) was bubbled through the 
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chocolate brown mixture of diglyme and germyl sodium (3.4 

mmoles) at -23°, and then the reaction mixture was warmed 

slowly to room temperature. Vigorous bubbling occurred, 

probably due to hydrogen evolved in the decomposition of 

germyl sodium. After about one hour, the reaction pro-

ducts were removed but 0nly germane (0.64 mmoles} could be 

separated from the large excess of diglyme. 

Bromogermane and Sodium 

Bromogermane (1.57 mmoles) was condensed in a re

action vessel the walls of which were coated with a freshly 

prepared sodium mirror. The reaction vessel was allowed to 

remain at room temperature overnight. Only 0.60 mmoles of 

volatile material, identified as bromogermane was recovered 

and no digermane was detected by infrared measurements. 

Bromogermane and Sodium Amalgam 

Bromogermane (3.0 mmoles) was condensed on a large 

excess of sodium amalgam. previously prepared in a 50 ml. 

flask, and the flask was warmed to room temperature. Magne

tic stirring was started as soon as the amalgam became liquid. 

After about 10 minutes, a large amount of fine black powder 

appeared on the walls of the vessel and on the surface of 
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the amalgam. The ~xture was stirred continuously over

night. When the reaction vesse! was opened, only a small 

amount of volatile material was recovered at room tempera

ture and more was recovered on heating the reaction vessel 

to about 60° with continuous pumping for severa! hours. 

Germane (1.58 mmoles, Found: M, 76,6. Calcd. for GeH4: 

M, 76.6) was the only volatile product. 

Germyl Sodium and Chlorine 

A large excess of chlorine (34 mmoles) was con

densed on the ammonia-free germyl sodium (7.3 mmoles) and 

as the liquid air bath was removed and replaced by a -780 

bath, there was a bright yellow flash, followed immediately 

by a loud report. 

turned black. 

At the same time, the white germyl sodium 

The reaction vessel was kept at -780 for an addi

tional 10 minutes, and then cooled in liquid air to check for 

non-condensable gas. About 0.5 mmoles of non-condensable 

material, probably hydrogen, was found. The condensable 

mat~rials were removed, and separated by low temperature 

fractionation. The resulta showed that 11.9 mmoles of 

chlorine were consumed, and 15.1 mmoles of hydrogen chloride 

(Found: M, 36.7. Calcd. for HCl: M, 36.46) and 0.63 mmoles 
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.of germanium tetrachloride (Found: M, 209. Calcd. for 

GeCl4: M, 214.4) were recovered. In addition, the solid 

material remaining in the reaction ves.sel contained 4. 5 

mmoles of chloride ion. There was no evidence of diger-

mane. 

TRIMETHYLGERMYLSILANE (CH3)3SiGeH3 

Germyl Sodium·. and TrirQethylchlorosilane 

Five attempts were made to prepare trimethylger

mylsilane by the reaction of ammonia-free germyl sodium with 

trimethylchlorosilane using essentially the same reaction 

conditions. In one of these attempts, no detectable amount 

of trimethylgermylsilane was produced., while only traces of 

the desired product were produced in two other experimenta. 

In one of the experimenta which produced an appreciable 

amount of trimethylgermylsilane, trimethylchlorosilane (9.1 

mmoles) was condensed on ammonia-free germyl sodium (10.,4 

mmoles) in an evacuated reaction vesse!, which was placed in 

a -230 bath and warmed over a period of 4 hours to oo. The 

volatile reaction products were distilled through traps at 

-450 and -1400, and the small amounts of materials trapped 

at -45° or volatile a~ -140° were discarded. The material 

trapped at -140° was- then distilled slowly at -78° until a 

fraction containinq almost pure trimethylgermylsilane 
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remained (Found: M, 148. O. Calcd. for .(CH3) 3siGeHJ: M, 

148.8). Since an infrared spectrum of this material showed 

an Si-0-Si absorption band at 1080 cm-1 the material was 

purified further by passing it through a VPC column using 

an infrared detecter. In this way, 1.1 mmoles of pure 

material (Found: M, 148.4. Yield: 12.1% of (CHJ) 3SiCl 

used) were recovered. The total yield of product was esti-

mated to be 42 per cent by molecular wèight determination of 

the fraction collected at -140°, based on the reaction: 

(CH3) 3SiCl + GeH3Na --~~>(CHJ) 3SiGeS3 + NaCl 

The following resulte were obtained by elemental 

analysis of the pure compound:-

8) 

Found: c, 24.49%; H, 8.08%; Si, 18.76%1 Ge, 48.67% (by difference) 

Calculated: C, 24.21%; H, 8.12%: Si, 18.87%; Ge, 48.77% 

Trimetbylgermylsilane is a clear colourless liquid 

which melts at -77.4±0.2°, the average of four determinations. 

The vapour pressure (Table II and Figure 5) data show that the 

extrapolated boiling point is 73.6°, the beat of vaporization, 

AHv, is -7_.24 kcal./mole, and Trouton's Constant is 20.88 

calories degree-1 mole-1. The following vapour pressure equa

tion, valid ~n the range 15.0 to 41.4°, which best fits the 

measured values,. was calculated using the method of !east 

squares, as desc~ibed in Appendix II. 
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TABLE II 

VAPOUR PRESSURE OF TRIMETHYLGERMYLSILANE 

Temperature Pressure mm Pressure mm Difference 
oc Experimental Calculated mm 

15.00 90.00 89.90 0.10 

16.90 97.81 97.65 0.16 

19.00 106.70 106.87 -0.17 

20.50 113.59 113.89 -0.30 

22.50 123.34 123.85 -0.51 

22.60 123.27 124.36 -1.09 

24.50 134.75 134.53 0.22 

26.30 146.06 144.79 1.27 

.. 
27.20 149.57 150.17 -0.60 

29.00 161.98 161.41 0.57 
' 

32.20 183.34 183.14 0.20 

33.00 190.78 188.94 1.84 

35.10 204.22 204.89 -0.67 

35.70 211.52 209.65 1.87 

37.50 224.02 224.47 -0.45 

39.50 242.90 241.96 0.94 

41.30 255.66 258.64 -2.98 

41.40 259.00 259.60 -0.60 

log Pmm = 3. 030182 - 0.001140 T + 1.75 log T- 1455.88/T 
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Figure 5 

Vapour Pressure of Trimethylgermylsilane 

Pressure vs 1/T 
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log Pmm = 3.03018- 0.00114T + 1.75 log T- 1455.88/T 

The proton n.m.r. spectrum of the neat liquid con

sisted of two sharp peaks, having areas in the ratio of 

3:1 and 't(CH) = 9.97 ppm and ""t"(GeH) = 7.42 ppm relative to 

di lute tetramethylsilane (TMS, "t' = 10.0 ppm) in carbon tetra

chloride (Figure 6). 

Germyl Sodium and Trimethylfluorosilane 

Trimethylgermylsilane was also· prepared by the re

action of trimethylfluorosilane with germyl sodium. A small 

excess of trimethylfluorosilane (6.37 mmoles) was condensed 

on ammonia-free germyl sodium (5.5 mmoles). ·The reaction 

mixture was warmed from -230 to -30 over a ~r~od of 5.5 hours. 

After removal of unreacted trimethylfluorosilane (1.6 mmoles) 

and most of the hexamethyldisiloxane impurity by distillation 

at -45°, trimethylgermylsilane (2.4 mmoles) (Pound: M, l48.5. 

Calcd. for (cH3 ) 3SiGeH3 : M, 148.8) was distilled at -78°. The 

latter fraction still contained hexamethyldisiloxane as an 

impurity as indicated by its Si-0-Si absorption band at 1080 

~m-1. Since this impurity could not be removed by distilla

tion, the fraction was passed through the VPC column using the 

infrared detecter. In this way pure trimethylgermylsilane 

(0.96 mmoles, Yield: 18%) was obtained. The infrared spectrum 

of this material is given in Figure 7 and Table III. 
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Figure 6 

Proton n.m.r. Spectrum of Trimethylgermylsilane 
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Figure 7 

Infrared Spectrum of Trimethylgermylsilane 

Pressure = 14 mm 
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TABLE III 

· INFRARED ASSIGNMENTS FOR TRIMETHYLGERMYLSILANE 

Frequency cm-1 Vibration 

2978 s CH3 stretch (asym) 

2910 rn CH3 stretch (sym) 

2805 vw Combination ofCH3 deformation 

2105 w-m 
2060 s GeH3 stretch 
2010 w-m 

1412 w-br CH3 deformation (asym) 

1262 s CH3 deformation (sym) 
1254 sh 

1074 SiO impurity 

903 m CH3 rock 

850 vs GeH3 deformation (asym) 
CH3 rock 

786 s GeH3 deformation (sym} 

781 s Si-C stretch ( asym) + CH3 · rock 

760 m CH3 rock 

695 w-m Si-C stretch (sym) 

s = strong, m = medium, w = weak, br = bread, v = very, sh = shoulder 
asym = asymmetric, sym = symmetric 
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DIMETH~DIGERMYLSILANE (CH3)2Si(GeH3)2 

Germyl Sodium and Dimethyldichlorosilane 

Ten attempts were made to prepare dimethyldigermyl

silane in good yield by the action of dimethyldichlorosilane 

on ammonia-free germyl sodium: 

In one of these attempts, the reaction mixture exploded. In 

four ether experimenta, only trace amounts of a compound con

taining the GeH3 group, ether than germane, were produced. 

This compound was probably the desired product, but could not 

be positively identified. The presence of the GeH3 group was 

indicated by the occurrence of an infrared absorption band at 

about 2065 cm-1 due to the GeH3 stretching vibrations. Di

methyldigermylsilane was produced in five ether preparations 

in yields which varied from 18 to 28 per cent. 

In a typical preparation, dimethyldichlorosilane 

(5.5 mmoles) was condensed on ammonia-free germyl sodium (7.1 

mmoles). The reaction vesse! was warmed over a period of 3 

hours from -230 to +20. The products were separated by dis-

tilling them through traps at -23, -45 and -130°. Unreacted 

dimethyldichlorosilane (2.66 mmoles) was trapped at -130°, and 

dimethyldigermylsilane (1.0 mmole) was trapped mainly at -23°~ 

9) 
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although sorne was carried over to the -45° trap. The .final 

purification was done by flashing off vapour at 0.7° until the 

vapour pressure became constant at 6.28±0.05 mm. (Pound: M, 

208.8. Calcd. for (CHJ)2Si(GeHJ)2: M, 206.4). 

The resulta of an elemental analysis were: 

Pound: C,ll.45%; H,5.54%; ·si,l3.73%; Ge,69.28% (by difference) 

Calculated: C,ll.48%; H,5.78%; Si,l3.42%; Ge,69.40%. 

The melting point was -93.1±0.1°, the average of three 

determinations. From the vapour pressure data, the interpolated 

boiling point is 117.4°, the he at of vaporization, .O.Hv, is 

-7.69 kcal/mole and Trou ton ',s Constant is 19.7 calories 

degree-1 mole-1. The vapour pressure equation which beat fits 

the experimental data in the range 23.8 to il9.5° is: 

Log Pmm ~ 5.27705- 0.004334 T + 1.75 log T- 2046.05/T. 

The proton n.m.r. spectrum of the neat liquid consisted of two 

sharp peaks of equal area, with "t'(CH) = 9.67 ppm and "t'(GeH) 

= 7.00 ppm relative to dilute TMS (L= 10.0 ppm) in carbon 

tetrachloride (Tables IV and V, Figures 8, 9 and 10). 

Thermal Decomposition of Dimethyldigermylsilane 

The products of the thermal decomposition of dimethyl

digermylsilane were determined by sealing a sample (0.5 mmoles) 
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TABLE IV 

VAPOUR PRESSURE OF DIMETHYLDIGERMYLSILANE 

Temperature Pressure mm Pressure mm Difference 
oc Experimental Calculated mm 

23.80 26.91 26.75 0.16 

28.40 33.72 33.43 0.29 

31.00 37.82 37.79 0.03 

35.20 45.82 45.84 -0.02 

37.40 50.44 50.60 -0.16 

39.30 54.60 55.03 -0.43 

41.90 61.48 61.61 -0.13 

44.40 68.12 68.54 -0.42 

46.30 73.91 74.23 -0.32 

48.30 80.60 80.63 -0.03 

50.20 86.83 87.13 -0.30 

52.30 94.64 94.80 -0.16 

54.40 101.55 103.01 -1.46 

56.40 110.70 111.36 -0.66 

58.30 119.13 119.80 -0.67 

60.30 128.87 129.24 -0.37 

62.30 139.38 139.27 0.11 

• 64.50 152.98 151.02 1.96 
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TABLE IV (cont.) 

Temperature Pressure mm Pressure mm Difference 
oc Ex;e!rimenta1 Ca1cu1ated mm 

66.10 160.99 160.05 0.94 

68.20 172.99 172.57 0.42 

70.30 186.70 185.85 0.85 

72.30 200.00 199.25 0.75 

74.20 214.16 212.68 1.48 

76.20 227.55 227.58 -0.03 

78.30 244.78 244.11 0.67 

80.50 263.62 262.43 1.19 

83.20 287.32 286.37 0.95 

85.30 306.94 306.14 0.80 

87.50 328.54 327.99 0.55 

90.10 356.86 355.35 1.51 

93.90 401.20 398.48 2. 72 
.. 

96.60 432.50 431.50 1.00 

99.00 462.50 462.57 -0.07 

101.70 499.5Q 499.54 -0.04 

104.60 541.50 541.70 -0.20 

107.80 590.00 591.29 -1.29 

110.20 627.50 630.66 -3.16 

113.70 688.95 691.54 -2.59 

116.50 739.75 743.31 -3.56 

119.50 797.08 801.89 -4.81 
log Pmm = 5. 27705 - 0.004334T + 1.75 log.T- 2046.05/T 
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Figure 8 

Vapour Pressure of Dimethyldigermylsilane 

Pressure vs 1/T 
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Figure 9 

Infrared Spectrum of Dimethyldigermylsilane 

Pressure, A= 3.7 mm 
B = 14.3 mm 
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TABLE V 

INFRARED ASSIGNMEN'l'S FOR DIMETHYLDIGERMYLSILANE 

Frequency cm-1 

2970 m 

2900 w 

2800 vw 

2120 m 
2065 s 
2015 m 

1418 w 

1258 m 

1037 

935 m-sh 

883 s 

840 sh 

810 vs 

765 vs 

702 w 

Vibration 

CH3 stretch (asym) 

CH3 stretch (sym) 

Combination of CH3 deformation 

GeH3 stretch 

·ca3 deformation (asym) 

CH3 deformation (sym) 

Combination of p (GeH3 ) ( ~ 500 cm-1) 

ca3 rock 

GeH3 deformation (asym) 

SiC stretch (asym) 

GeH3 deformation (sym) 

Si-C stretch (sym) 

s = strong, m = medium, w = weak, v = very, sh = shou1der 
asym = asymmetric, sym.= symmetric 



- 59 -

Figure 10 

Proton n.m.r. Spectrum of Dimethyldigermylsilane 

• 
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of the pure material in a 50 ml Pyrex tube, and placing it 

in an oven at the desired'temperature. After 18.5 hours at 

85°, dimethyldigermylsilane was recovered unchanged. However, 

after only 15 minutes at 200°, a mirror of metallic germanium 

covered the interior of the vessel. The tube was kept in 

the oven at 200° for 19.5 hours to assure complete decomposi-

ti on. The volatile products were then passed through a 

series of traps at -780, -1500 and -1940. The non-condensable 

vapeur (0.25 mmoles) was hydrogen (Found: M, 5.45. Calcd. for 

H2: M, 2.01). The fraction (0.25 mmoles). trapped at -194° 

was germane {Found: M, 76.7. Calcd. for GeH4: M, 76.6). The 

final fraction, {0.49 mmoles) trapped at -lsoo, was dimethyl-

silane (Found: M,. 62.9: v.p. 26.4 mm at -86.3°. Calcd. for 

(CH3 ) 2SiH2 : M, 60.2: Lit. v.p. 20 mm at -86.30) and its infrared 

spectrum agreed exactly with that reported in the literature 

(60). The metallic mirror on the interior of the reaction 

vessel dissolved completely in 3 per cent hydrogen peroxide, 

indicating that it was mainly germanium. 

