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I. Introduction 

In this chapter we. discuss methods for preparing the 

hydrides of the elements of Groups IV and V, exclusive of 

carbon and nitrogen, We consider not only binary hydrides 

such as Si
3

H8, but also ternary hydrides such as Si2PI?' 

However we exclude from consideration all derivatives in­

volving other elements, such as CH3AsH2, (SiH3)3N, and 

GeH2C12 , The kinetic and thermodynamic stabilities of the 

hydrides decrease so markedly upon going from silicon to 

lead and from phqsphorus to b1.smuth that the hydrides of lead 

and bismuth are only laboratory curiosities. Consequently 

this chapter is conce~ned principally with the hydrides of 

silicon, germanium, tin, phosphorus, arsenic and a~timony, 

Usually a given hydride can be prepared by several 

different methods, and there are many methods eOach of which 

is applicable to several different hydrides, Our aim is 

to describe the important methods which have been used, 

emphasizing, when possible, the generality of their appli .. 

cation, Specific synthetic methods are recommended for 

particular hydrides, but" inasmuch as new methods are being 

developed constantly, it is obvious othat some of these re­

commendations may soon be obsolete. Indeed, we make several 

suggestions for future synthetiC research, particularly for 

higher hydrides and ternary hydrides. 
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Fina~ly, we list those physical properties of the 

hydrides which are pertinent to their manipulation and 

identification in the laboratory. 
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II, Synthetic Procedures 

A. Synthesis Using Lithium Aluminum Hydride 

Lithium aluminum hydride (lithium tetrahydroaluminate) 

has been an important, versatile reducing agent for both in­

organic and.organic compounds ever since its first commercial 

. availability around 1948. Its use in the conversioh of the 

halides of elements of Groups IV and V into the correspqnding 
. 1 2 3 hydrides was first reported by Schlesinger and his coworkers. ' , 

These reactions are generally carried out in an ether solvent, 

and may be represented by the following general equations. 

LiX + AlX3 + MH4 

The driving force for these reactions is readily explicable 

in terms of electronegativities. It is a gene~al rule. that 

the most stable combination of a group of elements is that 

in which the most electronegative atoms are bonded to the 

most electropositive atoms. 4 It will be noted that this 

combination is achieved in the above reactions. (The 

electronegativities increase in the order: Li, AI, Si-Sn, 

H, halogens.) The electronegativity rule must be used with 

caution, however, for it is apparently violated by the 

'alkyls of the elements of Groups IV and V, which are inert 

toward lithium aluminum hydride, and by the alkyls of the 

.' 
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elements of Groups I and II1 which are converted to hydrides. 3 

(The electronegativities of carbon and hydrogen are 2.5 and 

2.1, respectively.4) Toward explaining the behavior of the 

alkyls, we can point out the facts that carbon is only 
\ 

slightly more electronegative than hydrogen (indeed in its 

inductive effect,5 hydrogen is more electron-attracting than 

carbon) and that the hydrides of Groups I and II have high 

lattice energies. 

Lithium aluminum hydride is only effective as are ... 

•... ducing agent when a Lewis base (such as an ether or an 

alkoxide) is present, either as a solvent or as one of the 

reactants. 6 Probably the Lewis base facilitates the dis­

sociation of LiAlH4 into the ions Li+ and AlH4-, principally 

by solvating the lithium ion. It is believed that the 

AlH4- ion acts as a nucleophile and effects displacement 

reactions. In the reduction of organic compounds 1 it seems 

likely that a series of SN2 reac~ions involving the nucleo­

philes of general formula (Al~X4_n)- are involved. 7 

Similar reactions may be involved with inorganic halides 

such as GeC14, but 4-center reactions m~y also be possible in 

such cases. 

Silane may be obtained in essentially quantitative 

yields by the reaction of silicon tetrachloride with a 

slight excess of lithium aluminum hydride in diethyl ether l ,8 

or tetraethylene glycol dimethyl et~er.9 The preparation of 
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disilane in 87% yield by the reaction of 8i2016 with lithium 
. . 1 

aluminum hydride has been reported" but Ward and MacDiarmid 

warn that cons:l,derab1e· cleavage of the 8i-8i bond occurs, 

with consequent formation Of 8iH4" :l,f.particu1ar care is not 

taken to use appropriate concentrations of reagents" etc. 10 

Presumably the method could be extended to 8i
3

C18 and higher 

perch1orosi1anes for the preparation of trisilane and higher 

si1anes. 

Silicon-oxygen bonds are converted to Si-H bonds by 

treatment with lithium or sodium aluminum hydride. Thus 

disi10xanell «H3Si)20), hexachlorodisi1oxane 11,,12 «C1
3

S1)20 ) 

hexaa1koxydisiloxane12 ( (RO)38i:20), and tetraa1kOXysilanes 12,13 
(Si(OR)4) are reduced to silane. 8ilane has been obtained in 

93% yield by the reduction of triethoxysi1ane ((eto)38iH]· 

with sodium and potassium aluminum hydride. 13 Even quartz 

sand 12 and si1ic~ gel14 yield silane when heated with lithium 

aluminum hydride. Thus yields averaging 10% (based on 

LiAIH4 ) have been obtained14 by heating silica gel and LiA1H4" 

in a 4:1 mole ratio" to 200°. It has been reported that 

diall<:y1aminosi1azanes ca~ be reduced to SiH4 in 9Cf/o yi~ld with 

lithium aluminum hydride. 15 

The reaction of ge~manium tetrachloride with lithium 

aluminum hydride in ethers has been reported to yield germane 
. . ')\b l\l 16 

in yields ranging from 10 to 40%. Sujishi and Keith and 
17 . Mack1en . studied the effects of changing various conditions 

on the yield of germane. Both 'sets of investigators agreed 

" 
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that the principal side-reaction causing the low yield of 

germane was the reduction of the tetrachloride to GeC12, 

with possible subsequent converaion of the GeC12 to polymeric 

GeH2 . Sujishi and Keith found that lithium tri-i-butoxy­

hydroalUminate~ LiAlH(OC4Hg)3' is a much more effective 

reagent than lithium aluminum hydride for the preparation of 

germane. This reagent may be prepared by the reaction of 

LiAlH4 with i-butwl alcohol. 

LiAlH4 + 3 HOC 4Hg 

By using a ratio of LiAlH(OC4H
9

)3 to GeC14 of about 4,.2:1 and 

a reaction time of 30 hours, yields of 80% were obtained. 

Although it is known that lithium tri-i-butoxyhydroaluminate 

is a much milder reducing agent than lithium aluminum hydride, 

it is not understood why the yield of germane is affected 

so markedly on going from the one reducing agent to the 'other. 

Stannane was obtained .in 20% yield (based on SnC14 ) by 

Finholt et alf by using a 4:1 ratio of lithium aluminum --
hydride to stannic chloride with diethyl ether. It was not 

stated whether the yie'ld suffered by using a lower ratio of 
/ LiAlH4 to SnC14 • USing the same ratio of reagents, Emeleus 

and Kettle18 increase~ the yield to 80-90% by passing a stream 

of nitrogen containing 0.1% of oxygen through the reaction 
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vessel during tne reaction. The oxygen ;tnhib;1.ted the de..,. 

composition of stannane to tin metal and hydrogen. The 

principal by-product of the synthetic reaction is finely 

divided tin. Wiberg and Bauer19 observed a white precipi-" 

tate in the reaotion of LiAIH4 and SnC14 at -60° in ether. 

This precipitate, for which they proposed the formulation 

Sn(AIH4)4' ~ecomposed above -40° to give SnH4 and AIH3 , 

together with tin metal and hydrogen. 

In an attempt to prepare plumbane by the reduction of 
, 

lead tetrachlor.1de with lithium aluminum hydride, Emeleus 

and Kettle ~btained only a powder of metallic lead,18 

In the reaction of PC1
3 

with lithium aluminum hydride 

in ether solution, part of the PC1
3 

is converted to phosphine, 

and the remainder to a polymeric, yellow hydride of compo..,. 
~- ' 

sition (PH)x' paddock6 andAschiedmayer20 observed that the 

relative amounts of these products is strongly influenced 

by temperature; the higher the temperature, the lower the 

yield of PH), In three experiments with a PC1
3

;L1AIH4 
mole ratio of .4:3, at the temperatures -115°, -30°, and 

20°, the percentage yields of phosphine were 79%M 27% and 

22%, respectively. 

Wiberg and M'odritzer21 obtained 'arsine and, stibine in 

yields of 83% and 82%, respectively, from the reactions of 

arsenic trichloride and antimony trichloride with LiAIH4 

at -90°. These yields are based on the following equations. 
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3LiA1H4 + AsC13 ~ ASH3 + 3A1~ + 3LiC1 

By using ~ special vacuum apparatus in which even the 

connecting tubing and stopcocks were cooled to -50°, Amberger22 

was able to obtain only traces (less than 1% yields) of 

bismuthine from the reaction of bismuth triha1ides with 

LiA1H4-::.at temperatures around -100°, 

Wiberg and ~odrltzer23,24 attempted to prepare the 

pentahydrides PH
5 

and SbH
5 

by reaction of the corresponding 

chlorides in d1ethy1 ether with LiA1H4 at -100° and -120°, 

respectively. However, neither Of the sought oompounds was 
" 

obtained - only equimo1ar amounts of hydrogen and the tri­

hydrides, 

It should be recognized that the hydrides of Groups 

IV and V are protonic acids and that they are reactive 

toward hydridic species such as the A1H4- ion. For example, 

in dig1yme and tetrahydrofuran, phosphine reacts with lithium 

aluminum hydride to form a soluble product of composition 

LiA1(PH2)4~ 
_, (~---~_'~L1AIH4 + 4PH

3 
"~" ,LiA1 (PH2 ) 4 + 4H2 

C(tu::2~!'-E:,,-~:B __ B 1~11ar!y £J 
In~thy1 ether almost three moles of hydrogen are evolved 

per mole of consumed phosphine, and an insoluble product 

forms, It is clear that in hydride syntheses involving 
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lithium aluminum hydride, provision should be made to remove 

the hydrides from the reaction mixture as rapidly as possible 

in order to avoid r~actions of this type. 

Two general procedures have been used in the preparation 

of hydrides using lithium aluminum hydride in a solvent, In 

one procedure, an ether solution of lithium aluminum hydride 

is placed in a reaction vessel attached to a vacuum line, 

and the halide or alkoxy compound is then condensed into the 

vessel after cooling the latter with :liquid nitrogen. The 

mixture is allowed to warm slowly to a suitable temperature 

at which reaction takes place. The volatile hydride is 

collected in liquid nitrogen traps. This type of procedure 

was used by:, Finholt et al;' for the preparation of silane, 

germane and stannane, and by Emeleus and Kettle18 for the 

preparation of stannane. 

In the second general procedure, an ether solution of 

lithium aluminum hydride is stirred in a reaction flask 

equipped with a dropping funnel containing an ether solution 

of the halide and a gas outlet leading to a series of cold 

'traps on a vacuum line. In some cases the positions of the 

reagents are switched. As the solution in the dropping 

funnel is slowly added to the stirred solution in the flask, 

the evolved hydride is collected in liquid nitrogen traps. 

This type of procedure was used by Finholt et alf for the 

preparation of disilane, and by Peake et al~ for the pre­

paration of silane. 

.. 

~: 
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The first general procedure, in which the reag,ents are 

warmed up from liquid nitrogen temperature to the reaction 

temperature, is simple and satsifactory for syntheses in­

volving less than about 10 mmoles (0.38 g.) of lithium 

aluminum hydride. However, when larger amounts of LiAIH4 

are involved, the procedure is potentially dangerous because 

of the possibility of local overheating during the warm-up, 

and an uncontrollable fast evolution of gas, With the second 

procedure, the rate of reaction is readily controlled by the 

rate of addition of reagent from the dropping funnel, and the 

danger of a runaway reaction is considerably diminished. 

Diethyl ethe~ is the usual solvent employed in lithium 

aluminum hydride reductions because it is readily available 

in'a high state of purity (~., essentially free of water 
\ 

and peroxides). However high molecular weight ethers (such 

as di-g-propyl ether, di-n-butyl ether, and diglyme) are 

occasionally used because of their relatively low vapor 

pressures. Such ethers are used when the hydride being 
I 

prepared has a volatility comparable to that of diethyl 

ether and when the separation of the hydride from diethyl 

,ether would consequently be very difficult. 

( 
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B. Synthesis Using Hydroborates 

The alkali metal hydroborates (strictly, tetrahydrO­

w.borates, and colloquially, borohydrides) are powerful 

reducing agents which have certain advantages over lithium 

aluminum hydride. The hydroborates are somewhat easier to 

handle than LiAlH4 because of their relative inertness 

toward moist air. (LiAlH4 must be carefully protected from 

moist air during storage, whereas KBH4 is stable indefinitely 

at ordinary temperatures in moist air.) Whereas only thor-

oughly dry non-protonic solvents may be used with LiAlH4, 

the hydroborates can be used in both protonic solvents such 
'J2. ... 

as water and non-protonic solvents such asAdimethoxyethane. 

Hydroborates are rapidly hydrolyzed in acidic aqueous 

solutions, but are very slowly hydrolyzed in alkaline aqueo~s 

solutions. 

Schaeffer and Emilius26 were the first to employ an 

aqueous hydroborate solution for the preparation of a hydride. 

They added an aqueous NaBH4 solution to an aqueous solution 

of hydrochloric acid and stannous chloride. It was observed 

that the yield of stannane (based on the stannous chloride) 

.. 

.. 

increased with decreasin~ concentration of stannous chloride. ~ 

T~ey obtained their best ~ld (84%) when a 57-fold excess 

of aqueous NaBH4was added to a solution 0.0092 M in Sn012 
and 0 .. 6 M in HOI. Using analogous procedures, other hydrides 

of Groups IV and V have been prepared. Germane has been 
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,obtained in yields of 75%,27 79%,28 and 100%;29 st1bine has 

been prepared in yields of 35%30 and 95%,31 bismuthine has 

been prepared in "small but significant yields, 1126 and both 

diar,sine (AS 2H4) and distibine (Sb2H4 ) have been prepared 

in unreported Yields. 32 

The percentage yields quoted ~bove are based on the 

element converted to the hydride. However, in all the syn­

theses except that of germane, by far the most expensive 

re~gent was the alkali metal hydroborate. Therefore the 

percentage yield with respect to hydroborate is more signi­

fic~nt, and in most of the above cases, this yield was very 

low. Improvement of the yield with respect to hydroborate 

can be effected by adding a concentrated alkaline solution 

of both hydroborate and an oxy-anion of the element whose 

hydride is desired to an excess ofacid. 33,34 Thus stannane, 

arsine, and stibine can be obtained in yields (based on 

hydroborate) of 2.7%, 59% and 51%, respectively.34 Small 

yields of digermane34 

distannane35 (Sn2H6 ), 

34 (Ge 2H6), trigermane (Ge
3

H8 ), and 

have been prepared by this same general 

method. It' appears that the yield of these higher hydrides 

increases with increasing concentration of the oxy-anion 

(germanate and stannite) in the alkaline solution. This 

suggests that the higher hydrides are formed by some sort of 

condensation reaction, perhaps of the following type. 
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I I 
..... -Ge-Ge- + 

I I 

It is noteworthy that aqueous silicic ~cid, phosphoric 

acid, and hypophosphorous acid are inert toward the hydro­

borate ion. 33 This inertness is surely a kinetic effect, 

inasmuch as the hydroborate ion has more than enough reducing 

power to reduce these acids to the corresponding hydrides, 

silane and phosphine~ Probably in these oxyacids the central 

atoms (Si and p) are so crowded that it is difficult for an 

attacking BH1.j. ion to get close enough to cause a displace­

ment of an hydroxide ion by a hydride ion. In accord with 

this theory, sulfate and nitrate are inert toward hydro-

borate, whereas sulfurous acid and nitrous acid are reduced 

to H2S and NH4+' respectively. 