METHYLTRIGERMYLSILANE CH3Si(GeH3)3 

Germyl Sodium and Methyltrichlorosilane 

The preparation of methyltrigermylsilane was attempted 

seven times by reacting methyltrichlorosilane with freshly 



- 61 -

prepared, ammonia-free germyl sodium. Explosions occurred 

in three of these attempts, and no products were recovered. 

In another attempt, no trace of methyltrigermylsilane was 

found by infrared measurements. In three other preparations 

the yields of methyltrigermylsilane were 7.3, 9.0 and 34.4 

per cent based on the reaction: 

••• 10) 

The highest yield was obtained when methyltrichlorosilane (9.1 

mmoles) was condensed on ammonia-free germyl sodium (12.0 

mmoles) and the reaction vesse! was warmed slowly from -23° to 

+9° over 4.5 hours. The products were separated by distilla-

tion at -23°, at which temperature the methyltrigermylsilane 

(1.37 mmoles; Yield: 34.4%) was retained. The final purifi-

cation was done by flashing off vapour at 0.60 to a constant 

vapour pressure of 1.60±0.05 mm. Because of the very low 

vapour pressure of the compound, it was impossible to determine 

accurately the molecular weight of the vapour at room tempera

ture. 

The following results were obtained by elemental 

analysis of the pure material: 

Found: C,4.38%; H,4.70%; Si,l0.64%; Ge,80.51% 

Calculated: C,4.45%; H,4.48%; Si,l0.40%; Ge,80.66%. 



- 62 -

The average of three melting point determinations 

on a sample of methyltrigermylsilane was -101.o±o.1°. Vapeur 

pressure data (Table VI and Figure 11) showed that the extra-

polated boiling point of the compound is 153.5°, the latent heat 

of vaporization, AHv, is -9.578 kcal./mole, and Trouton's 

Constant is 22.45 calories degree-1 mole-1. The vapeur pres-

sure equation which best fits the experimental data in the range 

27.9 to 105.10 is: 

log Pmm = 2.65334- 0.000266 T + 1.75 log T- 1817.73/T. 

The proton n.m.r. spectrum (Figure 12) of a s.ample of 

the neat liquid showed two sharp peaks having areas in the 

ratio of 1:3, with "t' (CH) = 9. 43 ppm and 't (GeH) = 6. 69 ppm 

relative to dilute TMS ( ""C = 10.0 ppm) in carbon tetrachloride. 

The infrared spectrum is shown in Figure 13 and Table VII. 

TF.:TRAGERMYLSIL.ANE 

Germyl Sodium and Silicon Tetrafluoride 

Silicon tetrafluoride was allowed to react with germyl 

sodium in two attempts to prepare tetragermylsilane. In the 

first attempt, germyl sodium (18.8 mmoles) was prepared in 

the usual way, but before .the liquid ammonia was removed, an 

excess of silicon tetrafiuoride (11.5 mmoles) was bubbled 

through the solution which then changed from white to black. 

This mixture was allowed to stand for 11 ho~rs at -780 during 
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TABLE VI 

· VAPOUR PRESSURE OF METHYLTRIGERMYLSILANE 

Temperature Pressure mm Pressure mm Difference 
oc Experimental Calculated mm 

27.90 7.54 7.46 0.08 
32.30 9.41 9.33 0.08 
36.90 11.68 11.70 -0.02 
39.40 13.09 13.20 -0.11 
42.00 14.96 14 •. 93 0.03 
44.40 16.70 16.71 -0.01 
46.70 18.33 18.57 -0.24 
51.70 23.47 23.27 0.20 
54.20 25.64 25.98 -0.34 
56.20 27.95 28.35 -0.40 
58.30 30.78 31.03 -0.25 
60.30 33.50 33~78 -0.28 
62.30 36.40 36.74 -0.34 
67.20 45.43 44.97 0.46 
69.50 49.79 49.35 0.44 
71.90 54.90 54.30 0.60 
74.80 61.32 60.86 0.46 
78.20 69.46 69.40 0.06 
80.70 77.03 76.32 0.71 
83.60 85.75 85.08 0.67 
86.60 95.89 95.03 0.86 
90.20 108.68 108.28 0.40 
93.10 121.;49 120.07 1.42 
96.20 133.65 133.86 -0.21 
99.10 147.40 147.97 -0.57 

102.30 163.63 164.98 -1--35 
105.10 177.86 181.20 -3.34 

log Pmm = 2.65334 -0.000266T + 1.75 log T - 1817.73/T 
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Figure 11 

Vapour Pressure of Methy1trigermy1si1ane 

Pressure vs 1/T 
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Figure 12 

Proton n.m.r. Spectrum of Methyltrigermylsilane 
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Figure 13 

Infrared Spectrum of Methyltriger~lsilane 

Pressure = 6.3 mm 
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TABLE VII 

INPRARED ASSIGNMENTS POR METBYLTRIGERMYLSILANE 

Prequency gn-1 

2970 w 

2912 w 

2115 m 
2080 sh 
2065 vs 
2010 m 

1410 w-br 

1250 w 

885 m 

818 m 

802 m 

768 vs 

693 w 

Vibration 

CB3 stretch (asym) 

CB3 stretch (sym) 

GeH3 stretch 

CH3 deformation.(asym) 

ca3 deformation (sym) 

GeB3 deformation (asym) 

GeH3 out of phase deformation 

GeH3 deformation (sym) 

si-c stretch (sym) 

s = strong 1 m = medium, w = weak, v= very, br = broad, sh = shou1der 
asym.= asymmetric, sym= symmetric 
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which time the pressure in the reaction vessel increased to 

about 620 mm of mercury. It was hoped that the resrilting 

silicon tetrafluoride-ammonia adduct would react with germyl 

sodium in solution to give the desired tetragermylsilane. 

The volatile mixture was distilled through a trap at -780 

to condense the tetragermylsilane, but none was recovered. 

Instead, germane (8.1 mmoles) was the only volatile product. 

In a second experiment, a deficiency of silicon 

tetrafluoride (3.7 mmoles) was condensed onto ammonia-free 

germyl sodium 0.6. 2 mmoles). The temperature of the reaction 

vesse! was increased from -230 to +20 over a period of 4 

hours, and then the temperature was held at oo for 25 minutes. 

Silicon tetrafluoride was entirely in the gas phase under 

these conditions, and if any reaction had occurred, the pres

sure would have decreased due to its consumption. No decrease 

in the pressure was observed, and most of the silicon tetra

fluoride (3.1 mmoles) was recovered, along with sorne germane 

(less than 0.1 mmoles). 

Germyl Sodium and Silicon Tetrachloride 

The reaction of silicon tetrachloride with ammonia-

free germyl sodium.was carried out twelve times. The reaction 
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vesse! exploded during the course of three of these experimente. 

Nine other preparations proceeded without exploding but only a 

minute drop of tetragermylsilane was produced each time, and 

the total amount of material prepared was only about 18 mg. 

In a typical experiment, an .excess of silicon tetra

chloride (10.1 mmoles) was condensed onto ammonia-free germyl 

sodium (13.7 mmoles) and the mixture was allowed to react for 

4 hours while it was warmed from -23° to -lo. The unreacted 

silicon tetrachloride (9.4 mmoles) was distilled at -230 and 

only a minute drop of liquid remained. This liquid bad a 

vapour pressure of less than 2 mm at room temperature. The. 

infrared spectrum of its gaseous phase showed only two main 

peaks: a strong band at 2072 cm-1 due to GeB3 stretching.vibra

tions and a very strong band at 772 cmrl due to the symmetric 

GeB3 deformation vibration (Figure 14 and Table VIII). 

The proton n.m.r. spectrum of the neat liquid con

tained a single sharp peak at rr= 6.36 ppm and two very small 

peaks at~= 6.48 ppm and~= 6.61 ppm which were due to an 

unidentified impurity (Figure 15). 

The melting point of this compound was -53.3±0.4°, 
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Figure 14 

Infrared Spectrum of Tetragermylsilane 

Pressure = about 3 mm 
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TABLE VIII 

INFRARED ASSIGNMENTS FOR TETRAGER.MYLSILANE 

Frequency cm-1 Vibration 

2110 w R 
2072 vs Q GeB3 stretch 
2000 w p 

1390 vw Combination band vl6 + J3 

872 vw GeB3 deformation (asym) 

772 vs GeH3 deformation (sym) 

s = strong, w = weak, v = very, asym = asymmetric, 
sym = symmetric 
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Figure 15 

Proton n.m.r. Spectrum of Tetragermylsilane 
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from three determinations. 

About 15 mg of tetragermylsilane ·was sent for 

analysis, but even this amount was not sufficient for a dupli-

cate determination. The single determination done indicated 

no germanium and 10.94 per cent hydrogen (Calcd. for (GeH3)4 

Si: Ge, 87.8%; H, 3.66%). These resulta must be in error 

since infrared and proton n.m.r. resulta proved the presence 

of the germyl group in this compound. 

GERMYLSILANE 

Germyl Sodium and Bromosilane 

Germylsilane was first prepared by Spanier and 

MacDiarmid (22) from germane and silane in an electric dis

charge, and more recently by Varma and Cox (24) from chlore-

germane and silyl potassium in 20 per cent yield. It can also 

be prepared by the interaction of germyl sodium with bromosilane 

in 7.8 percent yield. A deficiency of bromosilane (7.7 

mmoles) was condensed onto ammonia-free germyl sodium (11.9 

mmoles) and the reaction vesse! was held at -78° overnight, 

then at -450 for one hour and subsequently warmed from -230 to 

+10 over a three hour period. After the removal of germane 

(0.6 mmoles) the volatile product mixture, containing bromosilane 
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and germylsilane, was allowed to react with an excess of ~ 

monia to consume the bromosilane. This reaction produced 

trisilylamine {0.62 mmo1es) and a trace of silane, leaving 

germylsilane (0.6 mmo1es; Yie1d: 7.8'%). Germylsi1ane was 

identified by its infrared spectrum which agreed exact1y with 

that reported in the 1iterature (22). However the observed 

mo1ecu1ar weight of the vapeur was 1ower than that ca1cu1ated 

(Found: M, 99.0. Ca1cd. 'for GeH3SiH3: M, 106.72). No further 

attempts were made to purify and characterize this compound. 

1,1,1-TRIMETHYLDIGERMANE (CHJ) 3GeGeH3 

Ger!f1 Sodium and Trimethy1bromogermane 

Eight separate experimenta were done to prepare 

1,1,1-trimethy1digermane by the reaction of germy1 sodium with 

trimethy1bromogermane. Onê attempt was made using to1uene as 

a 1iquid medium, but on1y a trace of materia1 which might have 

been the desired product was found. In four other experimenta 

using so1id ammonia-free germy1 sodium only a trace of materia1 

containing a GeHJ group was identified by infrared measurements. 

Measurable amounts of a materia1 which bad the mo1ecu1ar weight 

of trimethy1digermane were obtained in three other experimenta. 

In one preparation,- trimethy1bromogermane (6. 29 mmo1es) was 

condensed onto ammonia-free germy1 sodium (5.71 mmo1es) and 
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allowed to react for one hour at -23° and then for one hour at 

0°. Trimethyldigermane (0.48 mmoles) was recovered and puri

fied by vacuum distillation at -78° and was identified by its 

molecular weight (Found: M, 191.7. Calcd. for {CH3)3GeGeH3: 

M, 193.3). Its infrared spectrum confirmed the presence of 

Germyl Sodium and Trimethylfluorogermane 

In an attempt to increase the yield of 1,1,1-tri

methyldigermane, and also to facilitate separation of product 

from starting materials, one experiment was done using trimethyl~ 

fluorogermane (2.6 mmoles) with a large excess of ammonia-free 

germyl sodium (21.3 mmoles). The temperature of the reaction 

vessel was raised from -20° to -4° over a period of 2 hours, and 

then maintained at oo for 4.5 hours and at +20 for an additional 

1.5 hours. The volatile products were removed, and the tri

methyldigermane was separated by condensation at -78° followed 

by fractional codistillation on a "Cady column" using the in-

frared detecter. The final purification was done by flashing 

off vapour at 0° to a constant pressure of 24.6±0.04 mm. The 

yield of trimethyldigermane (0.96 mmoles) was 36.4 per cent of 

the trimethylfluorogermane used (Found: M, 192.3. Calcd. for 

(CH3)3Ge2H3: M, 193.3). 
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The resulta of an elemental analysis of the pure 

compound were: 

Found: . H, 6.50%:. C, 18.85%: Ge, 75.07% 

Calculated: H, 6.25%, C, 18.64%: Ge, 75.10% 

The melting point was -89.6±0.20, an average of two 

determinations. The vapour pressure equation which best fits 

the experimental data {Table IX and Figure 16) from oo to 540 

is: 

log Pmm = 8.1394- 0.00824 T + 1.75 log T- 2393.09/T. 

This equation indicates that the extrapolated boiling point is 

77.6°. The beat of vaporization, b.fiv, is -7. 53 kcal./mole, 

and Trouton•s Constant is 21.46 calories degree-1 mole-1. 

The proton n.m.r. spectrum of the neat liquid (Figure 

17) consista of two shàrp peaks having areas in the ratio of 

3:1 and "t' (GeH) = 7.07 ppm and '"t' {CH).= 9. 75 ppm relative to 

d.ilute TMS ( "t' = 10.0 ppm) in carbon tetrachloride. 

The infrared spectrum of the vapour is shown in 

F·igure 18 and assignments given in Table· X. 
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TABLE IX 

VAPOUR PRESSURE OF 1,1,1-TRIMETHYLDIGERMANE 

Temperature Pressure mm Pressure mm · Difference 
oc Experimental Calculated mm 

0 24.63 24.66 -0.03 

0 24.56 24.66 -0.10 

0 24.60 24.66 -0.06 

19.90 76.40 75.22 1.18 

20.70 80.06 78.35 1.71 

21.80 83.13 82.83 0.30 

23.80 90.46 91.52 -1.06 

25.80 99.33 100.93 -1.60 

27.20 108.91 107.98 0.93 

28.80 115.14 116.53 -1.39 

31.40 129.05 131.58 -2.53 

31.90 135.93 134.64 1.29 

34.90 l.56.6l. ].54.28 2.33 

37.30 171.66 171.58 0.08 

39.90 189.56 192.05 -2.49 

43.20 220.53 220.76 -0.23 

46.10 250.77 248.70 2. 07 . 