It is assumed that in aqueous solutions all four 

hydrogen atoms of the hydroborate ion are available for 

hydride formation. Even though the best reported yield 

(based on hydroborate) is only 59%, there is no obvious 

reason why this yield could not be pushed closer to 100%. 

However, in an ether solvent j it appears that only one of 

the hydrogen atoms of the hydroborate ion is available for 

hydride formation. The other three hydrogens remain with 

the boron in the form of diborane or borane etherate. 

Thus ether solutions of LiBH4 react with AsC13 at ~800 

and with SbC13 at -700 as follows. 2l 
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Based on these reactions, arsine is formed in 93% yield, and 

stibine in 89% yield. When these same reactions are carried 

out in ether at room temperature, the AsC1
3 

and SbC13 are 

reduced principally to the corresponding elements. 
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C, Reactions of Metal Salts of Hydrides with Halo Hydrides 

One of the most useful methods for forming bonds be­

tween two elements, allowing the synthesis of complex 

molecu~es, involves the use of condensation-type reactions 

which take place between strongly basic, nucleophilic re­

agents and halo-compounds. Several reactions of this type 

between alkali metal derivatives of Group IV or V hydrides 

and germyl- or s11yl halides have been used effectively to 

prepare ternary or "higher" hydrides of Group IV and V 

elements. The reactions can be represented by the following 

general equation, 

M: + M' - X -+ M -- M' + X: J I 

in which M: represents the anion of an alkali metal hy­

dride salt such as PH2-, M' - X represents a halo-hydride, , 
and M-M represent a ternary or "higher" hydride product. 

It seems likely that these reactions are of the SN2 type, 
, 

in which the M-M bond is formed as a result of direct 

nucleophilic attack by M: on the halo-hydride; although 

the mechanisms have not been experimentally verified. In 

some cases the M'-X bond which must be broken in the reaction 

is 'stronger than the M-M' bond which is subsequently formed, ~ 

,~ESi-Ci = 91 ~cal/mole36 and ESi - Si = 46.4 ~al/mole.37 
1.~.. 1.L. 

However, because of the high lattice energies 'of the alkali 
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metal halides which are also formed in the reactions, con­

densation reactions of this type are generally thermody­

namically favorable~ 

Trisilyl derivatives of phosphorus, arsenic, and 

antimony may be synthesized using the above method. Po­

tassium dihydrogen phosphide (KPH2 ) and potassium dihydrogen 

arsenide (KASH2 ) react with silyl halides at low temperature 

to form trisilylPhOsPhine38,39,40 and triSilYlarsine,39,41 

respectively, as shown below: 

(where· X = 01, Br) 

Yields of (SiH3)3P and (SiH3)3AS (based on SiH3X) as high 

as 55% and 49%, respectively, have been reported. However, 

regardless of the reactant proportions, no evidence has been 

obtained for the formation of mono- or bis- silyl derivatives 

in these reactions . 

.Potassium dihydrogen antimonide (KSbH2 ) and SiH
3

Br 

have been reported not to react j even under carefully con­

trolled conditions, to product (SiH3)3Sb.39 However, 

K3Sb reacts with SiH3Br at low temperatures to form (SiH3)3Sb 

in a 76% yield. 39 ,42 
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Also, evidence has been presented for the formation of small 

quantities of (SiH3}3AS from ambient-temperature reactions 

of K3As and SiH
3
I. 43 Unfortunately, the low yield reported 

for this reaction (~. 0.8% based on SiH
3
I) would seem to 

preclude its usefulness in most ~ynthetic work. 

Recently, the successful application of the reaction 

of metal salts of hydpides (~. KSiH
3

) with halo hydrides 

(~~~. GeH
3

CI) to the synthesis of Group IV hydrides has 

been reported. Germylsilane, GeH
3

SiH
3

, can be prepared in 

the ~a~~ room-temperature reaction between potassium 

silyl and germyl chloride in yields as high as 20%.44 

Although this reaction gives considerably less than quanti-
, \ 

\ tative yields of GeH
3

SiH
3

, the ease of product separation 

and the simplicity of the reaction 'apparatus make this 

method superior to others (~. ozonizer discharge prepara~ 

tion, photochemical synthesis, or "ide" salt solvolysis) 

for the preparation of G~H3SiH3' Similarly, under carefully 

controlled conditions, disilane and trisilane are formed 

in reactions between KSiH
3 

and SiH
3

Br and Si2H
5

Br in 1,2~ 

dimethoxtthane,45 respectively. 
. , J\ 

,. 

... 
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Silane and small quantities of Si3H8 are formed with the 

disilane,and SiH4 and Si2H6 are formed with the trisilane, 

suggesting that disproportionation processes may occur 

during the reactions. It is also reported that the products 

form rapidly in the reactions, but are destroyed upon pro-
o 

longed ex~ure to the reaction medium. If they are imme-

diately removed from the reaction mixture as the mixture 

warms from -196° to room temperature, y~elds of Si2H6 and 

Si3H6, up to 35% and 18%, respectively, can be achieved. 

Some recent work with organogermanes46 serves as a 

warning of the types of side-reactions that can complicate 

otherwise straightforward attempts to build up chains of 

germanium atoms. When trimethylchlorogermane is added to 

a solution of potassium triethylgermyl. a 55% yield of 

hexaethyldigermane is obtained. Reversing the order of 

addition gives an 83% yield. It was suggested that this 

unusual product is a consequence of a nucleophilic attack 

of KGeet3 on a Ge-Ge bond . 

. In principle" reactions of metal salts of hydrides 

and halo derivatives should also be applicable to the syn­

thesis of various types of deuterium-labeled hydrides. 

Using the proper combinations of starting materials, 

per-deuterio ternary hydrides, ~.(SiD3)3P, and speciflcally­

labeled hydrides, ~. SiH3SiD3 and SiH
3

GeD
3

,might be ex-
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pected~ An example of the former type has recently been 

reported. Cleanly-labeled trisilYlPhosPhi~e-d9' (SiD3 )3P, 

can be obtained from the reaction of KPH2 and SiD3ClJ 

a~eg,ou8"·t<bo,,,.tha4;-4.;.n:;;eq;..~~ with no apparent exchange of H 

for D atoms of the silyl groups.47 Unfortunately, attempts 

to prepare specifically-labeled Group IV hydrides have so 

far been unsuccessful. When KSiH3 and SiD
3

Br were allowed 

to react, with the expectation of obtaining SiH3SiD3' a 

mixture of products consisting of deuterios:1,lanes, deuterio­

disilanes, and partially protonated deuteriobromosilanes 

was' obtained. 48 In their original report on this work,48. 

Ring and Ritter suggested that the products might be accounted 

for by a series of reactions involving bridge-bonded tran­

Sition states (I and II): 

I. 

H D 
, ;D,I 

H-Si. Si-Br 
A'rYk 

II. 

?KSi~D+~I' 

~ SiH2D-SiD2Br + KH 

• 
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Processes a, b, and c would give rise to the observed pro­

ducts. However, it appears that alkali metal salt cleavage 

reactions ofdisilane 45,49 , , 

x SiH3SiD3 MX ~ x SiH3D + (l/x) (SiD2)~etc..:l 

(where MX = alkali metal salt, ~. LiCl) 

and equilibrium reactions of the type .. 

may also be important processes in the reaction scheme. 

Therefore, until further studies of these systems have been 

carried out, it is pointless to speculate on the general. 
r--. 

applicability of these methods to the synth'kesis of 

labeled hydrides. 

A general procedure for the preparation of ternary 

or "higher" hydrides from reactions of metal salts of hy ... 

drides and halo-hydrides can be outlined. The metal-hydride 

salt is prepared in vacuo by reaction of the appropriate 

Group IV or V hydride with a strong base. For example, 

KGeH3, KPH2, KAsH2 or KSbH2 can be conveniently prepared 

by reaction of GeH4,50 PH
3

,51,52 ASH
3

,53 or SbH
3

,39 respec­

tively, with potassium metal in liquid ammonia, e.g. 

liq. NH3 
K + GeH4 ------t) KGeH3 + 1/2 H2 
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The sodium or potassium salts of silane and germane are 

readily prepared by the reaction of silane andCgermane with 
48 sodium or potassium in l,2-dimethoxyethane or hexamethyl-

PhosPhoramide,54 Potassium germyl may be prepared in a 

non-hydroxylic solvent such as l,2-dimethoxyethane or di~ 

methyl sulfoxide by the reaction of germane with excess 

potassium hydroxide. 55 Generally, the appropriate halo­

hydride is condensed (together with an aprotic solvent, 

if not already present) into the reaction vessel containing 

the hydride salt, and reaction is allowed to proceed. In 

the syntheses of (SU-I3)3P, (SiH3)3AS, and (SiH3)3Sb it is 

necessary to maintain the reactants at low temperatures 

(-120 to-90°) for several hours in order to achieve maximum 

product .yields, However, in the Si2H6, SiH
3

GeH3, and Si3H8 

syntheses a short reaction period followed by immediate re­

moval of the'products from the reaction mixture is preferred. 

Upon completion of the reaction the products are separated 

by fractional condensation and identified by customary methods. 
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D. So.lvo.lysis o.f "ide" Salts 

The c~assical metho.d fo.r the preparatio.n o.f the hy­

drides o.f an element· o.f Gro.up IV o.r V is the acid hydro.lysis 

o.f a co.mpQund o.f the element and an electrQPQsitive metal 

such as magnesium o.r calcium. Thus Besso.n56 and Sto.ck and 

So.mieski57 ,5S prepare~ silicQn hydrides by adding "magnesiu~ 
silicide" (o.btained by heating magnesium with silica) to. 

hydro.chlo.ric acid. The so.-called magnesium silicide was 

no.t a ho.mo.geneo.us silicide o.f magnesium--it prQbably co.n~ 

tained magnesium Qxide,' lo.wer o.xides o.f silicQn and silicates. 

The pro.ducts o.f the hydro.lysis included bo.th no.n-vo.latile 

hydridic substances such as (Si2H20
3

)x and vQlatile hydrides, 

By fractio.nal co.ndensatio.n o.n the vacuum line, Stock and 

So.mieski separated the vo.latile materials into. SiH4, Si2H6, 

Si3HS' Si4HIO' and a mixture of Si5Hl2 and Si6H14.59 

Abo.ut 25%o.f the silico.n in the "silicide" was co.nverted to. 

hydrides, o.f which 40% was SiH4, 30% was Si2H6 , 15% was 

Si3HS' 10% was Si4HIO' and 5% were higher hydrides. Mo.re 

recently, gas chro.mato.graphy has been used to. separate the 

silanes fo.rmed by the acid hydro.lysis o.f magnesium silicide. 

Twenty-six chro.mato.graphic peaks have been o.bserved, co.r­

resPo.nding to. the silanes up thrQugh SiSHIS' including t.he 

vario.us structural iso.mers. In general the larger peaks 

co.rresPo.nded to. the supPo.sed straight-chain silanes. Eno.ugh 

o.f the pentasilane iso.mers CQuld be iso.lated such that they 
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could be identified by their proton magnetic resonance 

spectra. 60 

UCRL-;L 7760. 

The method of preparation of the magnesium silicide 

has been found to markedly affect both the over-all yield 

and relative amounts of the silanes formed in the hy­

drolysis. 61 ,62 When the silicide is prepared by heating 

a mixture of powdered magnesium and silicon (containing 

10% excess magnesium over the composition Mg2Si) in a hy'" 

drogen atmosphere for 24 hours l the best yields (based on 

silicon conversion) are obtained when the heating is carried 

out around 650°. The higher the temperature used in the 

silicide preparation, the greater the fraction of higher 

silanes in the volatile product. This latter effect has 

been attributed to the formation of Mg2Si (which yields 

SiH4 ) at the lower temperatures and other silicides such 

as MgSi or Mg3Si2 (Which yield higher silanes) at the 

higher temperatures. 

When a solution of ammonium bromide in liquid ammonia 

is used in the hydrolysis instead of aqueous acid l the per­

centage conversion of silicon to silanes rises to 70-80%, 

but only silane and disilane· are tormed. 62,63 Depending on 

the temperature at which the magnesium silicide is prepared, 

the Si2H6/SiH4 ~atio varies from about ',zero to .0.12. 

Silane also has been prepared by the reaction of magnesium 

silicide with ammonium chloride in ammonia in a-pressure 
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vessel at room temperature l
64 but this procedure seems to 

offer no advantages .. 

Dennis I Corey and Moore65 added hydrochloric acid to 

magnesium germanide (prepared by heating magnesium with 

germanium) I and obtained germane l digermane l and trigermane. 

About 23% of the germanium in the magnesium germanide was 

converted to the·hydrides l and of this 74% appeared as 

GeH4, 22% as Ge2H6 and 1% as Ge3H8~ By using a solution 

of ammonium bromide in liquid ammonia instead of aqueous 

acid, Kraus and Carney66 obtained 70% conversion to germanes l 

in which GeH4 predominated. Feher and Cremer67 went to the 

extent of using a solution of hydrazine hydrochloride in 

anhydrous hydrazine, and thereby obtained 70-80% conversion 

to germanes (principally GeH4). By subjecting the products 

of the aqueous hydrolysis to careful fractionation on the 

vacuum line and gas chromatographYI germanes as high as 

Ge
5

H12 have been identified. 60,68 By the use of heavy water 

and magnesium germanide, GeD41 Ge2D61 and Ge3D8 have been 

prepared. 69 

Plumbane has been prepared by the dropwlse addition 

of 0.8 M HCl to a metallic mixture co~respondlng to the 

composition Mg2Pb.70 The yield was very 10w1 and the PbH4 
was. identified only by its mass spectrum. 

By the reaction of aqueous acid or water with phosphides 

such as aluminum phosphide71 and calcium phosphide,72 

phosphine can be prepared in fairly good yields. Diphosphine 
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is a by-prooduct of these hydroolyses, and Everos and Stroeet 

recommend the use of calcium phosphide for preparoing th~ 

latter hydride, They obtained 10 g, of P2H4 froom 200 g. 

of commercial Ca?P2 , 

By treating zinc arsenide with aqueous sulf~ric acid, 

arsine is readily prepared. 73 Nast74 used an Mg-AI-As 

alloy, and obtained, i!1 addition to ASH
3

, very small yields 

of As 2H4 ,By dissolving arsenic in a solution of sodium 

in liquid ammonia, it is possible to prepare a solution of 

Na
3

As--or possibly ammonolysis prooducts such as NaNH2 + 

Na2AsH .. When such a solution is troeate<;i with ammonium 

broomide', 60-90% yields of arSine, based on sodium.. aroe ob.., 

tained. 53 

Stiblne may be proeparoed by adding a pulveroized alloy 

of magnesium and antimony (containing at· least 60% Mg) 

to dilute hydroochloroic acid,73 .. 78 About 10 g. of stibine 

can be obtatned fro om 250 g. of alloy. 