49.50 285.35 284.91 0.44 

e 52.10 313.16 315.26 -2.10 

54.00 340.11 338.97 1.14 
log Pmm = 8.1394 - 0.00824 T + 1.75 log T- 2393.04/T 
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Figure 16 

Vapour Pressure of 1,1,1-Trimethy1digermane 

Pressure vs 1/T 
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Figure 17 

Proton n.m.r. Spectrum of 1,1,1-Trimethy1digermane 
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Figure 18 

Infrared Spectrum of 1,1,1-Trimethy1digermane 

Pressure, A= 5.7 mm 
B = 35.8 mm 
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TABLE X 

INFRARED ASSIGNMENTS FOR 1,1,1-TRIMETHYLDIGER.MANE 

Frequency cm-1 

3060 w-br 

2980 s 

2915 s 

2810 w 

2100 m R 
2055 vs 0 
2010 m p 

1400 m 

1232 s 

898 m-br 

850 sh-m 

824 s 

772 vs 

<600 s 

Vibration 

CH3 stretcb (asym) 

CH3 stretch (sym) 

Combination of ca3 def·ormation 

GeH3 stretch 

CH3 deformation (asym) 

CH3 deformation (sym) 

CH3 rock 

GeH3 deformation (asym) 

CH3 rock 

GeH3 deformation (sym) 

Ge-C stretch 

s = strong, m ~ medium, w = weak, v = very, br = broad, sb = shou1der 
asym = asymmetric, sym = symmetric 
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· DISCUSSION 

( 
PREPARATION AND REACTIONS OF GERMYL SODIUM 

The reaction of gaseous germane with a solution 

of sodium in liquid ammonia proceeds smoothly and quantita-

tively at -45° to yield germyl sodium and hydrogen. A 

conductimetric titration of sodium in liquid ammonia with 

germane coupled with measurements of the hydrogen evolved, 

showed {42) that the overall reaction was: 

••• 11) 

At 63°, the amount of hydrogen evolved and the conductivity 

data indicated that both germyl sodium, GeH3Na, and germylene-

disodium, GeH2Na2, were formed. When more germane was added, 

all the disodium salt was converted to germyl sodium. At 

-45°, the same overall reaction (equation 11) occurred, but in 

two distinct steps. These were postulated to be the formation 

of sodamide by interaction of germylenedisodium .with the sol-

vent, and the subsequent reaction of germane with sodamide, as 

follows: 

2:r 
Na -63° 

Jpi2 GeH3Na + 

GeH4 i -45° • • • 12) 

-45° H2 + GeH2Na2 .. GeH3Na + NH2Na 
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The reaction of stannane with sodium in liquid ammonia pro-

ceeds in a similar fashion. The deep blue colour of sodium 

in liquid ammonia was discharged when the germane/sodium 

ratio was between 0.7 and 0.8, indicating that sorne of the 

sodium was consumed in the formation of germylenedisodium 

(42). In order to insure that the main product of these 

reactions is germyl sodium and does not include germylene

disodium, germane must be bubbled through the liquid ammonia 

solution after the blue colour has been discharged. In all 

of the preparations done in this work, an excess of germane 

was bubbled through the solution of sodium in liquid ammonia 

for just this reason. The unused germane was collected and 

separated and the amount of germyl sodium formed was calcu

lated from the amount of germane consumed. 

Since germyl sodium is extremely soluble in liquid 

ammonia, it begins to precipitate only after removal of sorne 

of the .sol vent. The temperature and rate of removal of 

liquid ammonia from the solution must affect the rate of pre

cipitation of germyl sodium, and bence cause variations in the 

crystal size and surface area of the solid. The white cry-

staline solid which remains after removal of the liquid sol

vent still contains six molecules of ammonia of crystallization 
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which it leses in four consecutive solid phases at -33° (41): 

31Smm . 23mm 3mm 
GeH3Na • 6NH3 'Ill' GeH3Na • 4. SNH3 11t GeH3Na · 2NH3 ___,.., GeH3Na 13) 

The rate of removal of ammonia of crystallization should also 

affect the crystal size and surface area of tpe resulting 

ammonia-free germyl sodium. These changes could in turn af-

fect the rate or extent of reaction of the germyl sodium with 

the germyl or silylhalide used. Thus in these experimenta, 

the surface area of the solid germyl sodium was not reproduci-

ble from one experiment to the next. Since these reactions 

were mostly solid-liquid interactions, the irreproducible sur-

face area could at least in part explain the erratic resulta 

obtained. 

Pure ammonia-free germyl sodium decomposes rapidly 
1 

at room temperature, the white solid turning brown after 

severa! hours (41). At liquid ammonia temperatures (-33°) 

the decomposition is much slower, with only a slight yellow-

ing of the product after 24'hours, and at -78°, no decomposi-

tion was detected after 24 hours. In the presence of ammonia, 

the rate of decomposition is greatly increased (41), but 

there was no evidence of decomposition during removal of ammonia 

at -450 since there was no colour change of the white product. 
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If there bad been decomposition, the colour of the product 

would have changed from white to black, since it is known 

that with rising temperature, germyl sodium decomposes rapid

ly into sodium germanide and hydrogen, according to the equa

tion 

NaGeH3 ~NaGe + 1. 5 H2 . • • • 14} 

Teal and Kraus (10} prepared germyl potassium, 

GeHJK, by bubbling germane through a solution of potassium in 

liquid ammonia, and they found that it decomposed slowly at 

liquid ammonia temperatures and faster at room temperature or 

above. Although they stated that "it appears to be somewhat 

more stable than the corresponding sodium compound", they did 

not give any quantitative data. 

In this work it was decided to use germyl sodium 

because more was known about the preparation and properties of 

germyl sodium than of germyl potassium. The potassium corn-

pound may have been better to use since Teal and Kraus (10) 

report that it crystallizes in the pure form from liquid 

ammonia solution and although they did not analyse their pro

duct, they inferred its composition from the weight of material 

formed. Since the ammonia of crystallization can be easily 

removed from germyl sodium, there was no real disadvantage in 
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using it rather than germyl potassium. It was considered 

advantageous to use the less stable germyl sodium instead of 

germyl potassium, since there was the possibility that the 

less stable material would be the more reactive one. This 

order of stability is contrary to that found for the corres

ponding alkyl compounds, and the decomposition products also 

differ. Methyl sodium decomposes rapidly at 200° to give 

methane and Na4C (63), whereas methyl potassium decomposes 

rapidly at only 100°, with the formation of potassium hydride. 

The alkali metal alkyle undergo a coupling re

action with hydrocarbon halides of the general type 

RM + R'X_____... RR 1 + MX •.• 15) 

with yields for amyl sodium ranging from 5 to 35 per cent. 

In general, the iodides and bromides react much more readily 

than the corresponding chlorides, and inert hydrocarbons are 

usually used as solvents (63) rather than the dry solid re

agent. 

Kraus (64) described the use of germyl sodium in 

liquid ammonia solution to prepare ethylgermane by reaction 

with ethylbromide, and ethers (10,36) have used germyl sodium 

in liquid ammonia to prepare methyl-, ethyl-, propyl- and 
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isoamylgermane using the general reaction: 

RX + GeHJNa RGeH3 .(X:;:Cl, Br). 16) 

Germyl sodium reacts with methylene bromide in a complex 

fashion ta give mainly methylgermane (10), and the reaction 

of phenylbromide with germyl sodium proceeds according ta 

the following equations (36) 

17) 

3GeH2 ~ GeH4 + 2GeH ~ 2Ge + H2 18) 

ta give benzene, germane, germanium and hydrogen. In this 

reaction, germyl sodium acts as a reducing agent rather than 

coupling ta the benzene ring. No other coupling reactions of 

germyl sodium are reported, although reactions of sorne alkyl 

germyl sodium compounds (36) and the more stable triphenyl-

germyl lithium, sodium or potassium have been extensively 

studied (65,66,67,68,69,70,71). Reactions of trimethyl-

stannyl sodium in liquid ammonia with alkyl halides have also 

been studied (72}. All the reactions with germyl sodium were 

done in liquid ammonia solvent, while those with the triphenyl-

germyl metal salts were done in a variety of solvents, includ-

ing ammonia, benzene, diethyl ether, tetrahydrofuran, and 

ethylene glycol diethyl ether. In sorne cases, when ammonia 
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was used as a solvent, there was a secondary reaction with 

the solvent which reduced or prevented the formation of the 

required product (64) e.g. 

3NaGe(C6H5)3 + HCCl3 + NHJ~3NaCl + H2C[Ge(C6Hs)3 ] 2 + 
(C6H5)3GeNH2 . 19) 

With sorne halides such as methylene bromide (10) or others 

containing an active halogen, ammonolysis occurs with the 

formation of ammonium halide which reacts rapidly and quanti-

tatively with germyl sodium to produce monogermane. It is 

likely that the germane recovered in the reactions studied in 

this investigation was produced by the interaction of ammonium 

halide with germyl sodium. The ammonium halide was probably 

formed by ammonolysis of the methylsilylhalide by the small 

amounts of ammonia occluded in the solid germyl sodium, which 

may not have been removed by prolonged pumping. In order to 

minimize the formation of ammonium halide and the consequent 

loss of germyl sodium by formation of germane, most of the re-

actions using the silyl- and methylsilylhalides and germyl and 

methylgermylhalides were done using solid, ammonia-free germyl 

sodium. This, however, introduced the additional problem of 

physical mixing between the solid germyl sodium and the rela-

ti vely s.mall amounts of liquid hal ides. The lack of physical 
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contact between the two reactants must have contributed to 

the very low yields obtained in most of the reactions. 

In arder to use germyl sodium as a reagent, it was 

necessary to employ reaction temperatures below about 0° to 

decrease the rate of thermal decomposition. Even at these 

temperatures, reaction times of only a few hours could be 

used to keep the amount of decomposition comparatively small. 

Any thermal decomposition of the germyl sodium during the 

course of the reaction would decrease the amount of germyl 

sodium available for reaction and thus would decrease the 

yield of the desired product. 

Preparation of Digermane 

Various fully substituted digermanes have been 

prepared by the action of organogermylsodium on an appropri-

ate organogermylhalide (67) in liquid ammonia. 

liquid R' GeGeR + NaX 
NH3 ,. 3 3 • • • 20) 

Severa! triphenylalkylgermanes have been prepared by the re-

action of triphenylgermylsodium with alkylhaiiàes in liquid 

ammonia as solvent (73,66), and germyl sodium dissolved in 

liquid ammonia will react with a variety of alkylhalides to 

form alkylgermanes (10). From the reactivity of germyl 
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sodium, and by comparison with the coupling reactions of tri

phenylgermylsodium, it seemed reasonable to expect that 

germyl sodium would react with a halogermane to produce 

digermane in good yield. However, because of the inter-

action of the halogermanes with ammonia, the reaction with 

germyl sodium could not be done in liquid ammonia, and it 

was necessary to use solid, ammonia-free germyl sodium, or 

an inert solvent. 

Solid, ammonia-free germyl sodium reacted to the 

extent of only 7 per cent with an equimolar amount of bromo

germane, and the crude digermane thus formed could not be 

purified by low temperature fractionation. The low yield 

was not surprising considering the lack of adequate physical 

contact between the solid germyl sodium and the small amount 

of liquid bromogermane. "Poisoning" of the surface of 

germyl sodium with sodium bromide might also have occurred 

which would have decreased the amount of germyl sodium 

available for reaction. The extent of this "poisoning" 

probably depends on the surface area of the germyl sodium, 

the amount of liquid bromogermane present, and the amount of 

agitation of the reaction vesse!. The agitation in these 

reactions was limited to occasional shaking of the reaction 
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vessel, and the surface area of the germyl sodium, as men

tioned previously, was not reproducible or controllable from 

one experiment to the next. 

When a large excess of bromogermane was used to 

increase the relative amount of liquid present, only a trace 

of digermane was recovered. The use of various organic 

liquid media did not improve the yield of digermane. Although 

germyl sodium is very soluble in liquid ammonia, nothing is 

known of its solubility in other solvents except ethylamine, 

in which it is insoluble (41). Although several organic sol-

vents have been used for reactions involving triphenylgermyl 

metal salts, the actual extent of solubility of the salts 

bas only been mentioned in the case of diethyl ether, pure 

· benzene and benzene saturated with ammonia (65). Moreover, 

the solubility of the triphenylgermyl metal salts in organic 

solvents would be due mainly to the phenyl groups and could 

not be expected to give any indication of the solubility of 

germyl sodium in the same solvents. In these experimente 

germyl sodium did not appear to dissolve in diglyme, benzene, 

or tetrahydrofuran. 

Little is known about the stability of germyl 

sodium in the presence of solvents or other materials, but 
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it is known that the rate of thermal decomposition is in-

creased in the presence of ammonia. The amount of hydrogen 

produced in the reactions employing benzene and tetrahydro

furan indicate that the extent of thermal decomposition of 

germyl sodium during the reaction was less than 10 per cent 

of that initially present. With diglyme the amount of 

hydrogen gi ven off seemed to be rouch larger, but i t was not 

measured because of the necessity of pumping on the reaction 

vessel during the addition of bromogermane. Although the 

thermal decomposition of germyl sodium does not completely 

explain the extremely low yields of digermane, it may be at 

least partially responsible. 

The same problems of solubility and thermal stab

ility also apply to bromogermane, the other reactant used in 

the preparation of digermane. A liquid at room temperature, 

(m.p. -32°) bromogermane is soluble in cyclohexane and di-

ethyl ether, and it reacts instantly with ammonia (15). 

Bromogermane decomposes slowly at room temperature when pure 

and more rapidly in the presence of impurities. Nothing is 

known of its stability in the presence o~ solvents, and this 

could have a considerable effect on the yield of digermane. 
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The alkali metal alkyls are very reactive toward 

oxidizing agents such as chlorine, and the violent reaction 

which occurred on warming a mixture of chlorine and germyl 

sodium confirma the similarity between germyl sodium and the 

alkali metal alkyls. 

Preparation of Trimethylgermoclsilane 

In a further attempt to evaluate the reactivity of 

germyl sodium in a coupling reaction, the preparation of tri

methylgermylsilane from germyl sodium and trimethylchlorosi

lane was attempted: 

GeH3Na + (CH3)3SiCl~ (CH3)3SiGeH3 + NaCl ••• 21) 

A similar reaction using triphenylgermylpotassium and triethyl-

0~ triphenylchlorosilane in ether solution (74) produced the 

expected substituted silylgermane. · Also triphenylgermyl-

lithium in tetrabydrofuran reacts quantitatively with triethyl

chlorosilane to give triphenylgermyltriethylsilane (70). Tri

phenylgermylpotassium and triphenylchlorostannane react to form 

the Ge-Sn analog of hexaphenylethane (69) while one of the most 

important reactions of the alkali metal alkyls is the coupling 

reaction with hydrocarbon halides (63) following the general 

reaction: 



- 94 -

RM + R'X---!JII.,. RR' + MX • •.• 22) 

Because of the unsuitability of ammonia as a solvent 

and the lack of improvement found when organic solvants were 

used as a liquid phase in the preparation of digermane, the 

reaction of germyl sodium with trimethylchlorosilane was done 

in the absence of solvents. Three of the five reactions done 

with these reactants gave negative results, while the others 

produced yields of 20 and 42 per cent. 

The use of trimethylfluorosilane did not result in 

an increase in the percentage yield over that obtained using 

trimethylchlorosilane, but there was an increase in the amount 

of pure material recovered because of the ease of separating 

the product from the starting materials. 