Bismuthine has been proeparoed by adding dilute hydroo­

chloric acid to a mixture of magnesium and bismut\ corresp9nd­

ing to Mg3Bi2' The yield was veroy lOW, and identification 

was made mass-spectrometrically.70 DecomposltiOj/was so 

rapid that only 10-15 min. of observation time in the spectroo-

meter was available, 

It has been reported that calcium monosillcide (CaSi). 

when treated with alcoholic HCl, gives an amorophous light 

brown solid of composition (SiH2 )x which is spontaneously 
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inflammable,76 and that treatment of calcium monogermanide 

(CaGe). with acid yields the amorphous yellow compound 

(GeH2)x. 77 However, more recent studies78 of the solvolysis 

of CaGe,' Ca2Ge, CaSi and Ca2Siindicate that these polymer:1,c 

hydrides should be formulated as GeHO•9_1 . 2 and SiHO•7_0 . 9 ' 

Ternary hydrides can be prepared by the acid hydrolysis 

of ternary alloys or intimate mixtures of two binary com­

pounds. Thus Timms et aL!9 added Mg-Ge-Si alloys to 10% --
hydrofluoric acid and obtained a mixture of silanes, ger~ 

manes, and silicon-germanium hydrides. These were separated 

by gas chromatography.79,80 Silicon-rich hydrides were 

prepared from ,an alloy of nominal composition Mg20Si9Ge. 

The following yields (based on germanium conversion) of 

ternary hydrides were typical: 8i2GeH8 (3%); n-Si
3

GeHIO 
(1.5%); n-Si4GeH12 (0.3%); n-Si

5
GeH14 (0.07%). Hydrides 

relatively rich in germanium were best made from an alloy 

of composition Mg4SiGe. The following yields (based on 

germanium conversion) of ternary hydrides were typical: 

SiGeH6 (0.6%); SlGe2H8 (0.4%); n-SiGe
3

HIO (0.03%); 
~ " n-Si2Ge HIO (0.5%); n-Si3Ge 2H12 (0.02,%). The ratios of 

the straight-chain isomers to the branched isomers were: 

Si3GeHIO' 7.5:1; Si2GeZHIO' 3.5:1; SiGe3HIO' 1,0:1; 

Si4GeH12, 1.5:1; Si
5

GeH14, 1.0:1. Royen and Rocktaschel 

have reported a similar, less extensive, study of hydrides 

formed by the hydrolysis of Ca-Si-Ge alloys.81 
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Royen.§..!; 1:l. 82 ,83 have reported tne mass.-speotrometric 
~ ~ 

identification of a variety ofAte~ry hydrides prepared by 

the acid hydrolysis 'of ternary alloys and compressed mix­

tures of binary compounds, Among the species identified 

were P3H5, AS 3H5, and AsH2PH2 (from Mg3 P2/Mg3AS 2)' P3H5 

and GeH3PH2 (from caGe/ca3P2)' AS3H
5 

and GeH
3

AsH2 (from 

caGe/ca
3

AS 2 ) . 
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E. Electrolytic and Active Metal Reduction in 

Protonic Solvents 

UCRL-17760 

It has long been recognized that the dissolution of 

an active metal in aCid is fundamentally an electrolytic 

process. 84 The metal acts as a set of short-circuited 

galvanic cells .. in which the bulk metal is the common anode 

(with a high overvo1tage for hydrogen evolution) and im­

purity sites are the cathodes (with relatively low hydrogen 

overvo1tages). In the process of dissolution .. metal ions 

leave the bulk metal surface while hydrogen gas is evolved 

from the impurity sites. If other reducible species are in 

the solution in addition to hydrogen ions .. they oan also 

undergo reduction in the cathodic regions. Thus acidic 

solutions of salts or oxyacids of germanium .. tin .. lead, 

arsenic .. antimony and "bismuth react with metals such as .. 
zinc to form the volatile hydrides.. just as these hydrides 

are formed by cathodic reduction of similar solutions. 

Because of the fundamental similarity of the two processes~ 

they are discussed together in this section. 

The electrolytic and active metal reduction processes 

are very seldom used as synthetic methods for volatile 

hydrides - the processes are generally considered too cum­

bersome .. or the yields are too low. Certain of the electro­

lytic processes may be~commercial significance .. however, 

and it is possible that e1ectrolytio methods may be useful 
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in the laboratory when it is, desired to generate a hydride 

at a steady, slow rate over a long period of time. 

VOegelen85 first obtained germane, by the reduction of 

germanium(IV) in aqueous sulfuric acid with sodium amalgam 

and zinc metal, but the amount of germanium available was 

so small that only a minute amount of the hydride was pre .... 

pared, 'and imperfectly characterized. Later Paneth and 

Schmidt-Hebbel86 prepared somewhat larger amounts of germane 

by similar reductions using zinc and magnesium. Green and 

Robinson87 studied the electrolysis of alkaline solutions of 

sodium germanate using a mercury cathode. Under the condi~ 
~' 

tions of electrolysis,the cathode became a sodium amalgam, 

'and then three cathodic processes occurred simultaneously: 

hydrogen evolution, germane evolution and germanium depo­

sit:ton .. Germane current efficiences as high as 40% were 

obtained. 

The reaction of magnesium 'powder with solutions of tin 

in sulfuric acid88 and the electrolysis of tin solutions 

using lead electrodes89 ,90 were among the first methods 

used for the preparation of stannane.' Only a few milligrams 

of stannane was formed in each experiment. Plumbane has 

been obtained by the "spark:"electrolysis" of a sulfuric 

acid solution using lead electrodes. 91 The yields of 

plumbane were so small, however, that it was necessary to 

detect its formation by using radioactive lead in the syn­

thesis and by detecting the volatile plumbane by its radio-
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activity. 

When arsenic(III} is in very low concentrations in 

aqueous solutions, it can be quantitatively reduced to 

arsine either electrolytically or by active metals dis- . 

solving in acid. The reduction of arsenious acid to arsine 

by zinc is the basis of the Marsh test for traces of arsenic,92 

A fairly good preparative procedure for arsine involves the 

addition of a solution of arsenious oxide in aqueous hydro­

chloric acid to an excess of magnesium turnings. 75 About 

8 g: of arsine is formed per 20 g. of arsenious oxide. 

Quantitative studies have been made of the reduction of 

As(III) solutions with mercury cathodes,93,94 arsenic ca­

thodes,95, zinc amalgams,96,97 and sodium amalgams. 98 

As the concentration of arsenic(III) is increased, the 

fraction of the arsenic which is reduced to arsine decreases, 

At higher arsenic(III} concentrations, good yields of a 

brownish~black solid hydride of composition AsHx (where x 

varies from 0.001 to 0.26) can be obtained. 99 

Like arsine, stibine may be prepared by the reduction 

of aqueous Sb(III} by zinc92 and sodium amalgam,lOO and 

many studies have been made of the electrolytic generation 

of stibine.lOlJl02,103,104,105 
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F. Coupling Reactions 

1. Oxidative Coupling. Teal and Kraus l06 studied the e­

lectrolysis of solutions of sodium germyl (NaGeH3 ) in 

UCRL-17760 

liquid ammonia, using a platinum anode and a mercury cathode, 

They expected to obtain digermane, according to the reaction 

, 
However, they observed that germane and nitrogen were evolved 

in a 6:1 ratio, in accord with the following anode process. 

6 GeH
3 

+ 2 NH3 = 6 GeH4 + N2 + 6e­
I 

Actually this latter process, and the 6:1 stoichiometry, 

are the results of the coupling of the following two pro ... 

cesses: 

The anodic process involves the formation of six moles of 

ammonium ion per mole of nitrogen, and these six moles of 

ammonium ion cause the simultaneous release of six moles 

of germane. A similar phenomenon occurs in the electrolysis 

of a liquid ammonia solution of NaPH2 ,107 Here the anode 

reaction is 

.. 

.. 
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From the above results~ it appears that anodic coupling 

of hydride anions cannot readily be accomplished in a pro­

tonic solvent such as ammonia. Perhaps the desired coupling 

reaction could be accomplished in an aprotic solvent in 

which the anodic oxidation of the solvent might have a much 

higher, overvol tage than the anodic coupling reac tion. How­

ever~ a recent attempt to anodically oxidize potaSSium 

germyl dissolved in dimethyl sulfoxide yielded principally 
, ' 108 

germane and a polymeric germanium hydride~ GeHx ' It 

appears that digermane undergoes a base-catalyzed dispro­

portionation analogous to that of disilane,49 

It may be that the coupling of hydride anions can be 

accomplished better by use of a dissolved oxidizing agent~ 

rather than electrolytically. 

A variety of organometallic anions ,have been coupled in this 

way. For example~lithium triphenylgermyll09 and lithium 

triPhenylstannylllO react with ethyl c~rbonate to form 

hexaphenyldigermane and hexaphenyldistannane" respectively, 

Similar oxidative coupling of the triphenylstannyl ion may 
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111 be accompl1shed with carbon dioxide or benzophenone. 
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Other organic and organometallic couplings have employed 

the followlng oxidizing agents: iron(III) chloride, hexa­

cyanoferrate(III), permanganate, metal c&rbonyls, silver 

salts, and lead(IV) acetate, The analogous reactions with 

hydride anions such as GeH3 and PH2 clearly constitute 

an area for future research. 
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2. Wurtz-Fittig Coupling Reaction. A large variety 

of organopolysilanes and organopolygermanes Gan be prepared 

from the coupling of organosilicon or organogermanium h~lides 

by active metals, an extension of the familiar WUrtz-Fittig 

reaction in organic chemistry.112 Using this technique, 

disilane can be prepared in lAP to 67% yield from the room­

temperature reaction of silyl iodide with sodium amalgam. 113 

Small quantities of SiH4 and H2 are also produced as a 

result of secondary reactions. 

Coupling reactions have not been used to prepare un­

substituted Group IV hydrides other than disilane. Also .. 

the method has been unsuccessful when other monohalosilanes 

or metals are substituted for silyliodide or sodium in the 

reaction. Thus the reactions of silyl chloride with sodiuml14 

and silyl bromide with magnesium1l5 are reported to yield 

only silane, hydrogen and polymeric ((SiHx)m) silicon-con­

taining residues. 

The difficulties encountered in obtaining compounds 

containing silicon-silicon bonds may in part be a result 

of the apparent instability of the silicon-silicon bond 

to alkali metals or alkali metal salts. Ring and Ritter 

repor~ed that potassium reacts with disilane to form a 

variety of products which include substantial quantities 
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48 of SiH4 and H2o More recentlYI it has also been shown 

that disilane is converted to SiH4 and polymeric silicon­

coritaining hydrides· ip' the presence of catalytic amounts 

of lithium chloride l fluoride l or iodidel45149 ie' l 

Thus a combination of complex reactions of the above types 

may account for the products of the unsuccessful coupling 

reactions. 
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G. Ozonizer-Type Silent Electric Discharge Syntheses 

Ozonizer-type silent electric discharge reactions pro­

vide the most general technique available for the preparation 
~ . 

of "higher" M'"ternary Group IV and V hydrides. Using 

this method it is possible to prepare compounds which are 

thermodynamically unstable or d~fficult to prepare" by more 

conventional chemical reactions. The discharge reactions 

are carried out by subjecting a hydride or a mixture of 

hydrides to a high-voltage electrodeless electrical dis~ 

charge, under which conditions a variety of highly energetic 

processes occur that ultimately lead to the formation of 

products, For example, the general reaction of Group IV 

monohydrides is shown below: 

xMH4 ~ M2H6, M3HS' M4HlO' ~H12' etc. + H2 + polymeric 

subhydrides. 

The ozonizer discharge technique was first applied success­

fully by Schwartz and Heinrich76 to the synthesis of disilane 

and trisilane from monosilane. Since that time it has been 

used to prepare IIhigher ll hydrides of silicon, germanium, 

phosphorus, and arsenic, ternary silicon-germanium hydrides j 

and ternary hydrides containing elements of both Group IV and V. 

The processes which take place in an electrical dis­

charge reaction and which are involved in the formation of 

products are generally of complex and varied types. When 

high-voltage (5-50 kv) alternating current is applied to a 
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gaseous ~eactant hydride(s) in an ozonize~ tube, ~ silent 

electric discharge is established. Interaction of the 

resulting elect~on .flux with other species in the system 

leads to the formation of ionic, metastable, atomic, and 

radical species. These species can, in turn, initiate 

and propagate chemical reactions. The general processes 

which can occur have been discussed previously by Glockle~ 

and Lindl16 and Jollyll7 and are briefly summarized below • 
.. 

(1) Ionization Impacts ~ Reactions of this type occur 

when high-energy electrons collide with molecules (M) to 

form positive ions: 

e - (fas t) + M __ ~~ M+ + 2e - ( slow) 

These positive ions may then collide with neutral molecules 

to form ion clusters, 

~pJ.J,., ~ ~4~ ~r-~: 
which upon neutral:t,zation by electrons c an A M.-be~-ett£L£l±ei--eoo 

-~) M-M 

(2') Electron Addition.., This process takes place when e-

lectrons are captured by molecules resulting in the formation 

of negative ions: 
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If these negative ions collide with a positively charged 

spe'cies in the system" products can result, i.e.) 

UCHL-17760 . 

However" processes of this type may be of minor importance 

since the probability of ion collisions is relatively low. 

(3) Excitation Impacts - In the presence of the electron 

flux" reactions of the type 

* . e - (fast) + M _~) M + e - (s lOw) 

* . also occur.' If these "excited" molecules (M ) return to 

their ground states through simple energy radiation no chemical 

reaction will occur: 

M* -~) M + hv 

However" if they dissociate into radical species" ~. 

+ H , etc." 

subsequent radical reactions can be initiated and propagated, 

In view of the complex processes which can occur in 

a discharge reaction it ~s pOintless to predict, without 
IJJ\JJ.., 

more data than 1~AcurrentlY available" which reactions 

are the most important in Group IV and V hydride syntheses, 

However" it is n9t unreasonable to assume that the products 

arise as a result of both ionic and radical processes. 
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In practice an ozonizer discharge synthesis is carried 

out in an apparatus of the type shown in Figure 1. A gas 

circulating system is generally used instead of a static 

system so that reasonable quantities of products can be 

prepared in a given experiment. In this apparatus the 

reactant hydride or hydride mixture is circulated by means 

of a Toepler pump (A) through the discharge tube (B) at 

some predet"ermined rate and the resulting produc ts" which 

are of lower volatility than the reactants, are preferen­

tia~ly condensed in an appropriately cooled u-trap (e). 

A complete descri~ion of the ozonizer apparatus and the 

procedures involved in"its use are discussed in more detail 

later in this $ection, 

The overall yields and distribution of products from 

the discharge reactions are influenced by several factors: 

1) the frequency and potential of the discharge current, 

2) the rate of gas circulation, 3) the total pressure of 

gas(es) in the system, 4) the temperature of the ozonizer, 

5) the time of the discharge reaction and 6) the temperature 

of the product collecting traps, The effect of each of 

these conditions on hydride synthesis reactions have not 

been fully determiried although all conditions except the 

current frequency are easily varied. In general, the , 

most efficient conversions of mono-hydrides or hydride mix­

tures to higher or ternary hydrides are obtained when 7.5 -

25 kv. 60 c.p.s. alternating current is applied to the dis-

", 



UCRL-17760 

-41-

charge tube~ the total gas presSure in the system is be­

tween 0.25-0.5 atm.~ and the gas is circulated at rates of 

200-500 ml./min. The distribution of products from a 

reaction is most significantly controlled by the choice 

of the product collection trap (C). For example~ in a 

reaction involving the conversio~ of a Group IV monohydride 

(MH4 ) to higher hydrides (ie. M2~~ M)HS~ M4HIO~ etc.)~ 

the use of a product trap which will condense the first­

formed product of the reaction~ M2H6, and ~till allow the 

c.irculation of MH4 will result in the highest relative 

y~ld of M2H6 . However~ if a higher-temperature trap is 

used which allows products to recirculate through the 

ozonizer~ further reaction and relatively higher yields of,' 

M3HS~ M4HIO~ etc., will result. 

Several,reports of the conversion of silane to 

"higher" silanes using ozonizer discharge reactions have 

been made.76~11S~l19~120 According to Spanier and 

MaCDiarmid~llS SiH4 can be converted in 63% yield during 

a 5 hr. reaction in a 7.5 kv. ozonizer to a mixture of 

hydrides containing Si2H6 (66%), Si3HS (23%)~ and higher 

hydrides (11%). In this reaction, products were condensed 

from the system in a -134° trap as they formed; however, 

higher relative yields of Si3HS' Si4HIO' etc~ can be ob­

tained if this trap is replaced by a trap of higher tem­

perature. Thus it is reported that maximum yields of 

Si3HS are obtained using a -95 0 product trap whereas for 
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optimum ~~ields of si1anes higher than Si
3

HS' a -7S o trap 

is most effective.l~9 By means of gas chromatographic 

techniques it is possible to separate the mixtures of hi~h 

molecular weight silanes (ie. Si4HIO and ;higher) into their 

respective components and in this way it has been shown 

that low yields of the various isomers of hydrides up to 

S1SH18 can be obtained. 119 In the case of tetrasllane, 

sufficient product was obtained to allow the separation and 

characterization of the two possible isomers, n~Si4HIO 
120 and iso-8i4 HIO :, 

~ 

The decomposition of monogermane (GeH4 ) in an ozonizer 

discharge apparatus results in the formation of higher ger­

manes ranging from digermane (Ge 2H6 ) to nonagermane 

( ) 119 121 Ge9H20 . ' Drake and Jolly have examined this re-

action under varied conditions of voltage, pressure and 

time and have determined what appear to be optimum conditions 

for "higher" germane syntheses. ~ ])uring a 5.5-hr. 

reaction in a 15 kv. ozonizer apparatus, in which products 

were trapped at -78°, GeH4 initially at 400 mm. Hg. pressure, 

was 90% decomposed and a mixture of Ge 2H6 (39%, based on 

GeH4 decomposed), G83HS (32%), Ge4HIO (12%), and higher 

hydrides was formed. 121 As expected, relatively higher 

yields of Ge2H6 can be obtained if products are trapped 

at -95° instead of ~7So. Digermane and germane rian be sepa­

rated from the product mixture using conventional fractional 
'---' 

,. 
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condensation techniques. Hydrides higher than Ge3H8 are 

most effectively separated by gas-liquid chromatography, 

and a technique for preparative-scale separation of these 
1 \ ~ 

mixtures and mixtures of higher silanes has been described. 

A synthesis intended specifically for diphosphine 

(P2H4) or higher phosphines has not been reported; however, 

P2H4 has been recognized as a major product in the dis-
I 

charge reactions of germane-phosphine and silane-phosphine 

m+xtures. 122 On the basis of these observations and other 

unpublished data dealing with phosphine discharge reactions 123 

it appears that the ozonizer discharge method is effective 

for the preparation of P2H4 and higher molecular weight 
" 

volatile phosphines. Diarsine (AS 2H4 ) is reported to form 

during the ozonizer ~iSCharge decomposition of a~sine.99,124 
The reaction has been examined under various conditions 

and it has been found that optimum yields of AS2H4 are 

obtained when hydrogen-arsine or helium-arsine mixtures 

are passed through the discharge instead of arsine alone. 124 

However, owing to the thermal instability of As2H4 and the 

necessity of using special techniques of sample trapping 

and manipulation, further studies of higher arsine syntheses 

have not been carried out. 

A variety of intereBting ternary hydrides containing 

Group IV or V elements can be prepared by subjecting mix­

tures of Group IV or V hydrides to ozonizer electric dis-
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charges. Spanier and MacDiarmid have reported that germyl­

silane (GeH3SiH
3

) along with higher-molecular weight 

hydrides can be prepared from a silane-germane mixture in 

this way.12~ The yield of products from their reaction 

was not high; as a result of circulating a mixture of 

1 
\ 44.7 and 47.5 mmoleE,l of GeHL~ and SiH4" respec ti vely" 

through a 7.5 kv. ozonizev for 28 hours" 0.9 mmoles of 

GeH
3

SiH
3 

and an undetermined amount of the higher hydrides 

were prepared. Owing to the complexity of the product 

mixtures obtained from.ternary hydride syntheses" it is 

difficult to isolate other silicon-germanium hydrides 

higher than GeH
3

SiH
3 

using IIconventional ll separation 

techniques. However" Andrews and Phillips have recently 

shown tha~ mixtures from similar discharge reactions can 

be effectively separated using gas chromatographic tech­

niques,,126 and on the basis of their data" these authors 

provisionally identified several new hydrides of the type 

SixGt3yH2X+2Y+2' 

The ozonizer discharge method can also be applied to 

the synthesis of silyl phosphines" ge~myl phosphines" 

silyl arsines, and germyl arsines. 127 These syntheses 

are carried out by passing equimolar Silane-phosphine" 

silane-arsine" germane-phosphine" and germane-arsine mix­

tures" respectively" at a pressure of 0.25 - 0.5 atm. 

through a -78° cooled" 15 kv. ozonizer discharge tube~ 

.> 
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Of the products of the latter three reactions, only the 

first members of ~ach ternary hydride series ha~ebeen con­

clusively characterized, i~. GeH
3

PH2, SiH
3

ASH2, and 

GeH
3

AsH2 . However, mass spectrometric evidence for the 

existence of Ge2PHr' Ge
3

PH
9

, GeP2H6, Si2As~, and possibly 

SiAs2H6 has been obtained. The silane-phosphine reaction 

has been examined in greater detail and it has been shown 

that both SiH
3

PH2 and Si2PHr can be isolated from the mix­

ture of reaction products. Also, as a result of a careful 

examination of Si2PHr it has been found that the material 

is a mixture of the two possible isomers, disilyl phosphine 

( (S1H
3

) 2PH) and disilanylphosphine, (Si2H
5

PH2 ) .,122 

Ozonizer discharge reactions are not restricted to 

systems involving only monohydrides or mixtures of mono­

hydrides as reactants. Since complex molecules do not 

undergo complete fragmentation when passed through an 0-

zonizer tube, it is possible 

isomeric ternary hydrides by 

hydride starting materials. 

to "tailor-make" certain 
~u... 

a suitable s-eleG-tion"of complex 

Thus, it has been shown that 

the reaction of a disilane-phosphine mixture results in the 

isomer-specific synthesis of Si2H5PH2.l28 No evidence for 

the formation of (SiH3)2PH was obtained. Similarly, 

(SiH3)2PH is the only Si2PRz hydride produced in the reactions 

of'silane-silylphosphine (SlH
3

PH2 ) mixt~es.128 These 

.. reactions are particularly interesting because they suggest 



UCRL-l7760 

-46 ... 

that certain mechanistic processes do not take place, ~. 

insertion of phosphine fragments into 8i-$i bonds. Also, 

they suggest that a variety of complex~ isomeric hydrides 

can be "tailor-made" from carefully selected reactant 

systems. However, until more of these reactions have been 

examined it is pointless to speculate on the generality 

of this approach to Group IV and V hydride syntheses. 

In spite of the versl(1{aiili ty and adaptability of the 

ozonizer discharge technique, there are several disadvan-
s~ 

tages whichAe&n be pointed out. Foremost of these is 

the problem of separating complex product mixtures that 

are sometimes formed, particularly in cases of ternary 

hydride syntheses. Fortunately, this problem beco~es less 

significant when advanced separation techniques such as 

low-temperature column distillati.on and gas-phase chroma­

tography are available. The remaining consideration is 

that discharge reactions require the use of high-voltage 

electriCity and large quantities of gaseous, toxic or 

flammable, reactants. Therefore, in order to minimize 

any dangers associated with these factors, proper shielding 

of the electrical system and the reaction apparatus from 

the surroundings is necessary. A detailed description of 

the construction and use of a typical ozonizer discharge 

apparatus has been given elsewhere by Gokhale, Drake, and 

JOlly.ll9 
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H, Synthesis by Pyrolysis of Binary Hydrides 

Group IV and V hydrides can be prepared by thermal 
-

decomposition or pyrolysis of a variety of hydrides or 

hydride mixtures, In some cases processes of this type 

have been classified as disproportionation reactions l and 

are discussed in the next section (I), However~ since 

pyrolysis reactions that take place at relatively high 

temperatures may possibly proceed by mechanisms which are 

quite different from the disproportionation reactions dis-

cussed in Section 1 J we discuss them separately. 

Higher silanes can be prepared from monosilane under 

carefully oontrolled pyrolysis conditions. At tempera­

tures above 400° silane undergoes decomposition to, form 

Si2H61 Si3HS1 small quantities of higher hydrides J non-
129 130 131 volatile polymeric (SiHx)y solids l and hydrogen. I J 

Small quantities of disilane and trisilane are also pro­

duced in the pyrolysis of SiH4 - ethylene mixtures at 

450-510°,132 According to Fritz J optimum pyrolytl0 con­

ditions for the synt~esis of Si2H6 involve repeated passage 

of SiH4 at around 4 mm, pressure through a 470-500° reactor. 131 

Under these conditions Si2H6 and H2 are the primary products; 

however J small quantities of other si1anes are also formed, 

133 133 The pyrolytic decompositions of Si2H61 Si3HSJ 

61 59 Si4H10 and Si5H12 have also been studied. For the most 

part these reactions yield lower hydrides, hydrogen l and 
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, silicon-hydrogen polymers. Since the higher hydrides are 

the most difficult to prepare, reactions involving their 

decomposition are not synthetically useful. 

The mechaniim(s) by which silanes undergo decompo­

sition to yield higher hydrides has been the subject of 

several investigations. While,~ it is generally agreed 

that radicals (i.e. SiH
3 

J SiH2:" etc.) must be involved 

in the reaction1 the exact nature of the radical species 

has not been determined. Based on the fact that the de-

composition of Si2H6 and Si3H8 in t?e presence of hydrogen 

gas yields a higher percentage of SiH4 than in the absence 
I • of hydrogen, Emeleus and Reid concluded that S:tH

3 
radicals 

are involved. 133 Evidence obtained by Stokland on the 

pyrolysis of Si2H6,130A~ite and Rockow on the SiH4-C2H4 
system,132 and by Fritz on SiH4,131 has been used in support 

of this theory. However, as pointed out preViOusly130 if 

a process of the type shown below occurs, 

in which a silene,(SiH2 ) is formed, the addition of hyo.rogen 

to the pyrolysis could also cause increased yields of SiH4 • 

Recently, the kinetics of the pyrolysis of SiH4 in the tem­

perature range 375-430° has been examined, and on the basis 

of the data obtained" the presence of SiH2 : as a reaction 

intermediate was Postul~ted.134 It ia apparent, there,F) 
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that further studies of these reaction systems are neoes­

sary in order to elucidate the mechanisms of silane pyroly-

sis processes. 

Germane decomposes rapidly at temperatures above 

280 0 to form hydrogen, germanium, and in some cases solid ., 
germanium hydrides. 135,136,137 Similar~y Ge 2H6 undergoes 

pyrolysis at 195-2200 to produce GeH4, hydrogen and solid 

germanium hydride according to137 

----~) 1. 18GeH4 + 0.49H2 + 0.82GeHo.3 

Only one example of the synthesis of higher germanes from 

GeH4, pyrolysis has appeared. According to Drake and Jolly, 

less than 3% yields of Ge 2H6 and Ge3H8 are obtained when 

GeH4 is pyro1yzed at ca, 10-40 cm, pressure in a gas cir~ 

cu1ating system, Slightly higher yields were obtained at 

lower GeH4 pressures; however, product yields were still 

less than half that obtained using the ozonizer discharge 

techniQUe12l (see Section G), 

ShriVer and Jolly have reported that diarsine (AS 2H4) 

can be prepared by the passage of ASH
3 

over a 60-watt 

tungsten light-bulb fi1ament,l24 Using this method As2H4 
can be produced in a single passage over the filament 

(filament voltage ~ 60 V), in about 3,2% yield (based on 

the ASH
3 

consumed). 

The relatively low-temperature thermal decompositions 
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of P2H4 and AS 2H4 ar>e discu~sed in the following section. 

In a few cases ter>nar>y hydrides can be pr>epar>ed by 

the pyrolytic rea~tion of selected binar>y-hydride mixtures, 

An excellent example of this has been repor>ted by Timms, 

et al-, who have shown that a large variety of ternary 

silicon-ger>manium hydrides can be pr>epar>ed fr>om the py­

rolysis of silane-g~rmane mixtures. 79 The gener>al tech­

nique used in the syntheses is to ~iC~~ mixtures 

of selected silanes and ger>manes in a hydrogen str>eam 

through a 350-370° glass-wool-packed r>eactor (reactor> 

residence times of 0.3-0.6 sec. were found to be optimum). 

Using this method of synthesis and gas phase chromatography 

to separate the pr>oduct mixtures, the hydr>idesshown in 

Table I can be pr>epared. 
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Table I 

Te~na~y Hyd~ides P~epa~ed by Pyrolysis 

Majo~ Te~na~y 
Hydride Product 

Si2GeHS 
SiGe2HS 

iso- and n-Si
3

GeH1O 

iso-' and n-SiGe
3

HIO 

iSO~Si4GeH12 

n-Si4GeH12 
iSo- and n-Si

3
Ge 12 

Py~olysis Mixture 

Ge2H6 + Si2H6 
SiGeH6 + Ge 2H6 
Si3HS + Ge2H6 or' 

Si3HS + Ge3
HS 

SiGeH6 or SiGe2HS + Ge2H6 or Ge3HS 

n-Si4HIO and i-Si4HIO + Ge3
HS 

n-Si4HIO + Ge3
HS 

Si3HS + Ge 2H6 or 

Si
3

GeHIO + Ge3
HS 

The product yields in these syntheses are fairly low. 

From a single passage of an equimola~ Si2H6-Ge 2H6 mixture 

through the reacto~, Si2GeHS was obtained in an approxi­

mately 10,% yield (based on Si2H6 ). However, in the other 

syntheses, yields were less than 5% per passage. 

The mechanisms of the pyrolytic ~eactions are inter­

esting since ;it appea~s that GeH2 :) not GeH
3
' ~adicals are 

involved in the ~eaction p~ocesses. This conclusion is 

consistent with the fact that in all pyrolyses higher 

homologs of germanium are formed, but no changes in silicon­

chain length occur in going from the reactant to the product. 
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Thus formation of products would be expected to involve 

bond cleavage and radical formation according to 

instead of 

Silyl phosphine, SiH
3

PH2, can be prepared from the 

Pyrofytic reaction ot monosilane and PhosPh~ne.138,139 

A~cording to Fritz, the passage of about eight liquid mil~ 

liliters of an equimolar SiH4-PH
3

mixture through a 60-cm. 

reaction tube held at 500° results in the formation of one 

mI. of liquid product. Silylphosphine can be separated 

as a major component from this mixture of products. 138 

A possible mechanism for the formation of SiH
3

PH2 
from SiH4 and PH

3 
at 500°, which has been described by 

Fritz, is shown below. 140 

S1H4 ). SiH3- + H • 

H· + PH
3 ) PH2• + H2 

. SiH3- + PH • 2' > Si13PH2 

This mechanism is preferred because at tempe'ratures ~ 500 
o 

PH
3

:.decomposi tion is negligible . However, in view of the 

recent suggestion by Purnell and Walsh that silene radicals 
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(SiH2:) may be involved in the thermal decomposition of 

SiH4,134 processes involving the SiH2: species cannot be 

precluded . 

',,--
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I. Disproportionation Reactions 

Group IV· and V hydrides can in many cases be 

""' efficiently prepared from dispropo"tionation reactions. 

In fact several of the more classical methods of hydride 

synthesis, such as the preparation of phosphine from the 

reaction of elemental phosphorus with hot alkaline solution, 

involve reactions of this type. 