Preparation of Dimethyldigermylsilane 

Since the reaction of germyl sodium with trimethyl

cblorosilane produced the monosubstituted product, trimethyl

germylsilane, it was logical to attempt the reaction of germyl 

sodium with dimethyldichlorosilane to see if the disubstituted 

product could also be formed. Similar reactions between 

methylene chloride and triphenylgermylsodium (66) or trimethyl

stannylsodium (72) in liquid ammonia have produced the expected 
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'1 

disubstituted products in almost quantitative yields. Because 

of the reactivity of dimethyldichlorosilane toward ammonia, 

liquid ammonia could not be used as a solvent, and the reac-

tion was done using solid ammonia-free germyl sodium. Five 

of the ten experimenta done in this way did, in fact, produce 

the expected product, dimethyldigermylsilane, in yields of 

from 18 to 27 per cent. In four other experimenta, only a 

trace of material containing a GeH3 group was detected, and in 

one experiment, the reactants exploded. 

The cause of the low yields obtained in these re-

actions is difficult to establish, but one possibility is the 

thermal decomposition of the germyl sodium which might have 

occurred during the reaction. In one experiment the amount 

of hydrogen formed accounted for decomposition of about 64 per 

cent of the germyl sodium available, and the yield of product 

was only 18 per cent. The decomposition of germyl sodium is 

not the only cause of low yields however, since in two of the 

experiment·s which yielded only traces of dimethyldigermyl-

silane, no hydrogen was detected in the reaction vessel, in-

. dicating that virtually no decomposition of germyl sodium. bad 

occurred. Other experimenta gave erratic resulta with 

varying.amounts of product and decomposition. 
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The most surprising fact about this reaction is that 

there was no evidence of the partially substituted product 

which must have been the intermediate of essentially a two 

step process. Similarly, the partially substituted product 

was not found in the reactions of trimethylstannylsodium, tri

phenylstannylsodium (66) and triphenylgermylsodium (72) in 

liquid ammonia with methylene chloride. In the case of the 

tin compounds, the reaction proceeded quantitatively, while 

for the germanium compound, there was sorne side reaction with 

the solvant. The first chlorine atom was quantitatively sub-

stituted by the germyl compound, while the second was only 

partially substituted. Owing to the affinity of carbon for 

hydrogen and of germanium for nitrogen, ammonia entered into 

the reaction forming the germylamine and the dechlorinated, 

monosubstituted methane (66). 

In the reaction of dimethyldichlorosilane with 

germyl sodium, the latter did not act as a reducing agent 

since there was no evidence in any of the experimenta for the 

formation of dimethylsilane. 

PreEaration of Methyltrigermylsilane 

After the successful preparation of dimethyldigermyl-
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.. 
silane using solid, ammonia-free germyl sodium as a reactant, 

it was of interest to determine if three chlorine atoms could 

be replaced by germyl groups. In a similar reaction, tris(tri-

phenylgermyl)silane was prepared quantitatively by the reaction 

of triphenylgermylsodium with trichlorosilane in ether solution 

(75). However, the reaction of triphenylgermylsodium with 

chloroform in liquid ammonia produced only the disubstituted 

product, bis(triphenylgermyl)methane (66), while the similar re-

action with trimethylstannylsodium produced the trisubstituted 

product only as an unstable intermediate which then decomposed 

according to the following equation: 

• • • 24) 

Three of the seven experimenta performed to prepare 

methyltrigermylsilane from methyltrichlorosilane and solid 

germyl sodium exploded, and two others produced only a trace of 

material containing a GeH3 group. In one experiment a 34 per 

cent yield of methyltrigermylsilane was obtained, and there was 

no trace of any partially substituted products, or any indi-

cation of the germyl sodium acting as a reducing agent. 

There is no apparent reason for the wide variation 

of the yields. The explosions which occurred may have been due 

• 
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to the condensation of a large amount of methyltrichlorosilane 

in one spot on the solid germyl sodium. This may have started 

to react vigorously on melting, causing local heating and con

sequent rapid decomposition of gerrnyl sodium. It is surpris

ing that the yield of methyltrigermylsilane was greater than 

that of dimethyldigermylsilane, but it is dangerous to make 

any general assumptions on the basis of only one experiment 

which gave a better yield than four others. 

Preparation of Tetragermylsilane 

After preparing three members of the series of methyl

gerrnylsilanes, it was only natural to attempt the preparation 

of tetragerrnylsilane from solid germyl sodium and silicon tetra

chloride. In a somewhat sirnilar reaction, tetrakis(trirnethyl

silyl)-silane was obtained in a 70 per cent yield from trirnethyl

chlorosilane, lithium and silicon tetrachloride in tetrahydrofuran 

(76). This reaction probably involved the initial formation of 

trimethylsilyllithium, and its subsequent reaction with silicon 

tetrachloride, the overall reaction being: 

The reaction of triphenylgermylsodium with carbon tetrachloride 

in liquid amrnonia or benzene was reported (64) to be sirnilar 

to the reaction of trimethylstannylsodium with carbon tetrachloride 
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{77) : 

4NaSnMe3 + CCl4 NH3 ~ 2(SnMe3 ) 2 + 4NaCl + C • • • • 26) 

But in a later paper, Kraus (66) stated that there was no re

action between triphenylgermylsodium and carbon tetrachloride 

in liquid ammonia. The same reactants in diethyl ether also 

produce hexaphenyldigermane (73). 

In seven out of twelve experimenta, the reaction of 

solid, ammonia-free germyl sodium with silicon tetrachloride 

produced only minute drops of tetragermylsilane. The yields 

were consistently small and seemed to be independent of the 

amounts of starting materials or their ratios. The small yields 

were not unexpècted, but the absence of any partially substi

tuted products which must have been formed as intermediates in 

the overall reaction: 

••• 27) 

was considered unusual. The presence of only tetragermyl-

silane was confirmed by the appearance of only a single large 

peak in the n.m.r. spectrum, and an infrared spectrum which was 

consistent with a molecule of tetrahedral symmetry. No other 

fractions containing the GeH3 group, other than germane, were 

found. The very small peaks in the proton n.m.r. spectrum of 
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tetragermylsilane at "'t' = 6. 48 and 6. 61 ppm, upfield of the 

tetragermylsilane peak at -r= 6.36 ,ppm might possib~y be due 

to trace amounts of the partially substituted products. Their 

position at slightly higher field is consistent with the mag

netic anisptropic effect causing a shift to·higher field as 

germyl groups are replaced by much smaller chlorine atoms, 

modified by the opposing inductive effect as discussed in a 

later section. 

An attempt was made to increase the yield of tetra

germylsilane by bubbling silicon tetrafluoride through a solu-

tion of germyl sodium in liquid ammonia. Although silicon 

tetrafluoride forms an adduct with ammonia, it was hoped that 

sorne reaction would occur before or after adduct formation. 

The only product of this reaction was germane which undoubtedly 

resulted from the reaction of germyl sodium with ammonium 

fluoride which was produced by the ammonolysis of silicon tetra-

fluoride. This reaction was repeated in the absence of solvent 

but because of the volatility of silicon tetrafluoride at oo, 

the result was an unsuccessful gas-solid interaction. The 

small amount of silicon tetrafluoride not recovered may have 

been adsorbed in the stopcock grease of the reaction vesse!, or 

may have reacted to produce the trace of germane detected. 
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Preparation of Germylsilane 

The preparation of germylsilane by a gas discharge 

method (22) prompted an attempt to prepare it using solid 

germyl sodium and bromosilane. A small yield was obtained, 

comparable with that produced in the preparation of digermane. 

The fact that there were no organic groups present as in the 

case of the methylchlorosilanes might explain the low yields 

of both digermane and germylsilane, since the organic groups 

might be expected to stabilize the intermediates formed. This 

is one explanation of the higher yields obtained with tri

phenyl- or trimethylgermylsodium compared with unsubstituted 

germyl sodium. As with the other reactions involving solid 

germyl sodium, the physical state of the germyl sodium and 

the extent of contact between the two reactants was probably 

an important factor affecting the yield. However, the presence 

of a solvent, 1,2-dimethoxyethane, did not appreciably increase 

the yield when silyl potassium was allowed to react with chlora-

germane ( 24) • After 15 minutes at room temperature, a 20 per 

cent yield of germylsilane was obtained. 

Preparation of 1,1,1-Trimethyldigermane 

The reaction of trimethylbromogermane with solid, 

ammonia-free germyl sodium is similar to that of bromogermane 
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with germyl sodium, and equally small yields of 6.8 and 8.5 

per cent respectively were obtained in both cases. However, 

when trimethylfluorogermane was used, a yield of over 35 

per cent was ob~ained in the one experiment done. Although 

it may not be valid to base conclusions on only one experi

ment, it seems more than coincidental that yields were always 

less than 10 per cent when the bromides were used, but close 

to 40 per cent when the chlorides or fluorides were used. 

This can be explained in terms of the Si-X or Ge-X and the 

Na-X bond strengths. In the general equation 

• • • 28) 

where M = Si or Ge and X= F, Cl, or Br, two bonds are broken, 

Ge-Na and M-X, while two are formed, Na-x and Ge-M. In any 

given series of reactions in which only the halogen X changes, 

the difference in the beats of reaction will depend on the dif

ference in the bond strengths Na-X and M-X, since the values of 

Ge-Na and Ge-M are fixed for a given M. From the known bond 

strengths, given in Table XI, the relative beats of reaction 

are estimated to be 0.85, 0.96 and 0.80 eV. where M = Si and 

X = F, Cl, and Br respectively. When M = Ge and X = F, Cl, 

and Br, the relative beats of reaction are 0.65, 0.74 and 0.40 

eV. respectively. This indicates that the reaction of germyl 
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sodium with the bromide is much 1ess favourab1e than with the 

f1uoride or ch1oride, particu1arly in the formation of di-

germane or 1,1,1-trimethy1digermane (i.e. M =Ge). 

TABLE XI 

BOND STRENGTHS (FROM COl'TREL (78)) 

ev. ev. ev. 
Ge-F 4.0±1.0 Si-F 3.8±0.4 Na-F 4.65±0.25 

Ge-Cl 3.5-4.0? Si-Cl 3.3±0.5 Na-Cl 4.24±0.05 

Ge-Br 2.6-3.0? Si-Br 3.0±0.5 Na-Br 3.8 ±o.1 

? = doubtful values 

Ol'HER REACTIONS 

Attempts were made to prepare digermane by the use 

of reactants other than germyl sodium. These unsuccessful ex-

periments invo1ved the interaction of bromogermane with sodium 

and sodium ama1gam. 

Bromogermane with Sodium 

Although most Wurtz reactions of the type 

2RX + 2Na ___,... 2Nax + RR ••• 29) 

are done in a boiling inert so1vent, an attempt was made to 

prepare digermane using a freshly prepared sodium mirror at 

room temperature and pure bromogermane, in the absence of so1vent. 
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This was done because the thermal instability or bromogermane 

would not permit the use of normal boiling solvents, and the 

use of pure materials would simplify the separation of_pro-

ducts. The yield was expected to be low because of the re-

latively small surface area of the sodium available for reaction, 

and the poisoning by involatile products which would further 

decrease the arnount of sodium available. There were no vola-

tile products and most of the bromogermane was recovered. 

Bromogermane with Sodium Arnalgam 

The use of a liquid sodium amalgam increased the sur

face of sodium available for reaction with the bromogermane. 

The only volatile product forrned was germane, which accounted 

for one half of the germanium present and could only have been 

formed by reaction of bromogermane with the sodium amalgarn. 

The decomposition of bromogermane according to equations 30 

and 31 would produce the required germane, but hydrogen bromide 

would also be a product. 

GeH3Br ---1J11> GeH2 + HBr 

2 GeH2 ~ GeH4 + Ge 

30} 

31) 

The ether observed product was an unidentified black 

powder which may have been a mixture of sodium bromide and 
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germanous hydride (GeH2) or germanium. Its black appearance 

could be due to mercury adsorbed on the surface of the parti

cles. The overall reaction, deduced from the amount of germane 

formed and the absence of other volatile products is represented 

by 

2 GeH3Br + Na/Hg ___.. 2 NaBr + GeH4 + GeH2 • 32) 

There may have been sorne further decomposition of the GeH2 into 

hydrogen and GeH or germanium, but very little hydrogen was 

found. 

THERMAL DECOMPOSITION OF DIMETHYLDIGERMYLSILANE 

The attempted pyrolysis of dimethyldigermylsilane at 

85° showed that it was stable at that temperature. At 200° it 

decomposed into dimethylsilane, germane, hydrogen, and a ger-

manium mirror. From the amounts of products obtained, the 

equation representing the stoichiometry of the decomposition is: 

in which the germanium mirror is assumed to have the empirical 

formula GeHo.66 in order to balance the equation. This is 

reasonable since in the pyrolysis of digermane at 195-222°, 

Emeléus and Jellinek (53) found a germanium mirror which had 

the formula GeHo.J, and the pyrolysis of disilane produced a 
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mirror with the formula SiH0.7· The actual composition of 

the germanium mirror probably depends on the temperature and 

time of pyrolysis. 

The formation of dimethylsilane rather than diger

mylsilane indicates that the Si-Ge bonds are weaker than the 

Si-C bonds in this compound, as expected. Although no kinetic 

data were obtained on the thermal decomposition of dimethyl

digermylsilane, it is interesting to speculate on the mechanism 

of pyrolysis. Since the pyrolysis of digermane, disilane and 

most alkanes follow first order reaction kinetics, it is not 

unreasonable to assume that the thermal decomposition of di-

methyldigermylsilane is unimolecular. One possible mode of 

decomposition involves the formation of dimethylsilane in four 

steps. In the first step one GeH3 group splits off forming a 

substituted silyl radical which then combines with a hydrogen 

a tom. Then the second GeH3 group splits off forming another 

substituted silyl radical which combines with a second hydrogen 

atom to form dimethylsilane. These steps are represented in 

equations 34 to 37. 

(CH3)2Si(GeH3)2 ,., (CH3) 2 (GeH3)Si• + ·GeH3 

(CH3)2(GeH3)Si• + H·~(CH3) 2 (GeH3)SiH 

34) 

35) 
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(CH3) 2 (GeH3 )SiH --.,._.::. (CH3) 2HSi • + • GeH3 

(CH3) :;iHSi • + H· ~ (CH3) 2SiH2 

36) 

37) 

The germyl radicals thus formed decompose further 

forming germane, hydrogen and a germanium mirror. Sorne of the 

hydrogen atoms react with the substituted silyl radicals formed 

according to equations 35 and 37 while the rest are recovered 

as molecular hydrogen. The germyl radicals can either deco~ 

pose into GeH2 and hydrogen (equation 38), or follow two other 

paths, both involving the formation of digermane by recombination. 

By one path, an excited molecule of digermane splits into ger-

mane·and GeH2 (equation 39). The GeH2 may then decompose into 

germanium and hydrogen, disproportionate into germane and ger

manium, or polymerize (equations 40a, b, c). 

·GeH3 ... GeH2. + H· 38) 

2 •GeH3 .. Ge2H6* ., GeH4 + GeH2 39) 

GeH2 ... Ge+ 2 H 40a) 

2 GeH2 ... GeH4 +Ge 40b) 

nGeH2 ... (GeH2)n 40c) 

The other path involves the interaction of digermane 

with a third germyl radical to form a digermanyl radical which 

then splits into GeH2 and another germyl radical (equations 41, 
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42). The GeH2 then decomposes according to equations 40a, b · 

or c. 