The disproportionation reactions are of two basically 

different types and are discussed in the sections which 

follow. The first reactions are those which are thermally 

induced. The reactions in the second section are those 

in which disproportionation occurs as a result of interaction 

with some other reagent. It should be emphasized that 

Group IV or V hydrides are produced in a large variety of 

disproportlonation reactions of hydride derivatives. 14l ,142 

For example, silane is produced in the disproportionation 

of silyl halides, according to 

(where X ~ F, el, Br, I) 

However, Since these reactions are not generally useful 

for the synthesis of hydrides, they are not included in 

the following discussion. Also, thermal decomposition 

reactions of silanes and germanes are omitted from this 

section primarily because of the apparent Similarity be-

~" 
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tween these reactions and hydrocarbon "cracking" reactions. 

Instead, they are discussed separately in Section H. 

Numerous reports of the preparation of phosphine from 
. . 0 

the thermal disproportionation of PhosphOIJ\US acid (H3P03), 

hypophosphorous acid (H
3

P02), phosphiteS or hypophosphites 

have been made, l43,l44, l45 The reactions of the acids can 

be represented as 

in which orthophosphoric acid. and phosphine are formed as 

the principal disproportionation products in each case. 

However, in the H
3

P02 reaction small quantities of red 

phosphorus, phosphorous acid and hydrogen are also formed 

as disproportionation products. 

The disproportionation of H
3

P0
3 

has been shown to 

be a particularly useful reaction for the synthesis of 

laboratory quantities of PH3.l46,l47 This method is highly 

desirable because of the simplicity of the reaction appa­

ratus, the ready availability of pure, crystalline H
3

P0
3

, 

and the high purity of the product. By simply heating 

crystalline H
3

P0
3 

at 205-210° for about thirty minutes, 

greater than 95% yields of PH
3 

(based on the equation in 

the preceding paragraph) can be obtained. l46 A trace of 

P2H4 is also formed in the reaction; however, this is easily 
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3 

by routine fractionation techniques, 

"Higher" phosphorus hydrides can be prepared from 

the thermal disproportionation o.f diphosphine (P2H4)~ 

Diphosphine decomposes in either the gaseous or condensed 

phase above -780 to form phosphine and a variety of higher 

hydrides, i,e" --

+ higher hydrides 

The composition of these hydrides or hydride mixtures de­

pends primarily on the temperature and duration of the dis ... 

proportionation reactions, Thus under mild reaction con­

ditions in which the products are removed from the reaction 

mixture as soon as they are formed, volatile hydrides of 

discrete molecular types can be obtained, It has been 

reported that the flow-pyrolysis of P2H4 in a tubular flow 

reactor at 127 0 results in the formation of phosphine, 

P2H2, and small quantities of higher molecular weight 

hydrides,l48 In a reaction more suitable for general 

synthetic use, Fehlner149 has reported that P2H4. can be 

converted in. nearly 50% yield during a 1 hr, reaction in 

a hot-cold~eactorI50· (hot wall ~t 70 0 
- cold wall at -63°) 

to a mixture of triphosphine (P3H
5

) and phosphine, Although 

not specifically established, it appears that this reaction 

may be represented as 
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Triphosphine is thermally less stable than P2H4' decompol!ling 

above -23 0 to form phosphine and an uncharacterized solid 

residue. Baudler and c·o_workers151 .. 152 .. 153 have also 

examined'the disproportionation of P2H4 and they have ob­

tained mass spectrometric evidence for the existence of 

extensive series of new hydrides of the types PnHn + 2 

(n = 3-7), PnHn (n = 3-10) .. PnHn _ 2 (n = 4-8), PnHn 4. 

(n= 6-9) and several others. At the time of this writing 

the experimental details of these syntheses have not been 

reported. 

If diphosphine is allowed to undergo disproportion-

ation under conditions which are relatively more vigorous 

than those in the above cases, solid higher phosphorus hy­

drides can be synthesized. Stock et al. 154 reported that 

yellow (P2H)x' which Schenk and Buck155 formulated as 

P12H6, and phosphine are the final products of the room 

temperature disproportionation of liquid P2H4, i.e., 

However, Evers and Street in a more recent report72 have 

found that a hydride of composition P12H6 is obtained only 

if water vapor is present during the disproportionation. 

Under strictly anhydrous conditions the hydride which forms 

has a higher P:H ratiO .. approaching a limiting composition 
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Solid phosphorus hydrides having P:H ratios greater 
l 

than P12H6 (2:1) or P
9

H4 (2,25:1) can be obtained upon mild 

heating of P12H6 or P
9

H4 , According to Stock ~e~t~a=1~.~56 
the thermal decompsition of P12H6 at 100°-230° results in 

formation of a red hydride of composition P9H2 (P:H ratio = 
4.5:1) and phosphine according to 

At a slightly lower temperature, 80°, Hackspilll57 prepared 

a'solid hydride of compOSition P
5

H2 from Stock's Pl2H6 , 

Although several workers have offered explanations which 

attempt to rationalize the composition of the lower phos­

phorus hydrides, 158, 159 the work by EVers and Street72 

seems to suggest that hydrides 'of pearly any composition 

can be obtained depending on the temperature and duration 

of the decomposition reactions, 

Since the solid phosphorus hydrides are amorphous, 

polymeric and generally intractable, they are of limited 

usefulness to the synthetiC inorganic chemist. For a more 

complete review of the chemistry of these hydrides and a 

discussion of th,e structures and bonding which must exist, , . 

the reader is referred elsewhere,7 2,143 

Diarsine (As 2H4 ) undergoes rapid disproportionation 

in the liquid phase at temperatu~es above -100°. Nast74 

. and Jolly et ~1.99 reported that warming AS 2H4 to room 

,.. 



.. 

UCRL-17760 

-59-

temperature results in the formation of arsine and a solid, 

polymeric arsenic hydride which appears to be (As 2H)x . 

No evidence for the formation of higher, volatile arsenic 

hydrides in these reactions was obtained, Upon heating 

above 150°, (AS 2H)x disproportionates further to form 

arsine, hydrogen and elemental arsenic as the final pro-

ducts. 

Bismuthine can be readily prepared from the thermal 

disproportionation of methyl bismuthines. According to 

Amberger,22 (CH3)2BiH and CH3BiH2 disproportionate above 

-15° and -45~, respectively, to form BiH3 and (CH3)3Bi as 

Amberger has also reported that plumbane is formed 

in the thermal disproportionation of methyl Plumbanes. 160 

At room temperature (CH3)3PbH and (CH3)2PbH2 decompose, 

presumably according to 
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Since these re~ctions proceed at temperatures at which PbH4 

undergoes rapid decomposition, the reactions are not gen­

erally suitable for the synthesis of PbH4 . 

Since the cnemistryof ternary Group IV and V hy­

drides has not qeeh studied extensively, only limited in­

formation concerning their thermal disproportionation 

reactions is available. However, it has been observed that 

SiH3 PH2 and GeH3PH2 decompose, forming PH3 and other un­

characterized prod~cts.l23 In the case of SiH
3

PH2, no 

appreciable decomposition is observed below 2000 Cj 

however, GeH
3

PH2 which is much less stable has been found 
, 

to decompose slowly at room temperature both in the gas 

and liquid phase. 

Chemical disproportionation reactions can sometimes 

be used to prepare Group IV and V hydrides, One of the 

foremost examples of a reaction of this type is the syn­

thesis of phosphine from the' reaction of elemental phos­

phorus (P4) with hot alkaline Solutions.l43,l44,l45 The 

principal reaction which takes place and which yields phos-

.phine can be written as 

Hydrogen is also formed during the reaction as a result 

of a competing process, 

... 
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and to a lesser extent as a result of deqomposition of 

hypophosphite by the alkaline solution .. 143 ~ .. 
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The greater the concentration of the alkaline solution .. 

the higher the PH3/H2 ratio will be, Traces of P2H4 
are also formed in the P4-hydroxide reaction, However .. 

its presence does not constitute a serious disadvantage 

since it can be easily separated from PH
3 

by fractional 

condensation. 

A procedure for phosphine synthesis based on the 

above reaction has been described ,73 It is claimed that a 

high yield of PH
3 

can be obtained from the reaction of P4 
with a concentrated KOH solution at 60° .. although the 

exact yield is not reported. In view of the relative 

complexity of this synthesis .. it is less desirable for 

most general laboratory syntheses than the previously de­

scribed H
3

P0
3
-disproportionation method. 146 

Phosphine can also be prepared from reactions of dry 

alkaline earth hydroxides (Mg(OH»2 1 Ca(OH)2 J and Ba(OH)2) 

with red phosphorus at elevated temperatures. According 

to natta .. 161 phosphine is formed in high yields (exact 

yields not reported) when 1:2 to 1:10 mixtures of phos­

phorus and the appropriate hydroxide are heated at tem­

peratures up to 300°, Highest product yields are obtained 
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with Mg(OH)2 and no P2H4 is formed in the reaction. How­

ever, with Ca(OH)2 and Ba(OH?2' lower PH
3 

yields and traces 

of P2H4 are observed. 

Tris-substituted Silyl phosphines can be efficiently 

prepared from unusual boron trifluoride-promoted dispro­

portionation reactions of mono-substituted silyl phos­

Phines,162~163 These reactions can be represented as 

BF3 
3 ?Si-PH2 ). ( ~ Si )3P + 2PH

3 

( .:::: Si- :::: H3Si- or H
5
Si2-) 

,/ 

Trisilylphosphine ((SiH3)3P) can be prepared in up to 90% 
yields from'the BF

3
- promoted disproportionation of SiH

3
PH2 

during an 8 hr. reaction at _78 0 ,162 Under similar con-

, ditions, 9 hr. at -78 0 followed by 2.3 hr. at -45 0
• 

Si2H
5

PH2 can be converted in greater than 9Cf/o yield to 
162 tris (disilanyl)phosphine (( Si2H5)3P) . In these reactions 

small quantities of what are probably intermediate dispro­

portionationproducts, i.e., (SiH3)2PH and (Si2H5)2PH, 

respectively, can be detected. 

Mixed tris-substituted silyl phosphines can also be 

prepared using the BF3- promoted disproportionation method. 162 

Co-disproportionation of a SiH3PH2 - Si2H
5

PH2 mixture 

-during a 17 hr. reaction at -78 0 yields (SiH3)3P, 
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,.... 
(SiH3)2PSi2H5" SiH3P(S12H5 )2. a.nd (Si2H5)3P, I ·Di·silylldi-

,.... 
silanyll,phosph1ne «SiH3)2PSi2H5) can be separated from 

the reaction mixture by low temperature column distillation, 

However" attempts to obtain pure SiH
3
P(Si2H5 )2 have been 

unsuccessful and the compound has not been adequately char-

acterized, 

Several experiments aimed at determining the mechanism 

of the silyl phosphine disproportionation reactions and 

the role of the Lewis acid therein" have been carried out. 162 

Reactions in which BC1
3 

or BBr3 were substituted for BF3" 

indicated that the presence of both uncoordinated and coordi-
........ ......... 

nated silyl phosphine (i.e,,, -;;Si-PH2 and -;SiPH2 BX
3

) is 

necessary for disproportlonation to occur. Disproportion­

ation of specifically deuterium labeled silylphosphine 

(SiH3PD2 ) yielded only isotopically pure (SiH3)3P and PD3" 

ruling out the existence of divalent reaction intermediates. 

A reaction schemej consistent with these observations can 

be written (for clarity SiH3PH2 is used as the example): 

(1) 

(2) 

Disproportionation occurs in steps (2) and (3) in processes 

which probably involve the elimination of PH
3

'(assisted by 

,. 



UCRL-17760 

.,.64-

BX3 ) simultaneous with the transfe~ of S~H3 groups, 

Sinc~ it" is" ndt unreasonable to expect that other 

tris-substituted ternary Group IV and V hydrides could 
. 

also be prepared using Lewis acid-promoted disproportion-

ationreactions l future studies in this area of ternary 

hydride chemistry could prove interesting. 
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J. Miscellaneous Methods 

Group IV and V hydrides have been prepared by 

several methods. wh~ch do not properly belong in any of 

the above categories. In some cases these methods are 

UCRL-17760 

interesting because of the unique chemistry involved. 

Others are significant because they represent the only ways 

known to prepare certain hydrides. The following sections 

are devoted to a discussion of several of these miscellaneous 

reaction types. 

1. Exchange Reactions. Recently Craddock et ale 

,reported the preparation of trigermylphosphine, (GeH3)3P, 

from an exchange-type reaction between (SiH3)3P and 

GeH3Br. 164 The product was described as being a relatively 

stable, low~volatility liquid at room temperature. Although 

a detailed account of the work was not given, the following 

equation for the reaction was suggested. 

It is interesting that Ge-P bonds can be formed in a reaction 

of this type since it indicates that (neglecting entropy 

effects, which should be small) the bond energy difference 

between the Si-P and Ge-P bonds is less than that of the 
:\f 

Si-Br and Ge-Br bonds,~, ~cal./mole.36 Application 

of this method to the preparation of other germyl phosphine 

systems will undoubtedly ?e the subject of further investi-
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gations. 

2. Amine-Induced Reactions. Evidence has been 

reported which suggests that silylphosphine and trisilyl­

phosphine can be prepared in low yields from reactions of 

phosphine and a trialkylamine silyl iodide complex" 

43 R3N'SiH3I~ (where R = CH3- or C2H5-). These reactions 

are particularly interesting since phosphine and silyl 

iodide by themselves do· not react to any appreciable 

extent. However" in the presence of a tertiary amine 
( i 

reaction proceeds andiproducts are formed. 

Unfortunately, it is difficult to discuss the mech~ 

anisms of these amine-induced reactions in detail for two 

reasons: 1) insufficient data are available to establish 

the reaction stoichiometry, and 2) the structure of the 

trialkylamine silyl iodide complex, R
3

N. SiH3I, has not been 

firmlyestablished. 141 It seems possible that theprinci-

pal role of the amine in these reactions is to remove HI 

from the reaction system 

+ HI 

thereby preventing HI from reacting with SiH
3

PH2 and simply 

r7(0rming the starting materials, Uncoordinated SiH3I 

could result either from partial dissociation of the complex 

R3N • SiH3I or from a disproportionation of the type 
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2 R3N • SiH3I -) SiH3I2NR3 + SiH3I 

described recentl~ by Campbell-Ferguson and Ebsworth. 165 

It also seems possible that if R3N • SiH3I has the quaternary 

amine-type structure J R
3

NSiH
3
+I-, the SiH

3 
group may have 

greater Lewis acidic character than uncoordinated SlH3IJ 

thereby facilitating reaction with phosphine. Future studies 

of these amine-induced reactions will undoubtedly prove 

interesting. 
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3. Cleavage of Silicon-Phosphorous Bonds. Phosphine 

c~n be prepared in high yields from reactions between 

silyl phosphines ~nd water l22 or hydrogen halides.138~128 
Recently, it bas been f<Dund that partial hydrolysis of tri­

silylphosphine, (SiH3)3P, also yields disilylphosphine, 

(SiH3)2PH, and silylphosphine, SiH3PH2.166 These cleavage 

reactions can be represented by the following general 

equation. 