• GeH3 + Ge2H6 ·~ GeH4 + • Ge2HS 

·Ge 2H5 --?~" • GeH3 + GeH2 

41) 

42) 

Germane could also be formed by hydrogen atom abstraction from 

dimethyldigermylsilane by a germyl radical: 

The resulting radical could then pick up a hydrogen atom formed 

by the decomposition of GeH2 to reform dimethyldigermylsilane. 

Although the composition of the germanium mirror is 

given as GeHo.66• based on the amount of germane and hydrogen 

recovered, the mirror was not analysed and could in fact have 

a much lower hydrogen content. 

From the observed decomposition products, it is clear 

that more than one simple mode of decomposition is necessary to 

explain the pyrolysis of dimethyldigermylsilane, and at least 

two of the proposed reaction paths must have similar probab

ilities • 
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PHYSICAL PROPERTIES OF COMPOUNDS (CH3)nSi(GeH3)4-n (n=O to 4) 

AND (CH3)nGe(GeH3)4-n (n=4,3) 

The physical constants of (CH3)nSi(GeH3)4-n (n=O to 4) 

and (CH3)nGe(GeH3)4-n (n=4 or 3) are given in Table XII. None 

of these compounds has a high degree of association in the 

' liquid phase as shown by the normal values of the Trouton Con-

stant. This is expected because the molecules are probably 

only slightly polar, analogous to unsubstituted hydrocarbons. 

The increase in the heat of vapourization,AHv, is associated 

mainly with the increase in molecular weight as a methyl group 

is replaced by a germyl group. 

Melting Points 

The melting points of the series of methylgermyl-

silanes decrease as the number of germyl groups increases, 

except for the symmetrical molecule, tetragermylsilane. The 

abnormally high melting point of tetragermylsilane is expected 

because of its high symmetry. The decrease in melting point 

with increasing molecular weight is contrary to that found for 

a series of homologous organic compounds. This may be explained 

by the fact that in an homologous hydrocarbon series an increase 

in molecular weight usually results from an increase in the car-

bon chain length as a proton is replaced by a ·methyl group, 
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TABLE XII 

PHYSICAL CONSTANTS OF (CH3 )nSi {GeH )4-n (n=O to 4) 
AND (CH3)nGe(GeH3)4-n (n=4,3) 

e 

Compound m. p. 
oc 

b.p. 
oc 

~Hv Trouton• s Chemical Shift pp~ 
cal./mole Constant L (CH) ;:; (GeH) 

Me4Si - 95 23.5 10.49 

Me3SiGeH3 - 77.4 73.6 7239.6 20.88 9.97 

Me2Si(GeH3)2 - 93.1 117.4 7694.6 19.7 9.67 

MeSi(GeH3)3 -101.0 153.45 9578.09 22.45 9.43 

Si(GeH3)4 - 53.3 

Me4Ge - 88 43.5 9.872 

Me3GeGeH3 - 89.6 77.6 7529.5 21.46 9. 75 

1. Values for neat liquid in capillary tubes compared with dilute 
TMS in carbon tetrachloride, ~= 10.0 ppm. 

2. Value for dilute solution in carbon tetrachloride (98) 

7.42 

7.00 

6.69 

6.36 

7.07 

1-' 
1-' 
0 
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which increases the possibility and extent of intermolecular 

bonding by van der Waals forces, thereby increasing the mel ting 

point. In a series of methylgeFmylsilanes, the replacement of 

a carbon atom by a much larger germanium atom does not alter 

the chain length but decreases the bonding due to van der Waals 

forces by decreasing the proton density around the molecule. 

In addition, when a methyl group is replaced by a germyl group, 

a carbon-silicon bond is replaced by a less polar germaniu~ 

silicon bond, and thus the overall polarity of the molecule is 

probably decreased. These changes could in part explain the 

decrease in melting point with the increasing number of germyl 

groups. However, since the melting point of a compound de-

pends on a number of factors including crystal structure, bond 

type, dipole moment, and hydrogen bonding, the observed trends 

in the melting points cannot be completely accounted for in 

any simple way. 

Boiling Points 

The boiling points·of silane, germane and their · 

methyl derivatives, like those of their carbon analogs, in-

crease with increasing molecular weight. This is also true 

for the series of methylgermylsilanes, the boiling points of 

which increase linearly with molecular weight, as shawn in 
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Figure 19 

Variation in Boiling Point with Mo1ecular Weight 

~ (CH3)nSi(GeH3)4-n 
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Figure 19. The boiling points of the first two members of 

the analogous germanium series, tetramethy1germane and 1,1,1-

trimethyldigermane, fal1 s1ight1y b~low the line (Figure 19) 

for the methylgermylsilanes. The linear increase for the 

methy1germylsilanes seems to indicate that the change in 

molecular weight when a methyl group is replaced by a germyl 

group is virtua1ly the only factor influencing the boiling 

points of these compounds. The fact that the values for the 

germanium series are close to those of the methylgermylsilanes 

indicates that the small difference between the two series of 

compounds could probably be related to the increase in atomic 

weight accompanied by only a small change in covalent radius 

in going from silicon to germanium. 

N.M.R. Spectra 

Chemical shifts of both the methyl and germyl protons 

in the series of methy1germylsilanes, (CH3)nSi(GeH3)4-n where 

n=O to 4 are given in Table XIII and Figure 20. The proton 

chemical shifts of the neat liquiÇs ~ecrease monotonically as 

the methyl groups are replaced by germyl groups. A similar 

decrease is observed for the methyl protons in the series 

(CHJ)nMX4-n where .M = C, Si or Ge~ and X = H or Cl, (Table XIV 

and Figure 21), as methyl groups are replaced by protons or 

chlorine at oms .. 
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TABLE XIII 

PROTON CHEMICAL SHIFT* OF (CH3)nSi (GeH3)4-n 

n CH GeH 

4 10.49 ppm 

3 9.97 7.42 ppm 

2 9.67 7.00 

1 9.43 6.69 

0 6.36 

* Values for neat liquid relative to dilute TMS in CCl4. 

TABLE XIV 

METHYL PROTON SHIFT IN (CH3) nMX4-n 

M=C M=Si M=Ge 

X=Cl X=H X=H X=Cl X=H X=H X=H 

n (1) (2) (3) (1) (4} {4) (5) 

4 9.037 4.0 9.06 10.00 0.0 - 7.6 10.14 

3 8.404 4.1 9.11 9.578 - 4.5 -12.8 10.14 

2 7.828 4.1 9.10 9.20 - 8.5 -17.3 10.14 

1 7.257 4.1 9.12 8.85 -11.6 -21.0 10.18 

Column I II III IV v VI VII 

(1) CCl4 solution, ppm vs TMS = 10.0 (79). 
{2) Ne at liquida, ppm vs H20 = 0 {80). 
(3) Solutions, ppm vs TMS = 10.0 (81). 
(4) Solutions, eps at 60 Mc vs TMS (82). 
(5) Neat liquids, ppm vs 10% TMS in CHCl3 (83 ). • 
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Figure 20 

Proton Chemica1 Shift of (CH3)nM(GeH3)4-n 

Methy1 Protons M= Si 0 
M= Ge (!] 

Germy1·Protons M= Si .&. 

M= Ge w 
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Figure 21 

Proton Chemical Shifts of (CH3)nMX4-n 

'X X= Cl 

0 X= H 
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The values shown for the neat hydrocarbons (~C, X=H, 

column II, Table XIV and the neat methylgermanes (~Ge, X=H, 

column VII) do not change as n varies from 4 to 1. This is 

in contrast to the systematic decrease for the methylgermanes 

in solution (column VI). Although the values for hydrocarbons 

(column III) in solution show a very slight upward shift as n 

decreases, this may not be significant as it is within the 

limita of the experimental error. 

TABLE XV 

METHYL PROl'ON SHI FT IN SUBSTITUTED METHYLSILANES (CH3) nSiX4-n 

n X=Cl X=H 

(1) (2) 

4 10.00 ppm 0.0 eps 

3 9.578 - 4.5 

2 9.20 - 8.5 

1 8.858 -11.6 

(1) CC14 solutions vs dilute TMB = ,lo.o ppm (79). 
(2) Solutions, eps ~t 60 MC vs dilute TMS (82). 

X=GeH3 

(3) 

10.49 ppm 

9.97 

9.67 

9.43 

(3) Neat liquida, ppm vs dilute TMS = 10.0 (This work). 

A concentration effect, in the case of the methyl-

germanes and hydrocarbons, thus completely masks any chemical 

shifts caused by intramolecular forces since the observed shifts 

for the neat liquida are constant. The concentration effect on 
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going from infinite dilution in cc14 ta the pure liquid is 

usually quite large and positive (e.g. +0.47 ppm for iso-

pentane (84)). Although the data on the methylgermylsilanes 

in Tables XIII and XV are for neat liquida, a significant shift 

is still observed as the number of methyl groups varies. 

These observed shifts indicate that the concentration effect 

does not completely mask the intramolecular effects. Concen

tration effects are thus either 1) comparatively insignificant 

or 2) approximately constant. For the first member of the 

series,tetramethylsilane, there is a shift of +0.49 ppm on 

going from dilute solution in CCl4 ta the pure liquid, which 

indicates that the concentration effect is not small. Since 

the external shape of these molecules is roughly spherical, and 

the methylgermylsilanes are also roughly spherical, one would 

expect the concentration shift for the methylgermylsilanes ta 

be approximately constant in the series. In this case, the 

same general trend would probably have been observed if the 

n.m.r. spectra bad been obtained for the dilute solutions. 

An attempt was made ta measure the chemical shift of dimethyl

digermylsilane in a dilute solution of carbon tetrachloride, 

but on mixing a few drops of dimethyldigermylsilane with about 

1 ml of carbon tetrachloride, a violent explosion occurred. 
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There was not a sufficient amount of sample avai1able for 

further attempts with other solvents. 

In the methy1si1anes and -germanes, the decrease in 

chemical shift for the methy1 protons with decreasing number 

of methyl groups bas been explained in terms of the higher 

electronegativity of protons over methyl groups (83,85). This 

order of electronegativity does not at first seem reasonable, 

since the electronegativity of carbon is 2.5 whi1e hydrogen 

is 2.1 (86). However, it bas been pointed out that the group 

e1ectronegativities are quite different from the electronega

tivities of the individua1 atoms, and'the methyl group, with 

its three protons, is more electron releasing than a proton 

(63). An electronegativity of 1.57 for the methy1 group bas 

recent1y been ca1cu1ated from bond dissociation data (87) 

compared with 2.1 for the proton on Pauling•s ecale. This 

simple exp1anation could a1so be app1ied to the methylch1oro

silanes where methyl groups are replaced by more electronega

tive ch1orine atoms. 

For methyl halides (CH3X) (84,88), ethy1 halides 

(CH3CH2X) (89), si1ylhalides (SiH3X) (90) and methylsily1-

ha1ides (CH3SiH2X) (91) chemical shifts of~ protons vary 
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inversely as the electronegativity of the substituent X, as 

would be expected for a pure inductive effect. An opposite 

effect occurs on the~ protons of the ethyl halides (90), 

methylsilylhalides (91), isobutylhalides (MeJCX) (92), and 

trimethylsilyl, -germyl, and -tin halides (MeJMX) (93), con-

trary to that expected from inductive effects. Thus the 

chemical shift of the protons ~ to a substituent cannet be 

taken as a measure of the electronegativity of that substitu

ent, and the proton chemical shift of the methylgermylsilanes 

cannet be explained solely in terms of the electronegativity 

of the substituents. 

The shielding effect on ~ protons bas been explained 

in terms of .ionie resonance forms in which the substituent X 

assumes a negative charge, thus deshielding the ~ and ~ protons 

(92). Resonance forma would predominate when X bas a large 

atomic number, and for the halides, as the atomic number of the 

halogen increases, so does the shielding. 

An alternate explanation of the reverse shielding 

effect which would seem to be applicable to the methylgermyl

silanes, is in terms of the difference in magnetic suscepti

bility with direction of a bond, an atom or a group of atoms • 
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This effect is called the magnetic anisotropy of the ~X bond, 
' 

the substituent X, or even the M-M 1 bond (93,94). One fac-

tor contributing to the overall magnetic anisotropy in a 

given bond or molecule is the molecular dispersion effect 

(93,94) which can be qualitatively visualized as an expansion 

of the electronic orbitals which would increase as the number 

of electrons on the substituent X increases. This expansion 

would cause a decrease in the electron density and in the 

shielding of the proton, with a consequent shift to lower 

field. 

A rough calculation of the shielding constant,o-, 

was made by applying McConnell 1 s formula (95,96) for an 

axially symmetric group to methyltrigermylsilane and trimethyl

germylsilane. The formula used was a-:= ;;~ (1-3 cos21 ) 

(96), where ~ is the shielding constant of the axially 
·N 

symmetric group G at the proton N, l:t. XG is the magnetic aniso-

tropy of the group G, and R is the distance from the electronic 

centre.of the group G to the proton N, at an angle~ from the 

axis of symmetry of the group (Figure 22). 
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Si 

Figure 22 

In applying this formula to the methylgermylsilanes, the 

following assumptions were made: 

1) Bond lengths: All bonds were considered to be normal 

covalent, and the values used were: CH= l.o9R as in CH4 (97), 

GeH = 1.52~ as in GeH3Cl (97), SiC= 1.89K as in TMS (86), and 

SiGe = 2.39R, the sum of the covalent radii (86). 

2) Bond angles: All bond angles were considered to be 

tetrahedral, 109.47°, since the deviations reported for methyl 

and germyl compounds are small, and do not significantly affect 

the calculated values of R and ~ , or the final result. 

3) Centre of. Anisotropy: The electronic centre of the 

anisotropie group, Si(GeHJ)J or Si(CHJ)J, was taken as the Si 

atom for convenience. Although it is likely that the actual 
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centre is farther from the CB3 or GeB3 group than the silicon 

atom, the exact position would be very difficult to determine, 

and any deviation would only result in a small net decrease 

in the value of o- caused by the decrease in ~ and increase in 

R. In addition, the Si(GeB3)3 or Si(CB3)3 groups were assumed 

to be axially symmetric about the Si-C or Si-Ge bonds respec

tively. 

4) Values of J::/) XG: The value of the magnetic anisotropy 

A X was taken to be 10 x lo-6 cm3 /mole, which is the value esti

mated by Reddy and Goldstein (96) for a C-C bond. They quote 

other values for the C-C bond, ranging from 1.3 x 1o-6 to 5.6 

x 1o-6. The high value of Reddy and Goldstein was chosen for 

these calculations because it is probably the best and it was 

also considered likely that the anisotropy of the Si-C and 

Si-Ge bonds would be greater rather than smaller than that of 

the c-c bond, since the former are bonds between dissimilar 

atoms, while the latter is a bond between two similar atoms. 