- ' ,. " -Si-P + H-X ) -Si-X + -P,...H 
/' ,. ~ 

(wh,ere Hr-X = H-OH.. H-CI .. , H-Br) 

Theadvantag~ of the above reactions to sy~thetic 

work lies not in the large-scale preparation of phosphines 

and silyl phosphines but in the synthesis of specifically 

isotopically-labeled products. For example .. cleanly~labeled 

Silylphosphine-P-d2.. SiH
3

PD2, can be prepared by the con­

'trolled deuterolysis of (SiH3)3P, Although' (SiH3)2PD 

from this reaction was not fully characterized.. it undoubtedly 

forms prior to SiH3PD2 in a stepwise deuterolysis scheme: 

Cleavage reactions of this type may also be useful for the 
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synthesis of specifically-labeled phosph1nes, ~, 

PH2D, PHD2, ,etc. Thus .. hydrolysis or deuterolysis of the 

appropriately substituted silyl phosphine, 

2SiH3PH + D20 --~~ (SiH3 )20 + 2PH2D 

2(SiH3 )2PH + D20 --.,) (SiH3 )20 + 2PHD2 

would yield the desired products. 

" 
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4. Photochemical Reactions. Several Group IV hydrides 

have been prepared using a mercury-sensitized photochemical 

technique, A sensitizer is necessary to promote the reactions 

because simple hydrides are generally insufficiently "exc;1.ted" 

through the absorption of ultraviolet light to dissociate 

into radical species. Using this method the hydride or 

hydride mixture containing the sensitizer (Hg), is irra­

diated with 2537 AO (Hg source) light, Absorption of 

energy by mercury results in the formation of lIexcited" 

atoms which in turn decompose the reactant(s) to radicals 

through collision processes, Subsequently, through various 

combination and/or abstraction reactions of these radicals, 

the final products are formed, The over~all photolysis 

reaction can be represented as 

Hg(lSo) + hv } Hg * (3Pl ) 

Hg*(3Pl ) + MH4 ) Hg(lSo) + MH3• + He 

MH3 • + MH • 3 
) M2H6 

H • + M2H6 ) M2H5~ + H2 

MH3 • + M2H5 • ). M3H8 

Silane, germane, and germane-silane mixtures may be 

converted in low yieids (.(,10%) to disilane,167 ,168 di~ 
germane,169 and germylsilane,170 respectively, 'Hydrogen, 

". 
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small amounts of volatile higher hydrides l and polymeric 

residues are also formed in the reactions. Small amounts 

of higher silanes,are also produced from mercury-sensitized 

irradiation ofSiH4-hydrocarbon mixtures. 132 In the 

example reported l the hydrides were irradiated in static 

reaction systems and steady-state concentrations of pro­

ducts were obtained with irradiation times of one minute 

or less. Therefore l it has been suggested l70 that the use 

of a flow system reactor might result in increased product 

yields and make the mercury-sensitized photolysis technique 

more practical for general laboratory synthetic work. 



. ! 
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.5. Alkali and Alkaline Earth Metal Hydride Reductions. 
.' , 

Several reports of the syntheses of Group 'IV and V hydrides 

by the reduction ?f halo compounds by alkali- or alkaline ~ 
metal hydrides have appeared. According to Finholt, 

et al.; SiH4 can b~ed in up to 89% yields from 

the room-temperatureAof SiC14 with LiH in diethyl ether. 

For optimum yields a three to four-fold excess of hydride 

is required. Silane has also been prepared from the 

reaction at 250 0 of SiF4 with CaH2 in the absence of sol-
, \11., 'l1~ 
vents, Finholt et al. also prepared SnH4 from the reaction 

of LiH with SnC14" In this case less than a 1% yield was 

obtained. l 

Phosphorus tribromide can be reduced in 100% yields 

by LiH in diethyl ether to yield a solid phosphorus hydride, 

(PH)x according to, 

PBr
3 

+ 3LiH --o-o--t) (PH)x + H2 + 3LiBr 

However, with PC13, small quantities of PH
3 

were also ob­

tained. Q20 
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6. "Active" Phosphorus. It has been reported that 

phosphine can be prepared from reactions of "active" 

phosphorus with hydrogen-containing compounds l73 in 

reactions analogous to those observed for "active" nitro­

gen.174 The "active" phosphorus is obtained by passing 

phosphorus (P4) in a carrier gas (argon) through a con­

densed discharge apparatus. When this mixture is allowed 

to react with hydrocarbons l ammonia l or hydrazine l phos-

phine is produced as the major product. The yield of pro­

ducts from these reactions was not reported although it 

might be expected that the over-all yields are relatively 

low. Since the exact nature of the "active" phosphorus 

species is not known)a detailed discussion of the reactions 

is not possible. However, the reaction system is interest-

ing and will undoubtedly be further investigated. 
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7. Active Metals in Non-Protonic Solvents. Active 

metals, in the absence of protonic solvents, have been 

shown to react Wi~h silyl halides to form a variety of si­

licon hydrides. The most useful reaction of this type, 

namely the Wurtz-Fittig coupling of SiH3I to yield disilane,113 

has been discussed in a previous section. The remaining 

reactions of these types yield silane and/or solid, poly-

meric silicon hydrides as the principal products. Thus, 

the reactions of SiH Cl 114 SiH Cl 175 and SiHC1
3

176 with 
3' 2 2' 

alkali metals (sodium) yield silane, in some cases hydrogen, 

and solid silicon hydrides having compositions intermediate 

,between (Siij)x and (SiH2 )x' Similarly, magnesium reacts with 

SiH3Brl15 or SiH3Il13 in isoamyl ether to form silane, 

hydrogen and varying quantities of polymeric hydrides. 

Recently, it has been found that a solid silicon hydride 

of discrete composition, (SiH)x' can be quantitatively 

prepared from the room' temperatu're reaction of SiHBr
3 

with 

magnesium in diethyl ether, ~, 

2SiHBr
3 

+ 3Mg 

It is reported that SiHC13 reacts similarly, but much 

slower to yield (SiH)x. 177 Tpese latter reactions are par­

ticularly interesting because they appear to be unique 

syntheses for pure, (SiH)x silicon hydride. 
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8. Hydrolysis of Phosphonium Halides. Phosphine 

can be conveniently prepared from the alkaline hydrolysis 

of phosphonium bromide (PH4Br) or iOd~ (PH4I).144,178 

(where X = Br or I) 

A reliable synthesis based on the hydrolysis of the latter 

halide, PH4I, has been reported. 73 According to this pro­

c~dure a 33% (by weight) solution of KOH is added drop­

wise to solid PH4I at room temperature, producing PH
3 

in 

greater than 95% yield. The main advantage of this pro­

cedure over most others which can be used for PH
3 

synthesis 

is that if the reaction is carried out by adding the KOH 

solution at a dropwise rate, the product 1s formed free of 

P2H4 contamination. However, if the KOH is added rapidly, 

it is reported that small quantities of P2H4 are formed. 
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9. Synthesis in a Molten Salt Electrolysis Cell. 

One of the most technically interesting methods of carrying ,r 

out ,a lithium hyd~ide reduction of SiC14,in order to pre-

pare SiH4 , has been reported by Sundermeyer and Glemser. 179 

This method involves the synthesis of silane in a molten 

salt electrolysis cell, in which the hydride reducing agent 

(LiH) can be regenerated after reduction of the SiC14. 
Using this process SiH4 can be continuously prepared in 

the same reaction apparatus. In the first step of the 

synthesis, LiH is dissolved in a molten salt LiCI-KCl 

eutectic mixture (58.3% LiCI) which is contained in a 

specially constructed electrolysis cell. Silicon tetra­

chloride is then introduced into the cathode chamber of the 

cell and formation of SiH4, according to 

4LiH + SiC14 --~) SiH4 + 4L1cl. 

occurs. Upon ,completion of this reaction, current (~. ' 

.4'V., 32 A.) is passed through the cell for several minutes 

causing the processes 

+ e _~) LiD and, 

Cl ---~) e 

to take place at the cathode and anode, respectively. 

During this electrolysis chlorine is removed continuously 

from the anode chamber. Hydrogen gas is then passed into 
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the cathode chamber" bringing about the reaction 

---~) 2LiH" 

in which LiH" required in the original synthetic reaction 

is regenerated. According to the authors" by simply re­

peating the above sequence of reactions" a semicontinuous 

process of SiH4 production can be achieved. Using this 

method silane can be produced in greater than 70% yields 

(based on Si014 consumed). 
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10. Reduction of Silica with Hydrogen and Aluminum. It 

will be noted from Table IV that the hydrides whi~h are under 

consideration in this chapter are thermodynamically unstable 
,-

with respect to the elements. Thus it is impossible to prepare 

any of the hydrides directly from the elements (e.g., silicon 

and hydrogen) under ordinary conditions. Because of the great 

,stability of the oxides of the elements of Groups Wand Jl, it 

is even less possible to prepare the hydrides by reduction 

with hydrogen of the corresponding oxides. However, when an 

electropositive metal such as aluminum can enter into the 

reaction, the conversion of an oxide to a hydride is possible. 

Thus Jackson et !!l.180 have prepared silane in_ conversions up 

,..-'" to 80% from silica and silicates by treatment with super-
'---.... 

atmospheric-pressure hydrogen in the presence of aluminum 

and aluminum chloride. Aluminum and hydrogen alone do not 

hydrogenate si1ica; an aluminum halide must be present for 

the over-all reaction. 

To provide a liquid reaction medium, a molten salt mixture 

(m.p. 120°) composed of 63 mole % AlCi 3 and 37 mole % NaCl 

is used. The reaction rate is negligible below 800 0 at 
t 
amospheric pressure, and above 8000 silane decomposes too 
;\ , 

fast. However, the rate is strongly dependent on the hydrogen 

pressure. Thus, using reaction times around 10 hr., silicon 
ni ~OA_ 

converSiOn/(~ from 0% at 1 atm. to 10% at 100 atm. to 76% 

at 900 atm. 



UCRL-17760 
""79-

It is believed that the reaction mechanism of this 

silane synthesis involves the formation of a volatile aluminum 

chlorohydride intermediate, AIClnH3_n • For example, 

1 2-:-} 
H2 + 3 AIC1 3 + "3 Al ~ AIClH2 

/'\ 
The AICl~ H3- n intermediate is the active hydrogenating agent: 

2 AIClH2 + Si02 ~ SiH4 + ~(AIOCl)x 

Although,the above reaction results .in the efficient 

synthesis of high-purity silane, the high-pressure equipment 
'JA-

which is required tends to precludeAusefulness for small-

scale laboratory preparations. The method appears to be most 

useful for large-scale laboratory or industrial applications. 

Presumably it can be extended to the synthesis of other 

hydrides of Groups IV and V. 
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11. Atomic Hydrogen Reactions. Reactions of atomic 
,(.' 

hydrogen with Group IV or V elements (or compounds) can in 

many cases be used to prepare Group IV or V hydrides. The 

react ton type is general and at least one example of hydride 

formation for each of the elements can be found. However, in. 

splte of the generality of the method it should be emphasized 

that tn most cases these reactions are impractical for routine 

laboratory syntheses. This is due to the generally low yields 

and the fact that the reaction apparatus is often not simple. 

Atomic hydrogen' react:l,.ons are usually carried out by 

bombarding an appropriate Group IV or V target surface with 

a stream of hydrogen atoms. If the product is volatile it 

may then be swept from the reactor by the hydrogen stream 

into an appropriate product trap. On the other hand, if 

the product is a non-volatile, polymeric hydride it is left 

at the target surface until the end of the reaction. 

Atomic hydrogen can be produced by many techniques. 

!TewQve;~. For the reactions ci ted be low, it has been produced 

from molecular hydrogen in one of the following ways. 

(a) Discharge Method: A stream of hydrogen at low pressure 

is passed through a high voltage discharge tube (either silent 

electric discharge or electrode type, ca. 3-10 kv) in which 

case fractions of the H2 tno.lecules are dissociated to hydrogen 

atoms. Thi's method was first reported by Wendt and Landauer18l,lEe 

who erroneously characterized the active hydrogen species as 

triatomic hydrogen (H
3

).18l,182,183 However in later work, 
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Wood l84 and Bonhoeffer l85 demonstrated that the active species 

in this reaction is indeed atomic hydrogen (H'). The dis-
OJ'\R. 

charge apparatuses used in most reactions ~AbaSiCallY ~ 

modificationsof the original units, and are often referred 

to 'as Wood-Bonho~ffer discharge tubes. 

(b) High-Temperature Dissociation: In this method a stream 

of molecular hydrogen is passed through a hot zone (~;& a high 

density arc)186 at a temperature greater than 1000Q, at which 

point significant dissociation of hydrogen molecules to atoms 

occurs,l8? Based on a heat of dissociation value of 98 kcal./ 

mole for the dissociation of H2 into H atoms, Langmuir has 

shown that at 5000° K, H2 should be greater than 94% disso­

ciated ,188 Although the heat of dissociation of H2 is now 

known to be slightly greater than 98 kcal./mole, it is clear 

that at high temperatures hydrogen streams containing fairly 

high concentrations of H atoms can be obtained. 

(c) Photochemical Dissociation: If molecular hydrogen is 

irradiated with 2537 It' light in the presence of mercury ~ 

vapor, significant dissociation of H2 into H atoms can be 

effected. 189 ,l90 This technique, often called mercury­

sensitized photolysis, has been used in several instances to 

produce hydrogen atoms ,for hydride synthesis, For additional 

discussion of mercury-sensitized reactions see the section in 

this chapter entitled Photochemical Synthesis, 

Several examples of the formation of phosphorus hydrides 

using atomic hydrogen reactions have been reported. Phosphine 
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has been prepared by the action of hydrogen atoms on elemental 

PhosPhorus 187 ,191,192,193 and phosphorus pentoxide. 192 ,194 

Traces of P2H4 were observed among the products of the reaction 

of atomic and mo1~cu1ar H2 with red phosphorus. 193 A solid 

polymeric phosphorus hydride was reported from the reaction of 

~ 195 atomicj\l( v/ith PH3; however, more recent work indicates that 

red phosphorus and H2 are the actual products which form. 193 

~~e formation of arsine from reactions of atomic H with 

arsenic has been reported in several cases. 187 ,192,196,197 

Also, atomic .~ with arsenic pent oxide to form a 

v'olati1e product 198 which is probably arsine. 2.79 In all cases 

the product yields were low, clearly ma~ing the reactions 

unsuitable for general synthetic use. 

Two ref.~f~~~~ the preparation of stibine from the reaction 

of atomic M~th~~timOny have appeared although neither in­

vestigator adequately characterized the product. 187 ,199 How-

ever, it is reasonable to accept their assumptions since 

stibine is the only volatile antimony hydride stable enough 

to be handled under their reaction conditions .• 

There is evidence which suggests that bismuthine is 

formed in the reactions of atomi~~ bismuth. 187 , 194~ 197,200~201 
1\ 

However, since the hydride has not been isolated and character-

ized in any of the reactions, the exact nature of the species 

produced may be subject to question. 

Of the Group IV hydrides described in this section, the 

hydrides of silicon and germanium are known to be the most 

stable. However, relatively little information concerning the 

't. 
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synthesis of these hydrides has been reported. Hiedemann 

has presented evidence for the formation of a silane(s) 

(silane o~disilane) as a result of the reaction of atomic 

H with what appears to be the glass walls of the electrical 

discharge tube. 202 ,203 

reportedly formed from 

Volatile hydrides of germanium are 
4od.J'l~ . 

atomic~' - germanium reactions, but 

again, as with the silanes, no definite hydride was identified. 

In view of the lack of information concerning the formation 
~~ 

of silanes and germanes in atomic~X reactions, it is clear 

that additional studies of these reactions would be inter-

esting. 

It seems certain that stannane is produced in reactions 
~. 187 204 

of atomic J\'i wf'th tin ' and ~t has been proved that SnH4 
~~ 205 is .formed in reactions of atomic AX with stannous chloride 

and stannic chloride. 206 The latter case represents one of 

the few examples where the product yield from an atomic :s ~~ 
reaction has been reported. As a result of a I-hr. reaction 

of atomi~ 1.5 g of SnC14 (SnC14 maintained at -195° 

during the reaction), 30 to 90 micrograms of SnH4 could be 

obtained. 