Using these assumptions, the shielding factor calcu

lated for the ca3 protons in methyltrigermylsilane is -0.3 

ppm. This means that on going from tetramethylsilane in 

which the silicon atom is spherically symmetric, to methyltri-
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germylsilane, the shielding of the methyl protons should de-

crease by 0.3 ppm. Experimentally, the decrease is 1.06 ppm, 

a factor of 3 greater than that calculated and in the same 

direction. The shielding factor for the GeH3 protons in 

trimethylgermylsilane was calculated to be -0.1 ppm, indicat-

ing that in going from tetragermylsilane to trimethylgermyl-

silane, the shielding of the GeK3 protons should decrease by 

that amount. Experimentally, there is an increase in the 

proton shielding of 1.06 ppm. In order for <r to have a posi-

tive 

tive. 

value, either the term (l-3cos2 'If) in the equation 
AXG 

= W (l-3cos2 )() must be positive or .t::JJ.X.G must be nega-

For (l-3cos2 ~) to be positive, ~ , the angle of the 

protons from the axis of symmetry at the centre of the aniso-

tropic group (Figure 22), must be greater than 54.7°, and for 

trimethylgermylsilane, this would place the electronic centre 

of the anisotropie group only o.sR from the centre of the Ge 

atom on the Si-Ge bond. This is clearly not reasonable for an 

effect related to the anisotropy of the Si-Ge bond and the 

A similar adjustment of the electronic centre 

would also have to be applied to methyltrigermylsilane for which 

calculations already agree with experiment. Alternatively a 

change in the sign of A)(.G is more reasonable. The assumed 
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value of 10 x 10-6 was for a cylindrical C-C bond, and the 

positive sign seems also to apply for the Si-C bond, which is 

ellipsoidal with the large end at the silicon atom. The 

Si-Ge bond on the other band, is ellipsoidal with the smaller 

end at the silicon atom, and it would be reasonable to expect 

the magnetic anisotropy to change sign in this case as it does 

for chlorine. In the latter case, Reddy and Goldstein (96) 

report a value of 3.75 x lo-7 for cr, the shielding constant 

of chlorine, which implies a negative value of .6.X, the 

magnetic anisotropy, the actual value depending on the geo

metry of the system. 

Proton chemical shifts have also been explained by 

the dependance of CH chemical shift on M-C bond energies (98). 

It bas been proposed (99) that the weaker the C-M bond, the 

more s character the carbon will employ in the C-H bonds, 

with a corresponding increase in the amount of p character 

in the C-M bond. Thus the increase in p character for larger 

elements results from decreasing strength of the C-M bond. 

Stronger c-H bonds form, and more effective overlap results 

as the amount of s character in the hybrid orbitals employed 

by carbon increases ( sp > sp2 > sp3). Since the effective 

electronegativity of a carbon orbital depends on its 
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hybridization (lOO) (the more s character, the more electro-

negative), the relative chemical shifts should be influenced 

by this effect. To apply this theory to the methylgermyl-

silanes, it is assumed that in tetramethylsilane, both carbon 

and silicon are sp3 hybridized. In trimethylgermylsilane, 

since the Si-Ge bonds are weaker than the Si-C bonds, the 

weaker bonds are assumed to have an increased amount of p 

character, with a corresponding decrease in s character, while 

the Si-C bonds have increased s character and a decreased 

amount of p character. 

An appraximate orbital overlap integral calculation 

on the Si-C bond indicates that when the s character of the 

silicon hybrid orbitals is increased, the overlap integral 

increases only if the amount of s character in the carbon hy-

brid orbital is also increased. For this to be so, the p 

character of the CH bonds must decrease, the carbon will be 

effectively less electronegative, and the proton shielding 

should increase. However, experimentally, the proton shield-

ing decreases, and therefore this theory does not explain the 

observed changes. Although Drago (98,99) relates bond strength 
) 

with orbital hybridization, and proposes an increase in the 

amount of p character in the C-M bond as the size of M 
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increases, it is more reasonable to assume that as the orbitals 

of M increase in size, more overlap will occur if the carbon 

orbitale have increased s character. Applying this idea to 

the methylgermylsilanes, it follows that as the suostituents 

on the silicon change from methyl groups to germyl groups, 

the silicon .will use orbitals with more s character in bond

ing with the larger germanium, and the·. Si-C bonds will have 

correspondingly more p character. An appraximate orbital 

overlap integral calculation for the Si-C. bond indicates that 

when the p character of the silicon is increased, the overlap 

integral increases only if the s character of the carbon 

orbitals to silicon increase. This would mean less s char-

acter in the C-H bonds, and consequently increased shielding 

of the protons, contrary to the observed trend. 

Considering the experimental data, and the re sul ts 

obtained from attempts to apply magnetic anisotropy and electro

negativity effects separately to explain these data, it seems 

likely that no simple effect is responsible for the observed 

shifts. These two effects, however, can qualitatively be used 

together to explain the chemical shift observed for the methyl

chlorosilanes, methylsilanes, and methylgermylsilanes (Table XV). 

For the methylchlorosilanes the inductive effect should cause a 

decrease in the proton shift as methyl groups are replaced by 
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more electronegative chlorine atoms. The anisotropie effect 

should. cause only a nëgligible change since the the size of 
) 

the chlorine atom and the methyl groups are similar. This 

gives a net decrease in the chemical shift as the number of 

methyl groups decreases. For the methylsilanes, the aniso-

tropic effect would be expected to cause an increase in the 

methyl proton shift as the methyl groups are replaced by much 

smaller protons. The small net decrease observed suggests 

that the inductive effect must cause a decrease in proton 

shift. This is supported by theoretical calculations which 

indicate that in some compounds a methy1 group is more electron 

releasing than a proton (101), and in this respect, the pro-

ton can be considered more e1ectronegative than the methyl 

group. This was a1so proposed to explain a simi1ar effect in 

tin compounds (85). 

For the methylgermylsilanes, it would be reasonable 

to assume the germy1 groups to be 1ess electronegative than 

the methyl groups, as indicated by the electronegativities of 

carbon (2.5) and germanium (1.7 to 1.9). Thus the inductive 

effect would cause a sma11 increase in proton shift as methy1 

groups are replaced by germyl groups. The anisotropie effect, 

by comparison with the methylsilanes and methylch1orosi1anes, 
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should cause a decrease in the proton shift as the methyl 

groups are replaced by the much larger germyl groups. This. 

is equivalent to assuming that the anisotropy of the Si-Ge 

bond, AX, in McConnell's formula mentioned previously, becomes 

negative. 

The proton chemical shift observed for the methyl

germylsilanes can be explained in terms of the smaller elec

tronegativity and larger size of the germyl group compared 

with the methyl group. In this explanation, it is necessary 

to assume that the magnetic anisotropie effect predominates, 

and that .o. X. for Si-Ge bonds has a negative value. 

Infrared Spectra 

The frequency assignments of the fundamental vibra

tions of all the new compounds studied in this investigation 

are summarized in Table XVI and shown schematically on a 

correlation chart, Figure 23. These assignments are discus-

sed briefly with particular emphasis on the characteristic fre

quencies associated with various groups. The following 

symbols and abbreviations are used: ~ = valence stretching, 

~ = deformation, p = roc king ,sym= symmetric ,asym= asymmetric. 
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TABLE XVI 

I.NFRARED ASSIGNMENTS 

Vibration (GeH3) 4si (GeH3) 3Si(CH3) {GeH3 ) 2Si{CH3) 2 GeH3Si{CH3) 3 GeH3Ge (CH3) 3 

~asymCH3 2970 2970 2978 2980 

V symCH3 2912 2900 '2910 2915 

~ GeH3 rllO fll5 r20 ros roo 2072 2080 2065 '2060 2055 
2000 2065 

2010 2015 2010 2010 

~asymCH3 1410 1418 1412 1400 ._. 
b symCH3 1250 1258 {1262 1232 w 

0 
1254 

bGeH3 {872 {885 {883 {786 {850 
772 768 765 850 772 

pcH3 802 f935 r3 {898 
883 850 824 
840 781 

~asymSi-C 810 781 

~Ge-e <600 

..J symsi-c 693 702 695 
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Figure 23 

Infrared Correlation Chart 
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Trimethylgermylsilane 

Trimethylgermylsilane should belong to the CJv point 

group provided there is rotation about the symmetric position 

of the Si-C and Si-Ge bonds. For this model containing 17 

atorns, there should be 45 fundamental vibrations, of which 

ten belong to the non-degenerate A1 species, five are of the 

infrared.inactive A2 species, and the remaining thirty belong 

to the doubly degenerate E species. The syrnmetries of these 

vibrational modes given .in Table XVII are based on those derived 

by Bali et al (60) for trimethylsilane. 

The syrnmetric and asyrnmetric CH3 stretching bands at 

2910 and 2978 cm-1 respectively show a slightly larger separa-

tion of 68 cmrl than the more syrnmetric tetramethylsilane for 

which the separation is 48 cm-1 (102). The frequency of the 

asyrnmetric stretching band for trimethylgermylsilane is higher 

than the corresponding band for tetramethylsilane. A .comparison 

of these values (102) for tetramethylrnethane ( V asyrn = 2962 

cmrl), tetramethylsilane ( ~asyrn = 2967 cm-1) and tetramethyl

germane ( ..J asyrn = 2982 cm-1) reveals a linear increase in fre-

quency with the mass attached to the rnethyl group, as shown in 

Figure 24. However the values for tetramethyltin ( .J asyrn = 2979 

c:m-1) and tetramethyllead ( .Jasyrn = 2999 c:nrl} fall below this line, 
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.TABLE XVII 

FONDAMENTAL VIBRATIONS OF TRIMETHYLGERMYLSILANE 

C3v POINT GROUP 

Al A2 E 

V CH asym ~ v ~~ 

VCH sym v ~ 

~GeH asym - ~ 

~GeHsym ~ 

OCH3 asym 
y ~ v.J 

~CH3 sym 
y ~ 

bGeH3 v ~ 

f CH3 + b Si-Ge ~~ 

f CH3 ..J ~ 

p GeH3 y 

Vsic asym v 
..Jsic sym v 
Ssic asym - v 
b SiC sym v 

'"t:CH3 v 
7:: GeH3 v v 

Infrared + + 
Activity 

• 
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Figure 24 

Variation of ~asym(CH3 ) with Mass Attached 
to the Methyl Group 
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indicating that the linearity of the first three members of 

the series is probably fortuitous, or that it is not appli-

cable to molecules heavier than tetramethylgermane. 

The weak absorption band at 2805 cm-1 is considered 

to be a combination of two of the ca3 deformation vibrations 

which occur at about 1400 cm-1. The GeH3 stretching vibra-

tions give rise to a very strong band with a type C contour 

having a distinct PQR structure at 2105, 2060 and 2010 cm-1. 

The sharpness and intensity of this absorption band is dis-

tinctive of germyl compounds, and.it can be used to detect the 

presence of the GeH3 or GeH2 groups in a compound or a mixture. 

The asymmetric ca3 deformation band at 1412 cm-1 is 

at a lower frequency than a similar vibration of tetramethyl-

silane ( basym = 1430 cm-~) while the symmetric band with its 
.: 

maximum at 1262 cm-1 is at a slightly higher frequency than in 

tetramethylsilane ( S sym ~ 1254 cm-1). The shoulder on the low 

frequency aide of this band for trimethylgermylsilane is pro-

bably a partially resolved splitting of the symmetric vibration. 

The very weak band at 1074 cm-1 is due to the Si-0-Si absorption 

band of a trace impurity, probably hexamethyldisiloxane. 
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The absorption bands at 903, 850 and 781 cm-1 are all 

assigned to CH3 rocking vibrations by comparison with Me2GeCl2 

( p CH3 = 773, 849 cm-1) and MeSiH2Cl ( p CH3 = 873, 900 cm-1). 

The sinqle band of tetramethylsilane at 869 cmrl splits into 

3 bands as the symmetry of the molecule decreases. The asynune-

tric GeH3 deformation vibration should occur in the 840-860 cm-1 

region (cf. 842 cmrl for CH3GeH3 ) (111) and it is probably 

masked by 'the CH3 rocking band at 850 cm-1. The symmetric 

GeH3 deformation vibration is assigned to the band at 786 cm-1 

mainly from intensity considerations and by comparison with the 

two similar fundamentals in digermane. The symmetric deforma

tion vibratioq should have a much greater intensity than the 

asymmetric vibration, and the absorption band at 760 cm-1 in the 

spectrum of trimethylgermylsilane is much too weak to be due to 

symmetric GeH3 deformation vibrations, even though its frequency 

compares well with one of the similar fundamentals in digermane 

'(&"symGeB3 = 755 cm-1). The band at 760 cm-1 might be due to a 

CH3 rocking vibration. 

The symmetric Si-C stretching vibration is assigned to 

the band at 695 cmrl, virtually the same frequency as in tetra

methylsilane (~symSi-C = 696 cmrl). The corresponding 
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asymmetric vibration is probably masked by the strong bands at 

781 and 786 cmrl. 

1,1,1-Trimet.hyldigermane 

This molecule, like trimethylgermylsilane, should 

belong to the C3v point group, and there should be 45 fundamental 

vibrations. The symmetries of these vibrations are the same 

as those of trimethylgermylsilane given in Table XVII when Si 

is replaced by Ge. 

The CH3 stretching vibrations at 2980 and 2915 cm-1 

observed for 1,1,1-trimethyldigermane are both only 2 cm-1 

lower than the corresponding asymmetric and symmetric vibrations 

of tetramethylsilane ( .J asym = 2982 cmrl ~ .J sym = 2917 cmrl) 

respectively. When the value of the asymmetric stretching 

frequency is plotted against the mass attached .to the methyl 

group (Figure 24), the point falls below the line which passes 

through the values for the tetramethyl carbon, silicon, and 

germanium compounds, further indicating that the linearity is 

probably fortuitous. The weak band at 3080 cm-1 could be the 

R branch of the asymmetric ca3 stretching vibration, while the 

corresponding P branch might be hidden by the strong symmetric 

CH3 stretching band at 2915 cm-1. Similarly, the weak band at 
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2810 cm-1 cou1d be the P branch of the symmetric stretching 

vibratio~, as we11 as a combination of two of the CH3 deforma-

tion frequencies at about 1400 cm-1. The R branch of this band 

wou1d be hidden by the strong CH3 asymmetric stretching 0 branch 

at 2980 c:m-1. 

The very strong, sharp band consisting of a 0 branch 

at 2055 cm-1 and P and R branches at 2100 and 2010 cm-1 is char-

acteristic of the GeH3 stretching vibrations • The asymmetric 
.. 

CH3 deformation vibration, assigned to the band at 1400 cm-1 is 

as expected, weaker than the absorption band at 1232 cm-1, due 

to the symmetric CH3 deformation vibration. The ca3 rocking 

vibrations were assigned to the absorption bands at 898 and 824 

cm-1, from the splitting of the corresponding band in tetramethy1-

germane into two bands, one at higher, and one at 1ower frequency. 

The asymmetric GeH3 deformation vibration which gives rise to 

the band at 850 cm-1 is much weaker than the absorption band 

at 772 c:m-1 which from its position and intensity, can on1y be 

assigned to the symmetric GeH3 deformation vibration. The 

weak shou1der at· 660 c:m-1 might be due to a Ge-e asymmetric 

stretching vibration, although it is at a higher frequency than 

that of tetramethy1germane ( ~ asymGe-C = 590 cm-1 ) or dimethyldi-
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chlorogermane ( ..J asymGe-C = 634 cm-1) (104). It would be more 

reasonable to assign the stronger band which is eut off at about 

600 cm-1 to the asymmetric Ge-C stretching vibration. 

Dimethyldigermylsilane 

The molecular symmetry of dimethyldigermylsilane is 

such that it belongs to the C2v point group. There are 45 

fundamental vibrations for this molecule of 17 atoms, with only 

the A2 species being infrared inactive. A partial list of 

these fundamental modes,with their symmetries, is given in 

Table XVIII, obtained by comparison with dimethylsilane {60)·. 