Evidence for the formation of a volatile lead hydride, 

probably PbH
4

, during ~eactions of atom~~~th lead20~207,208 
and lead chloride208 has been presented. However, in a more 

recent study Wells, and Roberts have shown that a solid hydride 
~~~ 

of compositlon PbHO•19 is the only product of the atomic,,"-

lead reaction. 209 In view of this more recent data, the 

conclusions of the early workers must be accepted with some 

reservations. 
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l~. Solvolysis of Lower Oxides. Timms and Phillips209a ~ 

observed that when silicon monoxide wa~ treated with 10% aqueous 

hydrofluoric acid it,dissolved completely with evolution of hydrogen 

and volatile silanes. Mono-, di-, tri-, iso- and .!l.-tetra-, iso- and .!l-penta-,~ 

and'iso- and n-hexasilane were identified in the mixture of silanes. - ~ 

Yields of 9-24% were observed. Germanium monoxide was found to pe 

almost insoluble in 10% HF. However, by condensing the vapors of SiO 

and GeO together on a cold finger, a solid was obtained which gave 

si1anes J silicon-germanium hydrides, and germanes with 10% HF. 
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Recommended· SYnthetic Methods for Binary Hydrides 

(References given in parentheses) 

Large-Scale Synthesis 

SiH4 + silent discharge 

or 

LiAIH4 + Si2C1 6 

SiH4 + si~ent discharge 
or 

Mg
2

Si + H+ 

GeH4 + silent discharge 
or 

Mg
2

Ge' + H+ 

GeH4 + silent discharge 
or 

Mg2Ge + H+ 

6 -=--> 

(210 ) 

(118,119) 

(1) 

(118,119) 

(59,61) 

(29,34) 

(119,121) 

(65) 

(119,121) 

(65) 

(210 ) 

(34) 

(70) 

(146) 

Small-Scale (one-shot) 
Synthesis 

(14) 

(1) 

LiAIH4 + Ge02 , (213) 

(65) 

(210) 

or 

> (146) 
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PD b , 3 

BiH a 
3 

,.86-

Large-Scale Synthesis 

LiAlD4 + PCl3 
or 

Ca 3P2 
+ D+ 

ca 3P2 + H+ 

P2H4 
l':. .> 

or 
Mg·3P2 

+ H+ 

H3As03 + BH4; - + H+ 

LiAID4 + AsCl 3 

ASH 3 + silent dischar~e 
or 

arsenide + H+ 

Mg3As2 + H+ 

H3Sb03 + BH4 - + H+ 

LiAID4 + SbCl3 

- H+ H3Sb03 + BH4 + 

LiAIH4 + BiCl3 
or 

"Mg Bi Ii + H+ 
3 2 

UCRL-17760 

Small Scale (one-shot) 
SyntheSis 

(20 ) 

(72) 

(72 ) Ca 3P2 
+ H+ (72 ) 

,+~ 
(~02 ) 

' (83) 

( 34) H3As03 + BH~ + H+ (34) 

(21 ) 

( 99,124) 

(74) 

(83 ) 

( 34) H3Sb03 +,BH4 + H+ (34) 

(21 ) 

( 32) 

(22) 

(70 ) 

aThe syntheses of these ~ unstable hydrides are very inefficient, 
and ~ small yields are obtained even when large amounts of reactants 
are used. Consequently it is pOintless to recommend "Small-Scale" 
syntheses for these hydrides. 
b ' Generally, the deuteride can be pre~ared by using the corresponding 
deuterated reagents. In some cases (indicated in the table) it is 
more economical to use a different· procedure. 

.. 

~ 

,,' 
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Table III 

Recom~ended Synthetic Methods for Ternary Hydrides 

Hydride 

other 

SA 14 3 $.,..,H 3 

SiH3PH2 

Synthetic Method 

or 

SiH
4 

+ GeH
3 

+ silent discharge 

SiH4 + GeH4 + silent discharge 

or 

+ Mg-Ge-Si or Ca-Si-Ge alloy + H 

. Li 01\-\4 + S;..~3~tQ3 

SiH4 + PH3 + silent discharge 

or 

!:::. > 

SiH4 + ASH3 + silent qischarge 

UCRL-17760 

References 

44 

125 

126 

79,81 

2.\3 (l... 

127,122 

128 

128 

38,39,40 

162 

162 

127 

39,41 
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Ge
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GeP2H6 
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Synthetic Method 

SiH3Br .+K3Sb 

L; QHL1- + ~ tQ~ ~c.o.3 
GeH4 + PH3 + silent discharge 

or 

GeH4 + PH3 + silent discharge 

GeH4 + ASH3 + silent discharge 

or 

UCRL-17760 

References 

39,42 

2\30_ 

127 

82,83 

127 

164 

127 

82,83 

82,83 
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, 
III. Recommended Procedures 

In Tables II and III we have listed what we believe 

to be the best kno~n methods for the preparation of the 

volatile hydrides. The methods listed are not always 

those with the best yield. Thus in some cases we have 

recommended methods which" although not as efficient as 

others, are reasonable compromises of efficiency, economy, 

and simplicity. Sometimes an experimenter needs only a 

small amount of a particular hydride, and is willing to 

use a relatively inefficient but simple preparative method 

if he can thereby avoid the use of unusual apparatus or 

reagents. In Table II, we have listed our recommendations 

for such "one-shot" syntheses. In the case of the very 

unstable hydrides, the higher silanes and germanes" and 

some of the ternary hydrides, we have of necessity listed 

methods which are extremely inefficient. These are areas 

for future synthetic research. Such compounds will never 

receive the extensive study they deserve until decent , 

synthetic methods are developed. 

Generally the volatile deuterides can be prepared 

by replacing the appropriate reagents with the correspond-

ing deuterium compounds. In some cases, such procedure 

is very inefficient and expensive, and special synthetic 

procedures must be used. Such cases are indicated in 

Table II. 
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~v. Ph~sical Properties 

The hydrides are arranged in Table IV in the following 

order: binary Group IV hydrides J ternary Group IV hydrides J 

and binary Group V hydrides. Ternary Group IV-Group V 

hydrides are considered to be derivatives of Group V 

hydrides and are located accordingly. 

The thermodynamic functions at 25°C are for compounds 

in their most stable state at that temperature. The various 

functions are expressed in the following units: 6Hf o J 

- -1 ° -1 ° -1-1 kcal. mole ; 6Ff J kcal. mole ; 8 J cal. deg. mole ; 

Cpo J cal. deg. -1 mOle-I; 6Ho (fusion), kcal. mole-I, and 

68° (fusion)J cal. deg.- l mole.- l 

When knownJ vapor pressures for the following "slush 

bath" temperatures are tabulated: 

ice-water 

chlorobenzene 

chloroform 

Dry Ice 

carbon disulfide -111.6° 

The reference numbers are italicized and in parentheses. 

~."", ~ ~ ~ (WI. IU~ -.to. s~ ~M:o-. . 
~ -w-Le-l ~~evl ~ AA;L ~. 



.; . 

]\1eltlng 
:point,CO 
i6Ho (fu" 
i sion )and 

Thermo- :6S ° (fu­
dynamic 'sion) 

. functions '!Then 
Compound' at 25°C : lmm-m 

SiH4 

SiH3D 

SiH2D2 

SiHD3 

SiD4 

t.H~=7.3 
.I. 

; ( 37) 

SO= 
48.7 
(~11.) 

C 0= 

p 
10.24 
(217) 

1-185 
I ( 214 ) 

t.HO(fu­
ision )= 
:0.159 
1(217) 
1--' 

I 
I
I t.S ° (fu-
sion)= 

11.80 
1(217) 

! 

-186.4 

( 224b) 
(225) 

Table IV 
Physical Properties of the Hydrides of Groups IV and V 

I Density 
of 
Liquid 
(OC) 

0.68 
( -185) 
(214 ) 

Vapor Pressure 
Equation for 
Liquid 
log Pmm = 

-645.9/T + 
6.881 
(215 ) 

,~ nm.~ 

~'k 
C-tLf' T 

Vapor 
pres-
sure 
mm.Hg 
slush 
bath) 

781 
(CS 2 ) 
(215 ) 

(1) 

' Boil-
ing 
point, 

, °c 

-111.4 

(216 ) 

t.Hoof 
vap'n 
at 
b.p. 

2.9 
(217) 

t.S ° 
of 
vap'n 
at 

• b.p. 

18 
(217 ) 

i 

1 
I 
I 
i 
\ 
i 
i 
i. 

.. 

Spectral Dat-::, 

z 
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Melting 
polnt,OC 
LiliO(fu-

• sion)and 
Thermo- ! t::S ° (ftr 
dynamic : sion) 
functions: vThen 

Compound at 25°C known 

Si
2

H
6 

S12D6 

S13HS 

S1.3DS 

, 
i ,0 

: &If =17·1 ! -129. 3b 

: (224) 

I 

i 
i 

± 0.3 

( 37) 
I 
I 

1-130 . 0b 

Im~l 
I 

tilif(g)= \-114.S 
25.9 I (22S), 
(22S) I 
- I 

I 
'1-116.Sb 

(224) 

n-S14 HJ.0 )1 

I! 0 

\
-SS.2 
(79 ) 
\-

!l' ~Hf( 1)= I 
; 70.4C 

180- : (211) 
S14HI0 ; 

i 

I 
I 
I 

~, 

Table IV (Continued) 

; 

Density 
of ' 

I 
• 

Liquid 
(OC) 

1 0.6S6 

i ~ ~i~ ~ \-
I 
I 

I 

I 

h 
II 

0.725 
(0 ) 
(229) 

I 
I 
i 

i 
I 
I 

Vapor Pressure 
Equation for 
Liquid 
100' P 

o mm 

-1342/T+12.918 
-2.01 log T 
(215 ) 

-1910/T+16.319 
-3.02 log T 
(215 ) 

-12S1. 7T+13. 7260 
+9.6389 log T 
-0.011267T 

(225) 

n 
i>0.79 
i i (0)<: 

J (229) 

~ ij -2594.5T+20.1S6
c 

I (215) 

I 
i 
I 

I 
I 
i 

Vapor 
pres-
sure Boil-
mm.Hg :ing 
(slush t'0int, 
bath) ; C 

I 

26 ( C ~) ;-14 .2 
(123) i(216) 

I 
I 

1-~6 .4 
1(216 ) 

I 
94(H20) !5'3. 0 

(59) 1(59) - I-

10.0+ 
1.0-

I 

I 
I 

(H2 0) 

( 120) 

;j 

H 

ca .15 if~t~~ 
TH2 0) . !i( 57) 

(120) r 

I 
I 

2 

Spectral Dc.La 

,t§3 ° 
mO of of :z; 

vap'n ;vapln ~ 
at at ct: 
b • P .b • P • 0:; 

0:; 0:; 

H ~ 

if) 
if) 
ct: 

""" 

5.2 120.1 i . 
(217) .(217) :(226)(226)(227)(32) 
- - ;~:~<\.--
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(217) (217) 

I i 
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I I I , 
I I 
j i 
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I I 
i ! 

.( 2 30 );( 118 )( 120) (231) 
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<i • 

Thermo­
dynamic 
funct:i.ons 

Compound at 2SoC 

Si4DI0 

n-S1 51\2 

i 
lso-SisHJi 

GeH4 l':.Hf= 

21.6 
( 37) 

6.F 0 = f 
28+4 
(238 ) 

SO= 
46.56 
(232 ) 

Co= 
P 

10.76 
(239 ) 

Melting 
pO:int,OC 
l':.HO(fu­
sion)and 
l':.SO(fu­
si on) 
vThen 
kno1tTn 

: -89 .5b,c 
i (224) 

-138 
(79) 

-74.5 
CI~) 

, -165.9 
, (232) 1-
!l':.HO(fu­
I slon)= 
10.200 

(232 ) 

l':.SO(fu­
sion)= 
1.86 
(232 ) 

Density 
of 
Liquid 
( ° C) 

1.523 
(-142 ) 
(233 ) 

Table IV (Continued) 

Vapor Pressure 
Equation for 
Liquid 
log P = mm 

-6011.2/T + 
139.953 
-51.3041 log T 

+ 0.029211 T C 

(225) 

-722.255/T + 
3.551 
-1025 log T 

-0.0063106 T 
(234 ) 

Vapor 
pres-
sure 
mrn .Hg 
( s lu sh 
bath) 

182 
(CS 2 ) 

!(!)tB~ 

I 
I 

I 
i 
I 

I 

I 
I 

Boil-
ing 
point, 
°c 

-88.51 
(234 ) 

l':.Hoof 
vap'n 
at 
b .p. ' 

3.608 . 
(234 ) 

l':.Soof 
vap'n 
at 
b.p. 

18.19 
(215 ) 

~. 

3 

Spectral Data 

:z 
c:t; v_ 
~ p:; r::: r:..-: 
c:t; ~ <: p:: H -. ':":-

, 
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Table IV (Continued) 

Thermo­
dynam:Lc 
functions 

Melting 
pOint,OC 
6.HO(fu­
's:i on) and' 
6.S0(fu- Density 
sion) of 
'rThen Liquid 

Vapor Pressure 
Equation for 
Liquid 

Compound at 25°C Immm (OC) log Pmm = 

GeH3D 

GeH2D2 

GeHD 3 

GeD4 

Ge 2H6 

Ge 2D6 

i 
I 
1-166.2 
j (69) 

I 
I 
I 

:~Hf(g) i-l09 
=38.7 + I (65) 
0.3 - I 
(37) I 

- I 

I 
i 
I -107.9 
I (~) 

I 
I 
I 
I 
I 

.; 
" 

I-I - 1 
I ' 

I 
I 
i 
I 
I 

i 

I 
! 
i 
I 

I 1.684 I 

(-160.5) 1 
(69) I 
- I 

1.98 
(-109) 
(65) 

I 

-818.4/T + 
7.327 
(~) 

-1556/T + 
12.986 
-2.0 log T 
(215 ) 