The symmetric and asymmetric·ca3 stretching vibrations 

at 2970 and 2900 cm-1 respectively are both 10 cm-1 lower than 

.the corresponding bands in trimethylgermylsilane. In addition, 

these absorption bands due to CH3 are much less intense in the 

spectrum of dimethyldigermylsilane than they are in that of tri

methylgermylsilane at the same pressure, indicating the decrease 

in the number of ca3 groups. The weak band at 2800 cm-1 is 

probably a combination of two of the ca3 deformation vibrations 

which occur at about 1400 cm-1. 

The GeH3 stretching vibrations which give rise to the 

characteristic P .. Q, R bands are at 2120, 2065 and 2015 cm-1. 
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TABLE XVIII 

FONDAMENTAL . VIBRATIONS OF DIMETHYLDIGERMYLSILANE 
C2v POINT GROUP 

Al A2 Bl B2 

~CH asym ~ y v v 
~CH sym v v 
VGeH asym ~ y \) .y 

.JGeH .sym y v 
bGeH asym v v v v 
SGeH sym v v 
S'cH asym v v v y 

S CH sym v y 

,PCH3 y v v v 
f> GeH3 v v v v 
Y Si-C asym v 
V Si-C sym v 
.J Si-Ge asym v 
VSi-Ge sym y 

b Si-C2 v 
b Si-Ge2 v 

"'( CH3 v v 
"t GeH3 - a) y 

Infrared + + + 
Activity 
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These bands shift to higher frequencies as the mass attached to 

the germy1 group increases. This effect is a1so found in 

methy1germane and methy1-d3-germane in which the fundamenta1 

frequency increases from 2084.8 to 2090.1 cm-1 as the mass at-

tached to the germy1 group increases (103). The difference in 

frequencies of the GeH3 bands for methy1germane and dimethy1di

germy1si1ane (2084.8 and 2065 cm-1, respective1y) are probab1y 

due to differences in the Ge-H bond strength which masks out the 

mass effect. 

The absorption bands at 1418 and 1258 cm-1 are assigned 

to the asymmetric and symmetric CH3 deformation vibrations res

pective1y, a1though they have shifted to s1ight1y 1ower fre

quencies than in trimethy1germy1silane. The weak absorption 

band at 1037 cm-1 may be due to a combination of two of the GeH3 

rocking frequencies which wou1d be expected to occur in the 500 

cm-1 region (103). The CH3 rocking vibrations are assigned to 

the bands at 935, 883 and 840 cm-1 which have a11 decreased in 

intensity compared to the corresponding bands in the spectrum of 

trimethy1germy1si1ane. This is expected from the decrease in 

the number of methy1 groups contributing to the absorption 

bands. 
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The weak, asymmetric GeH3 deformation vibration which 

is expected in the region between 880 and 900 cm-1 (cf. 899 cm-1 

in Ge2H6 (59) 1 885 c:m-1 in GeH3SiH3 (22): 880 c:m-1 in GeH30COCH3 

(105): 900 cm-1 in ca3Gea3 (103)) is probab1y masked by the CH3 

rocking band at 883 cm-1 or might be responsib1e for the weak 

shou1der at 840 cm-1. The much stronger symmetric GeH3 deforma-

tion is assigned to the intense band at 765 cm-1 by comparison 

with the similar band at 755 c:m-1 in digermane (59). The strong 

absorption band at 810 cm-1 is assigned to the Si-C asymmetric 

stretching vibration by comparison with dimethyldichlorosilane 

( VasymSi-C = 805 cm.-1) (106), and the much weaker band at 702 

cm-1 is assigned to the symmetric Si-C stretching vibration. 

Methyltrigermylsilane 

Tnis molecule, like trimethylgermylsilane, belongs to 

the C3v point group, and bas a total of 45 fundamental vibrations. 

Ten of these vibrations are of the non-degenerate A1 species, five 

are of the infrared inactive A 2 species, and thirty are of the 

doubly degenerate E species. The symmetries of these vibrations, 

obtained by comparison with trimethylsilane (60), are given in 

Table XIX. 

The absorption bands due to the CH3 stretching 
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TABLE XIX 

FONDAMENTAL VIBRATIONS OF METHYLTRIGERMYLSILANE 

CJv POINT GROUP 

Al A2 E 

VCH asym v 
Jca sym v -
VGeH asym y v v v 
VGeH sym y v 
Sca3 

y ~ 

SGeHJ asym 
y y y 

S GeH3 sym v v 
f'GeHJ + b Si-C v v 
f> GeH3 v v 
(JCH3 y 

V Si-Ge asym v 
y Si-Ge sym y 

b SiGe asym y 

& SiGe sym v 
).lsi-c y 

'"(ca3 y y 

LGeHJ v v 
Infrared + + 
Activity 

• 



• 
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vibrations are much weaker in the spectrum of methy1trigermy1-

si1ane than those of any of the other methy1germy1si1anes 1 which 

have a 1arger number of methy1 groups. As expected, the as~ 

metric band at 2970 cm-1 is stronger than the symmetric absorp

tion band at 2912 cm-1. The very strong, sharp band, at 2065 

cm-1 ·.with a shou1der at 2080 cm-1 and P and. R branches at 2115 

cm-1 and 2010 cm-1 is assigned to the GeH3 stretching vibrations. 

The occurrence of a shou1der on the high frequency side of the 

Q branch is unusua1, and may be due to the unreso1ved sp1itting 

of the symmetric and asymmetric vibrations. The CH3 deforma

tion vibrations produce on1y very weak bands, with the as~ 

metric deformation giving a broad, diffuse band centred at ~out 

1410 cm-1 .whi1e the band assigned to the symmetric deformation 

is very much .stronger, and sharper at 1250 cm-1. 

The absorption band at 885 cmL1 is assigned to the 

GeH3 asymmetric deformation vibration, at a higher frequency 

than the single CHJ rocking vibration whieh is assigned to the 

sharp band of medium intensity at 802 cm-1. The much stronger 

band at 768 cm-1 is assigned to the symmetric GeHJ .deformation 

because of its position and high intensity. The sharp absorp

tion band at 818 cm-1 is not readi1y assigned, but may be due 
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to the out-of-phase GeH3 deformation vibration. It seems to 

be too strong to be due to an impurity and there are no other 

unassigned bands present in the spectrum. The remaining weak 

absorption band at 693 cmrl is ascribed to the Si-C stretching 

vibration because of its position and the weakness of the 

absorption caused by only a single methyl group in the molecule, 

compared with the other methylgermylsilanes. 

Tetragermylsilane 

This molecule, like tetramethylsilane, bas tetrahedral 

synunetry and belongs to the Td point group. Because of sym-

metry considerations, the 45 fundamental vibrations for this 

molecule of 17 atoms are reduced to only nineteen, and the 

irreproducible form of the representation matrix is: f = 3Al + 

A2 + 4E + 4Fl + 7F2 {107). The normal modes and their symmetries 

are given in Table XX (102). According to the selection rules, 

the wholly symmetric Ai and doubly degenerate E vibrations are 

Raman active only. The triply degenerate F2 vibrations are 

active in both infrared and Raman, while the A2 and Fl vibrations 

are inactive. Thus, seven fundamental frequencies should be 

observed in the infrared. Of these, the GeH3 rocking vibration 

'V17 , and the triply degenerate skeletal vibrations, \)18 and 

\) 19 , would have frequencies below 600 cm-1. Of the four 
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TABLE XX 

FUNDAMENTAL VIBRATIONS OF TETRAGERMYLSILANE 

Td POINT GROUP 

Al A2 E Fl 

~GeH3 asym Jl Vs· .Jg 

YGeH3 sym -
'GeH3 asym VG v1o 

bGeH3 sym \)2 

PGeH3 Y1 v11 

Skeletal, non-degenerate v3 

Skeletal, doubly degenerate va 
Skele.tal,, triply 4egenerate 

Skeletal, triply degenerate 

7:GeH3 ~4 v12 

Infrared Activity 

F2 

vl3 

"14 

V1s 

v16 

~17 

V1a 

yl9 

+ 
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remaining infrared active vibrations, the sharp band at 2072 

cm-1 with weak P and R branches at 2110 and 2000 cm-1 is as-

signed to the asymmetric and symmetric GeH3 stretching vibra

tions, ~ 13 and ~ 14 • The strong absorption band at 772 cm-1 

is assigned to the symmetric GeH3 deformation vibration, V16, 

because of its position and intensity. The corresponding 

GeH3 asymmetric deformation vibration, V15, is expected to be 

much weaker, and is assigned to the very weak diffuse band 

centred at about 872 cm-1. The very weak diffuse absorption 

band centred at about 1390 cm-1 must be a combination band, 

possib1y the sum of the infrared active vibration v16 and the 

Raman active V3 vibration, producing a.combination band of 

the infrared active P2 species {107). 
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SUMMARY AND CONTRIBUTIONS TO KNOWLEDGE 

1. Digermane was prepared in 6.8 per cent yield by the reaction 

of equimolar amounts of bromO<Jermane with ammonia-free germyl 

sodium. The use of organic sol vents such as diglyme, tetra

hydrofuran and benzene actually decreased the yield, no 

digermane was recovered and germane was the only volatile 

product. 

- 2. Bromogermane does not react with metallic sodium, but the 

reaction with sodium amalgam completely destroys the bromo

germane and gives germane as the only volatile product. 

3. A large excess of chlorine reacted explosively with ammonia

free germyl sodium, producing hydrogen chloride and germanium 

tetrachloride as volatile products. 

4. Trimethylgermylsilane was prepared in 42 per cent yield by 

the reaction of trimethylchlorosilane with germyl sodium. 

Its vapeur pressure-temperature relationship in the range 

15.0 to 41.4° is expressed by the equation 

log Pmm = 3.03018- 0.00114T + 1.75 lO<J T- 1455.88/T. 
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The constants calculated from this equation are: boiling 

point, 73.6°, beat of vapor~zation, -7.24 kcal./mole and 

Trouton's Constant, 20.88 calories degree-1 mole-1. The 

melting point is -77.4±0.2°. There were two sharp peaks in 

the proton n.m.r. spectrum at~= 9.97 ppm and 7.42 ppm. 

5. Germyl sodium and dimethyldichlorosilane reacted to form di-

methyldigermylsilane in 26.8 per cent yield. Vapour pres-

sures in the range 23.8 to 119.5° are given by the equation: 

log Pmm = 5.27705- 0.004334T + 1.75 log T- 2046.05/T 

which was used to calculate the following constants: boiling 

point, 117.40 ~ he at of vaporization, -7.69 kcal./mole: and 

Trouton•s Constant, 19.7 calories degree-! mole-1. The 

melting point was -93.1±0.1° and the two equal peaks in the 

proton n.m.r. spectrum occurred at~= 9.67 ppm and 7.00 ppm. 

6. Dimethyldigermylsilane was stable at 950 and decomposed at 

2000 into dimethylsilane, germane, hydrogen and a germanium 

mirror which bad the empirical formula GeH0.66· 

7. A 34.4 per cent yield of methyltrigermylsilane was obtained 

when an excess of methyltrichlorosilane was condensed on 

ammonia-free germyl sodium .• The vapour pressure of this 
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compound in the range from 27.9 to 105.10 is given by the 

equation 

log ~mm= 2.65334- 0.00266 T + 1.75 log T- 1817.73/T. 

The following constants were calculated from this equation: 

boiling point, 153.5°, beat of vaporization, -9.58 kcal./mole 

and Trouton•s Constant, 22.45 calories degree-1 mole-1. . The 

melting point was -101.0±0.1°. The proton n.m.r. spectrum 

consisted of two peaks at "t: = 9.43 ppm and 6.69 ppm. 

8. Germyl sodium and silicon tetrachloride reacted to give very 

small quantities of tetragermylsilane which was identified 

by its infrared and proton n.m.r. spectra. The latter con

sisted of only a single sharp peak at~= 6.36 ppm. The 

melting point was -53.3±0.40. 

9. When silicon tetrafluoride was bubbled through a solution of 

germyl sodium in liquid ammonia, germane was produced, but no 

tetragermylsilane. Silicon tetrafluoride in the gas pha$e 

did not react with ammonia-free germyl sodium to produce 

tetragermylsilane • 

. 10. The interaction of bromosilane and germyl sodium produced a 

7.8 percent yield of gerrnylsilane which bad recently been 
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prepared by other methode. 

11. Trimethylbromogermane reacted with ammonia-free germyl 

sodium to give an 8.5 per cent yield of 1,1,1-trimethyl

digermane, and it was also produced in 36.4 per cent yield 

by the action of trimethylfluorogermane on an excess of 

ammonia-free germyl sodium. In the range from 0.0 to 

54.00, the vapour pressure of this compound is given by the 

equation: 

log Pmm= 8.1394- 0.00824 T + 1.75 log T- 2393.04/T. 

Constants calculated from this equation are: boiling point, 

77.60, beat of vaporization, -7.53 kcal./mole, and Trouton's 

Constant, 21.46 calories degree-1 mole-1. The melting point 

was -89.6±0.20. The proton n.m.r. spectrum consisted of two 

peaks at 1: = 7. 07 ppm and 9. 7 5 ppm. 

12. An explanation is given for the decrease in melting point 

with increase in molecular weight in the series of metbyl-

germylsilanes. Although this decrease is apparently op-

posite that found.for an homologous carbon series, it is 

attributed to decreased van der Waals bonding in the solid, 

due to decreased proton density around the germanium atoms 

which replace the carbon atoms. 



- 152 -

13. The boiling points of the series of methylgermylsilanes were 

· shown to increase linearly with molecular weight, and .the 

first two members of the analoqous germanium series show 

a similar increase. This is taken to. indicate that there 

is little difference between silicon and germanium in these 

two series. 

14. Proton n.m.r. data showed that the replacement of a methyl 

group by a germyl group decreased the proton shielding in 

the series of methylgermylsilanes. This shift was explained 

in terms of the smaller electronegativity and large size of 

the germyl group compared with the methyl group, assuming 

that the effect of magnetic anisotropy predominates. 

15. The infrared spectra of five new compounds were determined in 

the gas phase, and frequency assignments were made for ab

sorption bands in the region 4000 to 650 cm-1. 
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Compound Me1ting Boi1ing Method of Reference 

Point OC Point OC Preparation 

n-C3H7GeB3 - - GeB3Na (NB3) 10 

30/760 mm LiA1B4 37 

n-C4BgGeB3 - 74 Il 11 

n-e sH11GeH3 - 104-5 " 11 

n-C5B13GeH3 - 128.9 Il 11 

n-C7B15GeH3 - 85/74 mm Il 11 

n-CsB17GeB3 ... 80/31 mm Il 11 

CF3CB2CB2GeB3 - 46/750.5 mm LiB 12 .... 
Ul 
ol:l> . 

GeH3F -22 15.6 GeH~Br+AgF 39 

GeB3C1 -52 28 GeB4+HC1(A1C13) 15 

GeH3Br -32 52 GeH4+BBr (A1Br3) 15 

GeB4+Br2 16 

GeB3I - - - 38 

GeB3GeB2I -17 - Ge2B5+I2 (-63°C) 14 

GeB3GeB2C1 - - GeH3GeB2I+AgC1 14 

GeHJCN - - GeB3C1+AgCN 16 



e • 
Compound Me1ting Boi1ing Method of Reference 

Point OC Point OC Preparation 

GeH3NCO -44.0 71.5 GeH3C1+AgNCO 16 

-~JI.3,N'Ç:.S 18.6 150 .GeH3Br+AgNCS 16 

GeH30COCH3 12.6 82.4 GeH3Br+AgOCOCH3 16 

GeH30CH3 - - GeH3C1+NaOCH3(-500C) 18 

GeH30GeH3 - 0/66 mm (GeH3 ) 2S+HgO(red) (-40°C) 20 

GeH3SGeH3 - 0/5 mm GeH3I+HgS 20 

GeH3Na - - GeH4 +Na (NH3 ) 10 
..... 