2.184 I -1417.0/T + 
(-106.4) I 7.579 
(~) I (~) 

Vapor 
Pres-
sure 
mm.Hg 
( s lu sh 
bath) 

186 
(CS2 ) 

(210) 

236.5 
(H2 0) 

( 37) 

Boil-
ing 
point, 
°c 

-8.9.2 
(~) 

29 
(65) 

28.4 
(69) 

;6.S ° 
' 6.Hoof • of 
vap!nvap!n 
at at 

!b.p. :b.p. 

3.744 120.3 
(69) !(69) 
- I-

i 

6.0 119.8 
(217) (217) 
-I-

I 

I 6.483,21.2 
(69) 1(69) - 1-

~ 

Spectral Data. 
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~' ~ 

,Thermo­
,dynamic 
i functions 

Compound at 25°C 

Ge 3
Ha 

Ge 3Da 

11-Ge4I1o 

1so­
Ge

4
H10 

Ge 5H12 

S1GeHS 

:IlHf(g)::: 
i 53.6 
1 (228) 
I-
i 
i 
! 
I 

I 
I 
I 
I , 

I 
I 
llHf(g)::: 
27.a 
(244) 

llHf(g)::: 
7.5d 

(245) 

I 
I 
f 
! 
I 
I 

! 
I 

Melting 
pOint,OC 
llHO(fu­
sion)and 
118 ° (fu­
sion) 
'lrhen 
knO'lTn 

-101. 8 
(228) 

-100.3 
(~) 

!-119.7± 
10.2 
! (125) I-
I 
I 

\ , 
I 

I 
i 
I 
I 

I 
I 

I 
I 
I 

Density 
of 
Liquid 
(OC) 

2.20 
(-105) 
(65) 

2.618 
(-99.9) 
(~) 

,-

Table IV (Continued) 5 

i 
I 

Vapor Pressure 
Equat ion for 
Liquid 
lop' P ::: 

G mm 

-2153/T + 
16.286 
-3.02 log T 

(215 ) 

-1721.5/T + 
7.367 
(~) 

il-l714.6/T + 
i ~ 6. 692 C 

1 J (68) 

I 
I 
I 
I 
I 

I 
I 

-la05.8IT + 
6.449c 
(68) 

-1307.06/T + 
7.54701 
(125) 

Vapor 
pres­
sure 
mm.rIg 
(s lu sh 
bath) 

Boil- llHoof 
ing vap' n _ 
point, _ at 
°c b.p. 

113° 
of 
vap'n 
at 
b.p. 

13.9 110.5 
( H2 0), (e st. ) 
erg) . (65) 

7.7 20.0 
( 2 1 7) : (2 17) 

7.0 
(C02 ) 

(125) 

110.5 
(est. ) 
(~) 

]176.9C 

>(est.) 
J (68) 

234c 

(e st . ) 
«(;8 ) 

7.0 
(125 ) 

7.876 
(~) 

7.842 c 

(68) 

; 20.5 
(~) 

1 

I 

i 

I 
- ( 

I 
! 

8.260c: 
(68) : 

! 
i 
I 

6.00 
(125) 

\ 

I 
i 

! 21.3 f 
l (125) ; 1-, 
I . 
I J 

I ! 
r ! , , 
I ' 
i 

S pe r; t ra.l J~.~ .. ~. 

z 
~ 
o:x: 
0:: 

0:: 

':-1 

~ 
C' 
~ 

<' 

( 121 ) ( 121) ( 32 " 
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( 121)' ( 121) ( 1211 -,--
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(121 (121)( 12 1 ) --.-
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i , 

( 125) 
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Melting 
pOint,OC 
6HO(fu­
slon)and 

Thermo- 6S0(fu- 'Density 
dynamic slan) of 
:functlons when Liquid 

Compound 'at 25°C known (OC) 

Si2 GeH8 

SiGe2H8 

n-Si 3Gel1b 
I 

I 
n-Si4Ge H12 

\ 
SnH4 \ .6.Hf= 

138.9 
1 ( 37) 

i ° !.6.F f = 
I 
i99+4 I (248) 

iSo= 
I 

1127.61 
\(246) 
1-
i('1°-
iVp-
\ 11. 7 3 
:(2MJ) ,-
I 

-113.4 
: (79) 

i 

-108.5 
(79 ) 

~ -87 .1 
! (79) 

I 
! 
! 
! -71.5 
I (79) 
I_ 

I 
! 
1 -150 
I (239) 
!-

~! ~. 

Table IV (Continued) 

Vapor Pressure 
Equation for 
Liquid 
Iocr P '" mm 

-966/T + 
7.257 
(215 ) 

J 

! 
i 

Vapor 
pres-
sure 
nln1. Hg 
(slush 
bath) 

39.6 
(H20) 

(79 ) 

19.3 
( H2 0) 

(79) 

4.7 
(H2 0) 

(79) 

I 17.5 
1 (CS2 ) 

I (37) 

I 
! 
I 

I 
I 
I 
i 

198 
(C02 ) 

(26 ) 

Boil­
ing 
point, 
°c 

-51.8. 
(239) , 

, .6.S ° 
. .6.H o of of 
:'vap'n vapln 
: at at 
b.p. :b.p. 

4.4 19.9 
(217) (217) - -

Spectral .. 
1-1 
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<4 
0:: H 

i 
1 
I 
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.f" • 

Thermo-
. dynamic 
. functions 

Compound at 25°C 

SnHD3 

SnD4 

Sn2H6 
: 6Ho-: f-
, 65.6d 

( 32) 

PbH4 \ t.Hf= 
' 59. 7d 

( 70) 

, 
i 
I 
i 
i 
f 
I 
j 

I 
J 

I 
J 
I 
I 

I 
I 
i 
I 

! 
1 
i 

! 
I 
I 
! 
f 

! 
I 
I 
i 
j 
1 
I 
I , 
I 
j 
J 
I 
I 
I 
I 
I 

i 
i 

lVleTl.a~ 

pOint,OC 
6HO(fu­
sion)and 
6S0(fu­
sion) 
when 
knovTrl 

i 
f 

I 
I 
I 

I 
1 
I 
J 

I 

I 
! 
I 
i 

I 
I 
I 
I 

I 
! 
I 

I 
I 
1 
i , 

Density 
of 
Liquid 
( °C) 

I 
I 

I 
I 
I 
! 
i 
i 
I 
I 

i 
\ 
I 
j 

! 
i 

I , 
i 
i 
! 
I 

I 
I 

I 

\ 
I 
I 
I , 
i 
! 

I 
J 

Table IV (Continued) 

Vapor Pressure 
Equation for 
Liquid 
log P mm = 

Vapor 
pres-
sure 

. mm.Hg 
! (slush 

bath) 

17.4 
(CS 2 ) 

! ( 250) 

i 
i 
i 
I 
I 

I 
• 
! 
I 
I 
I 
! 
I 

I 

i , 
I 
! 
i 

I 
• I 

I 
I 
I 
I 

! 
I 
! 
I 

i 
I 

Boil­
ing 
t>oint, 

C 

: ca. -13 
:-

i(171) 
I-
I 
I 

I 
! 
i 

\ 
I 
i 
I 
1 
I 
1 

I 
j. 

! 
I 
! 
1 
1 
I 

I 
1 
I 
! 
i. 

6S0 
.6Hoof of 
vap'n vap'n 
at . at 
b.p. b.p. 

, 

j 
I 
I 
I 
i 
J , 
I 
I 
j 

I 
1 

1 
! 

I 
I 

I 
1 

. , 

-( 

Speetral lj~.J.~~ 8. 
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Thermo-

Meltin~ 
point, C 

. dynamic 
functions 

Compound at 25°C 

• 6Ho (fll­
sion)a~d 
6S0(fu­
sion) 
\·,hen 
known 

PH
3 

PH
2

D 

PHD 2 

PD
3 

P
2

H4 

P
2

D
4 

6H
f

O=1.3 
±0.4 

(37) 

-:-133.78 
(212) 

SO=50.356HO(fu­
(212) sion);" 

0.270 
(212) 

C °=8.76 6S0(fu-
P .) 

( 258) Slon = 
- 1.94 

1 

I 
I 
i 
I 
I 
ISo=52.94 I (258) 
j 

j 0 :. ·C =10.00: 
: 0 . I ~ (258) 
1 

(212 ) 

!6H ° =5.0 -99 I f ±1.0 (159) 
! (37) 
! 

! 

'.~ ~'I 

Density 
of 
Liquid 
(OC) 

0.746 

~ -90 ~ 229 

Table IV (Contin~ed) o 

Vapor Pressure 
Equation for 
Liquid 
log P = mm 

-1027.30/[ -
0.0178530'[ 

+0.000029135,[2 
+9.73075 

(212 ) 

-1498/'[ + 7.330 

\7.2.} 

Vapor 
pres- .68° 
sure pOil- Mloof of 
mm.Hg 1ng vap'n vap'n 
(slushpoint, at .at 
. "-h) Pc oal,. i b.p. b.p. 

. , 
171 ~87.74 3.49 18.8 
(CS2 ) : (252)· (252) (217) 
( 3~r) 

I 
I 

Spectral ]8.t::l . 

c 
ql 01 
6 p:; p:; w 
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~ 

,-

Thermo­
dynamic 
functions 

Compound at 25°C 

.. 

Me~tin~ 
pOlnt, C 
MIo (fu­
sion) anc'[ 
l:,SO(fu-
sion) 
''''hen 
known 

SiH3 PH2 l:,Hf ° == 1. 9
d < -135 

SiH3 PD2 

(123 ) 

(SiH3 )2 PH 

(SiH3 )3P 

(SiD3 )3P 

Si2H5PH
2 

i 

! . I 
Si2H5P(SiH3 )2 

Si2H5 )3 P I 
j 

GeH3 PH2 I 
I , 
l 

(GeH3 )3 P , 

(263) (138) 

:-83.8 
(164) 

Density 
of 
Liquid 
(Oc) 

Table IV (Continued) 

Vapor Pressure' 
EqLlation for 
:Siquid 
log P m m 

:,-1901. 8/r + 
\ 7.792 
\ (38) 
? 

Vapor 
pres-
sure Boi1-
mm.Hg ing 
(slushpoint, 
bath) °c 

487 12.7 
(H

2
0) 

(138) (138) 

28±1 
(H

2
0) 

(128) 

7.0 
(H

2
0) 

(39) 

31±1 
( H

2
0) 

(122) 

i 
l.14 
(est.) 
~38) 

ca.l.O 
TH

2
0) 

(164) 

l:,So 
l:,Boof of 
vapln vapln 
at 
b.p. 

:8.697 
'( 38) 

at 
b.p. 

c m 
E m 
p:; 

(47). 
.~ 

.. 

9 

Spectral GatD. 
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H '--' 

(264) (243) (263) 
~~ ...... "-I' 

('V~,5) 

(i28) (122) 

(47) 
"""" .... 
(47) 
~ 

~ 

'r' ' \;.'/17}, 
~-
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\0 
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( 122) (122) (122) 
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(162) :(162) '(162) 
.~ 
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f: (265) 
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Table IV (Continued) 10 

Melting 
point, ° C 
l',°H(fu­
sion)and: 

Thermo- l',°S(fu­
:dynamic sian) 
'functions when 

Compound ;at 25°C known 

Density 
of 
Liquid 
(OC) 

Vapor Pressure 
Equation for 
Liquid 
log P mm 

AsH3 
~ 0 ! 'l',Hf =15.9' 
: I 

-116.93.1.622(-63): -1403.32/r 

: (266) i 
, -- i 

(267) (267) -9.45935 log or: 
· , 
· F ° i ° ( ~ f =26.4!l',~ fu-
i (266) lSI-on) = 
) -- 1°·2857 

1 I (267) 
l ! 

, ° ! ° ( ;S =53.18 ;.6S f.u-
(266) lsion)= 
-- i1.83 

; ! 
ic 0=9.207i (267) 
I p i 
b (266) 1 
t -, 
j ~ 
( , 
~ 0 ; 
!C =10.55 I 
; P i 
· (258) i 
, -- I 

Iso =53.22 I 
.. I 

AsD3 

l ! 

· (258)] 
I --. 

~l',H ° (g) =.1 '; f 1 

1 35.2
d I 

1 (32) i 
~ - I 
~ ! 

AS 2H4 

; i 
I d " 

SiH3AsH2 !l',H/ =37 1 I . (271) j 

I \ 
· I J : 
! ~ l (". 

......... 
+0.0080 37 or 

' . ../ 

: +28.82835 

(267 ) 

Vapor 
pres- l',So 
sure Boil- l',Hoof of 
mm.Hg ing vapln vapln 
(slush~oint, .at at 
bath) C b.p. b.p. 

35(CS
2

)-62.48 3.988 18.93 

Spectral 

c 
(1j 
6 0:; 
(1j 

0:; H 

2~.t~). 

~ "". 
~ 

If; 
r/j 

~~ 
,r- ..... 

(53) (267) (267) (267) (~) (~54) (27g) Cr:Q) 

est.10 
at 25° 

( 124) 

i· 

(269) 

" 

:(268) (124) 

(269 ) 
~-

(124) , 
of 

(127) (265) 

(243) 
~""-. 

\" 

a. 
(~?1) 

I 
f-' 
g 
I 

(32) 

§ 
::u 
t:-' 
I 
f-' 

(271):j 
0\ o 



~ .. 

Thermo­
dynamic 
functions 

Compound at 25°C 

(SiH3 )3As 

GeH3AsH2 

SbH
3 

SbD
3 

l1H °=-34.7 
f 

(37) 

l1F 0= 
f 

44.82 

(~ b{,) 

SO=55.65 

(2. b~) 

CpO=9.887 

(2b()) 

'So=58.62 

(27 b) 

C °=11.45 
p( "!~l') 

r;" ,_,. __ :,:;) 

Melting 
pOint,oC' 
l1HO(fu­
sion)and. 
l1S0(fu­
sion) 
when 
known 

-88 

(273) 

Density 
of 
Liquid 
( ° C ) 

1.201 
(20°) 
(~) 

2.150 

(75) 

Taule IV (Continued) 

Vapor Presslu'e 
Equation for 
Liquid 
loa P 
- 0 mm 

-2142.6/T + 8.333 

(272) 

-5 1.48 x 10 P 

-1446.34/T 
mm 

+16.0522 

-3.1200 log T 

(., b&) 

'Vapor 
pr'2S­
sure 
mm.Hg 
(slush 
bath) 

Boil­
ing 
~oint, 

C 

7.7 120 

:(14.7°) (est.) 
'(~) (272) 

81(CHC~)-18. 4 
: ., 'l-l:?'o) (30) 
2~4- ;-
(C6F;SCl) : 

. (30) 

l1S0 

l1Hoof of 
Vapln vapln 
at at 
b.p. b.p. 

9.798 
, (272) 

: 5.02 '19.8 

: (30) • (30) 

>=; 
cd 
6 
cd 
~ 

11 

Spectra::" Data 

~ rv; . ~ 
r-I ~ 

(272) 

fJ _ (265) 
(127) ,(243); 
~ 

(jJ 

(jJ 

r,j 
0'-

"" 

( 27!:t) . (70) 

(270 
~"""""'" 

(277) 
~ 

I 
I-' o 
I-' 
I 

8 
~ 

r 
I-' 
-.:) 
-.:) 
0\ o 



Compound 

Sb
2

H4 

IMe ~ t;ns; 
,poln." C 
!t-Ho (fu­
:sion) and 

~hermo- ~SO(fu­
dynamic ;sion) 
'functions :"lhen 
'a t 25° CknoiVD 

'.6H ° (g) = 
,f d 
: 57.2 

(32) 

I 
(SiH3 ) 3 Sbl 

HiH3 

1 
I 
I , 

~H/=66.4~ 
t (70) 
I -
i 

i 
aNegative ion mass spectrum 

Density 
of 
Liquid 
(OC) 

Table IV (Contin~ed) 
T 

I ~~~c tral '--C'" 
.~" , 

Da to. 

Vapor :.6So i 
Vapor Pressure p:ces- Boil- .6Hoof :of C! 
EqLla tion for sure ing vap In :vap I n ~' 

i Liquid mm.Hg 'ooint, at at ~ 
log P = (slush~C b.p. b.p. rum bath) , , 

; 

t 
! 

I 
I 

-1607.3 + 6.041 1.81 255 !7.638 
(39) (+15°) (est.) !(39) 
- (~) (~) 1 

, 
! 

-1314.2/~ + 4.62 16~8 16.011 
7.4146 (C02 ) (est.) \(~~30) 

CU) (nJ (££) 1(££) 

~ rt:; 

H ~ < ... 

(39) 

12 

r.fJ 
rn 
(';5 

:;;.:; 

(32) 

(70) 

bThese are triple-point melting points. 
point, there is a negligible difference 

However, since the vapor pressures are very low at the triple­
between these and the normal melting points. 

cMeasurements apparently made on mixtures of isomers. 

dDetermined from mass spectrometric appearance- potential data. 

eBoth lH and 31p nuclear magnetic resonances are reported. 

fSymmetrical deformation frequency of MH3- group, only. 

,4 " 

I 
I-' o 
I\) 
I 

8 
!;d 

1 
I-' 
----J 
----J 

8' 
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