GeH3K - GeH4+K (NH3) 10 U'l - U'l 

GeH3Li • 2NH3 - - GeH4+Li (NH3) 21 

A~H2GeH3 - - Gas Discharge 43 

CaGe /Ca3AS2+HC1 25 

PH2GeH3 - - Gas Discharge 43 

CaGe /Ca3P:2+HC1 25 

GeH3GePH4 - - Gas Discharge 43 

GeH3P2H3 (?) - Il Il '43 -
GeH3NH2 - - CaGe /Ca3N2 25 



• • 
Compound Me1ting Boi1ing Method of Reference 

Point OC Point OC Preparation 

GeH3SiH3 -119.7 7.0 Gas Discharge 22 

GeH3C1+SiH3K 24 

SiH3Br+GeH3Br This work 

. 
Ca(Ge,Si)+HC1 23 

Mg (Ge, Si )+HC1 26 

Si2GeHS to Si5GeH14 - - Il 26 

SiGe2H8 to SiGe3H10 - . Il . 26 -
Si3Ge2H12 - " 26 - .... 
Si2Ge3Hl4 - - Il 26 U1 

0"1 

1 

GeH3Si(CH3)3 -77.4 73.6 GeH3Na+C1Si(CHJ)3 This work 

(GeH3)2Si(CH3)2 -93.1 117.4 " +C12Si(CH3)2 Il 

(GeH3)3SiCH3 -101.0 153.5 Il +C13SiCH3 Il 

(GeH3)4Si -53.3 Il +SiC14 • Il -
GeH3Ge (CH3) 3 -89.6 77.6 " +FGe(CH3)3 Il 



e 
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APPENDIX II 

COMPUTER CALCULATION OF VAPOUR PRESSURE EQUATION BYTHE METHOD 
OF . LEAST SQUARES 

The coefficients of an expression are calculated by 

the "Method of Least Squares 11 by minimizing the sum of the 

squares of the difference between the calculated and observed 

values by partial differentiation with respect to each coeffici-

ent. For the vapour pressure - temperature relationsh~p, 

log P = A - BT + C log T - D/T , . . . 1) 

if we let log P = y and . A - BT + C log T - D/T = f (Xi) , then 

y = f (Xi). 

Let Vi= f(xi) - Yi and then S, the sum of the errors 

n 2 n 2 
squared is s = I: Vi = I:' [f (XJ_) - y:] 

1 1 ~ 

or 
n 

S ·- L~ - BTi + C log Ti - D/Ti - log Pi) 
1 

where n is the number of experimental data. 

• • • 2) 

Conditions for the beat fit by the "Method of Least 

Squares" are: 

...ll = 0 bA 
• • • 3 ) 

bS = 0 bB • • • 4) 
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()S 
= 0 5) 

'bC . . . 
)S 

0 6} lD = . . . 

On differentiation of equation 2 according to equations 

3, 4, 5 and 6, four simultaneous equations are obtained: 

.nA- al:Ti + CI:log Ti - DL! = l:log Pi 7) 

AI: Ti - BI:Ti 2 + CI:.Ti log Ti - nD = L Ti log Pi 8) 

= [(log Pi/log Ti) • • • 9) 

Al:l/Ti - nB + C L,log Ti/Ti - Dl:l/Ti 2 = L_log Pi/Ti •• 10) 

The solution of these four simultaneous equations gives values 

of A, B, C and D. The computer program on.the following four 

pages written in Fortran IV for an IBM 7040 computer does this 

computation for all four variables and also for C fixed at 

1.75, the value used in the standard Nernst equation {108). The 

print-out from this program gives the name of the compound, the 

final equation, a list of all the experimental data with the 

corresponding calculated pressures, the difference, Vi, and for 

convenience in plotting, the values of 1/Ti. The sum of the 

errors squared, S, is given so that a comparison can be made 
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of the fit of the two equatio~s. The boiling point is calcula

ted by increasing the temperature from o0c in 5° steps until the 

calculated pressure is greater than 760 mm. The value of Ti is 

then decreased by 1° steps until Pi is less than 760 mm and 

finally Ti is increased by 0.05° steps until Pi is again greater 

than 760 mm. 

out. 

This value of the boiling point is then printed 

The beat of vaporization, AH is calculated by differ

entiation of equation 1 with respect to T at the previously cal

culated boiling point. This value is also printed out, Trouton's 

Constant is calculated from the value of the beat of vaporization 

divided by the boiling point and printed out. 
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PRESSURE TEMPERATURE LEAST SQUARES FIT ROUTINE 
OIMtNSIONP(50),TC50l,TC(50),ALGTC50J,ALGPC50l,PC(50),ERC50),RTt50) 

1 ,GAS(l2) 
REAO 1000, GAS 
PRINT 2001, GAS 
REAC 1001, N 
REA01002,CTC(l),P(l), 1 •l,N) 
SUMT = 0.0 
SUMLT = 0.0 
SINVT = 0.0 
SUMLP =0.0 
SUMT2 • 0.0 
SUMTLT =0.0 
SUMTLP =0.0 
SUMLT2 • 0.0 
SIVTLT = 0.0 
SIVTLP = 0.0 
SLPL T = 0.0 
SINVT2 • 0.0 
SER2 = 0.0 
00 10 1 = 1, N 
T(I)= TC{ll+273.16 
ALGTCl) = ALOGlO(T(Il) 

·ALGP(l) = ALOGlO(P(J)) 
SUMT = SUMT + T(I) 
SUMLT = SUMLT +ALGT(l) 
SINVT = SINVT + 1.0/T(IJ 
SUMLP = SUMLP + ALGPtl) 
SUMT2 = SUMT2 + T(IJ•T(Il 
SUMTLT = SUMTLT +T{I)•ALGTfiJ 
SUMTLP = SUMTLP+T(l)• ALGP(l) 
SUMLT2 = SUMLT2 + ALGT(Il•ALGT(I) 
SIVTLT = SIVTLT +ALGT(Il/T(l) 
SIVTLP = SIVTLP +ALGP(l)/T(I) 
SLPLT • SLPLT + ALGP(I) * ALGT<IJ 

10 SINVT2 = SINVT2 + 1.0/(TCIJ•TCI)I 
PRINT 2002, SUMT, SUMLP 
AN = N 
El • AN * SUMT2 - SUMT•SUMT 
E2 • SUMT * SUMLT - AN * SUMTLT 
E3 = AN * AN - SINVT * SUMT 
E4 = SUMT * SUMLP - AN * SUMTLP 
E5 = SUMTLT * SUMT - SUMT2 * SUMLT 
E6 = SUMTLT * SUMLT - SUMLT2 * SUMT 
E7 = SIVTLT * SUMT - AN * SUMLT 
ES = SUMTLP * SUMLT - SLPLT * SUMT 
E9 = AN * SUMLT- SUMTLT • SINVT 
E10 = SUMLT2•SINVT - SIVTLT * SUMLT 
E11 = SINVT2 • SUMLT - SIVTLT * SINVT 
El2 • SLPLT * SINVT- SIVTLP • SUMLT 
Fl = E2 * E5 - E6 * El 
F2 = E3 * E5 - E7 * El 
F3 = E4 * E5 - ES * El 
F4 = E6•E9 - ElO * E5 



- 161 -

F5 • E7 • E9 - El1 * ES 
F6 = E8 * E9 - E12 * ES 
D = (F3 * F4 - F6 * Fl )/(F2 * F4 - F5 * F1) 
C = (F6- F5 * DI/F4 
8 = tE12 - Ell * 0 - ElO * C )/E9 
A = (B•SUMT - C•SUMLT + D•SINVT +SUMLP)/AN 
PRINT 2000, A, 8, Ct D 
PRINT 2006 
l = 0 
DO 30 I = 1, N 
PCCil = 10.0 ** (A-B•TCI) + C•ALGT (1) - 0/T(I)) 
ER(I) = P (1)- PC(I) 
RT(I) = 1.0/T(IJ 
SER2 = SER2 +ER(I)•ER(l) 
PRINT 2005 , TC(J), P(l), PCll), ERCJ), RT(I) 
IF ll.LT.45) GO TO 30 
PRINT 2007 
l = 0 

30 l = l+2 
PRlNT 2003, SER2 

C BOILING POINT DETERMINATION 
TEMPC = 0.00 
DO 60 1=1,50 
TEMP = TEMPC + 273.16 
RTK = 1.0/TEMP 
BLGT = ALOGlOCTEMPJ 

, PCAL = 10.0••(A - B•TEMP + C•BLGT - 0/TEMP) 
PRINT 2008, TEMPC, PCAlt RTK 
IF (L.LT.45) GO TO 50 
PRINT 2007 
L = 0 

50 l=l+l 
IF(PCAL .GT. 760.00) GO TO 80 

60 TEMPC = TEMPC + 5.00 
80 DO 61 1=1,6 

TEMP = TEMPC + 273.16 
RTK = 1~0/TEMP 
BLGT = ALOGlOCTEMPJ 
PCAL = lO.O••tA - B•TEMP + C•BLGT - 0/TEMP) 
PRINT 2008, TEMPC, PCAL, RTK 
If ( L.LT. 45) GO TO 51 
PRINT 2007 
L = 0 

51 L=l+l 
IF (PCAL.LT. 760.00) GO TO 81 

61 TEMPC = TEMPC - 1.00 
81 DO 62 1=1,20 

TEMP = TEMPC + 273.16 
RTK = 1.0/TEMP 
BLGT = ALOGlO(TEMPJ 
PCAL = 10.0••CA - B•TEMP + C•BLGT • 0/TEMPJ 
PRINT 2008, TEMPC, PCALt RTK 
IF ( L.LT.45) GO TO 52 
PRINT 2007 
L = 0 
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52 L= L+l 
IF CPCAL.GT. 760.00) GO TO 82 

62 TEMPC = TEMPC + 0.05 
82 PRINT 2009, TEMPC 

HVAP = lB•TEMP•TEMP - 0.43429•C•TEMP - 0)•2.30258•1.987 
TROUT =- HVAP•RTK 
PRINT 20ll,HVAP 
PRINT 2012, TROUT 
PRESSURE TEMPERATURE LEAST SQUARES fiT ROUTINE C•l.75 
PRINT 2001, GAS 
SER2 = 0.0 
El =AN•SUMT2 - SUMT•SUMT 
E2 =(SUMLT•SUMT - AN•SUMTLT)•1.75 
E3 = AN•AN-SUMT•SINVT 
E4 = SUMT• SUMLP - AN• SUMTLP 
E5 = AN •SUMT - SUMT2 * SINVT 
E6'=lSUMTLT * SINVT- SUMT • SIVTLTJ• 1.75 
E7 = SUMT * SINVT2- AN• SINVT 
E8 = SUMTLP * SINVT - SIVTLP * SUMT 
0 = (E5•(E4-E2)-El•CEB-E6J)/CE3•E5-E7•El) 
c = 1.75 
B = CE4-E2-E3•0J/El 
A = (8•SUMT - C•SUMLT +O•SINVT +SUMLP)/AN 
PRINT 2000,A,8,C,O , 
PRINT 2006 
L • 0 
00 40 I =l,N 
PC(I) = lO.O••tA-B•T(l) +C•ALGT(l) - 0/T(l)) 
ER(J) =Pli) - PC(I) 
RT(I) = 1.0/T(I) 
SER2 = SER2 + ER(l)• ER(l) 
PRINT 2005,TC(l),P(I),PCCI),ER(l),RT(I) 
IF (L.LT.45) GO TO 40 
PRINT 2007 
L = 0 

40 L=L+2 
PRINT 2003, SER2 
BOILING POINT DETERMINATION 

.TEMPC = 0.00 
DO 70 I= 1,50 
TEMP = TEMPC + 273.16 
RTK = 1.0/TEMP 

1 8LGT = ALOGlO{TEMP) 
PCAL = 10 .O•• (A - B•TEMP + C•BLGT - 0/TE.MP) 
PRINT 2008, TEMPC, PCALt RTK 
IF CL.LT. 45) GO TO 55 
PRINT 2007 
L = 0 

55 L=L+l 
IF (PCAl.GT.760.00J GO TO 90 

70 TEMPC • TEMPC + 5.00 
90 DO 71 1=1,6 

TEMP = TEMPC + 273.16 
RTK = 1.0/TEMP 
BLGT = ALOGlOCTEMP) 

1 

( 
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PCAL = lO.O••CA - B•TEMP + C•BLGT - 0/TEMP) 
PRINT 2008, TEMPC, PCAL, RTK 
IF (L.LT.45) GO TO 56 
PRINT 2007 
L = 0 

56 L=L+l 
IF tPCAL .LT. 760.00) GO TO 91 

71 TEMPC = TEMPC - 1.00 
91 00 72 I= 1,20 

TEMP = TEMPC + 273.16 
RTK = 1.0/TEMP 
BLGT ~ ALOGlOCTEMP) 
PCAL = lO.O••(A - B•TEMP + C•BlGT - 0/TEMPJ 
PRJNT 2008, TEMPC, PCAL, RTK 
IF CL.LT.45) GO TO 57 
PRINT 2007 
l = 0 

57 l=L+l 
IF (PCAL.GT.760.00) GO TO 92 

72 TEMPC = TEMPC + 0.05 
92 PRINT 2009, TEMPC 

HVAP = (B•TEMP•TEMP - 0.43429•C•TEMP - 0)•2.30258•1.987 
TROUT =- HVAP•RTK 
PRINT 20ll,HVAP 
PRINT 2012, TROUT 

1000 fORMAT (12A6) 
1001 FORMAT (12) 
1002 FORMAT (F5.l,F8.2) 
2000 FORMAT(8HOLOG P = Fl0.6,3H - fl0.6,4HT + F10.5t9H LOG T - Fll.6,2H/T) 

1/Tl 
2001 FORMAT (36Hl NERNST VAPOR PRESSURE EQUATION FOR 12A6) 
2002 FORMAT f9HO SUMT = FlO.~rl2HSUM LOG ~ = Fl0.3) 
2003 FORMAT(27HO SUM OF ERRORS SQUAREO IS ,F8.4) 
2005 FORMAT (lHO,F22.2,Fl5.2,Fl7.2tF14~2,Fl5.6) 
2006 FORMAT (86HO TEMP, C. P, MM., EXP. 

lCALC. ERROR 1/T ) 
2007 FORMAT (86Hl TEMP, c. p, MM., EXP. 

lCALC. ERROR 1/T ) 

F6.2) 

Pt MM., 

2008 FORMAT tlH , F22.2rF32.2,Fl9.6) 
2009 FORMAT (23HO THE BOILING POINT IS 
2011 FORMAT (27HO HEAT OF VAPORIZATION 
2012 FORMATl23HO 'TROUTON'S CONSTANT IS 

IS ,Fl0.2, 14HCALORIES/MOLE 
, F8.2) 

STOP 
END 

1 

1 
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