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I, _Inﬁroduction

*"vIn'this chapter wé d1scuss méthodé‘for preparing the

hydrides of the elementslpf Groups IV and V, exclusive of

carbon and nitrogen, ‘We consider not only binary hydrides

5 ,
However we exclude from consideration all derivatives in-

such as Si;Hg, but also ternafy hydrides such as SiePH7.
~ volving other elements, such as CHBASHE’ (SiHB)BN, and
“GeH,Cl,. The kinetic and thermodynamic stabiiities qf the
  hydrides decrease s0 markedly upon going from silicon to
'.'1eéd,and from_phqsphdrus to bismuth that the hydrides of iead  '
':f_and bismuth ére oniy laboratory curioéities. Consequently |
" this chapter 1s concerned principally with the hydrides of

R silicon, germanium, tin, phosphorus, arsenlc and antimony,

Usually a given hydride can be prepared by several

" different methods, and there are many methods each of which

s applicable to seVeral different hydrides, Our aim is

~ to describe the importaﬁt methods which have been used,
'emphasizing, when possible, the éenerality Qf thelr appli-
‘cation. Specifiq syhthetic methods are recommended fdr

- particular hydrides, but,'inasmuch as new methods are beiﬁg v
‘ deVeloped‘constantly, it is obvious'that some'of these fe—  | . - y 
- commendations'méy sdon be obsolete. Indeed, we make several | |

' suggestions for future synthetic research, particularly for

higher hydrides and ternary hydrides.
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- Finally, we llst those physical properties of the
hydrides which are pertinent to their manipulation and
identification in the.laboratory.

UCRL-17760
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5_ Ii, Synthetic Procedures"

A. Synthesils 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 1ts first commerciai

'ﬁfavéilabilit& around 1948, TIts nse in the conversion of the

” haiideS‘of.elements of Groups IV.and V into the corresponding s
“hydrides was first beported by Schlesinger and his'coworkers}l’z’jv

 These reactions are generally carried out in an ether solvent,

and may be represented by the folléwing general equations.
LiAlHu + MXA f* ILiX + AlX3 + MHA

' BLiALH, + MMX3 ~ 311X + BA;LX}‘ + LLMH3

V‘The driving force for these reactions is readlly explicablé
in téfms of electronegativities, It 18 a general rule that |
. the most sfable combination of a group of elements is thét
 “in'which'the most eléctronegative atoms are bonded to the

,i most electrbpositive atoms.,,l‘l It will be noted that this

combination is achieved in the above reactions. .(The

'électronegativities increase 1in the order: Li, Al, Si-8n, ¢

- 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 ahd IT, which are converted to hydrides,
(The electrénegativitieé of carbon and hydrogen are 2.5 and
2.1, respectively.u) Toward explaining the behavior of the
alkyls, Wg can poinﬁ out the facts that carbon 15 oniy
slightly more electronegativé than hydrogen (indeed in its
inductive effect,5 hydrogen 18 more electron-attracting than
carbon) and that the hydrides of Groups I and II have high
lattice enefgies.

ILithium aluminum hydride 1s only effectlve as a re-

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

- alkoxlde) 1s present, elther as a solvent or as one of the

6

_ reaotants. Probably the Lewls base facllitates the dis-

sociation of LiAlH, into the lons Ii* and AlH,”, principally

by solvating the lithium ion. It is believed that the

AlHu" lon acts as a nucleophile and effects displacement
reactions, In the reduction of organic compounds, 1t seems
likely that a series of SNQ reactions involving the nucleo-

philes of general formula (Alanu-n>— are involved.!

- Similar reactlons may be involved with inorganic halides

such as GeClu, but 4-center reactions may also be possible in
sﬁoh cases, | |

Silane may be obtainedvin e8sentially quantitative
yields by the reaction of sillicon tetrachloride with a

slight excess of lithium aluminum‘hydride in diethyl et:her'l’8

\ .
or tetraethylene glycol dimethyl ether'.9 The preparation of
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disilane 1n“87% yield by the reaction of 312016'w1th 1ithium
aluminum hydride has béen reported, 1 but Ward end MacDiarmid
warn that considerable cleavage of the S1-S1 bond occurs,

~with consequent‘formatien of Sin, 1f particular care 1s not
taken to use appfopriatevconcentrations of reagents, ete, 10

Presumably the method could be extended to 513018 and higher

‘”‘-‘ perchlorosilanes for the preparation of trisilane and hilgher

silanes. ,

Silicon~oxygen bonds are converted to Si-H bonds by
'treetment with lithium or sodium aluminum hydride, Thus
disiloxane™?t ((H 31)20), hexechlorodisiloxanell’12 ((01381)20)

hexaalkoxydisiloxane12 RO Si 0), and tetraalkoxysilane512 s 15
> -2

‘ﬂ(Si(OR)4) are reduced to silane. Silane has been obtained in
93% yield by the reduction of triethoxysilane [(&to)331ﬂ]‘
with sodium and potaésium aluminum hydride.13 Even quartz
-:sand12 and sllica gel14 yield sllane When‘heated with lithium
'ialuminum.hydride. Thus ylelds averaging 10% (based on |

M 1y nheating silica gel and L1ALH,,

:LiAlHu) have been obtained

~in a 4:1 mole ratio, to 200°, It has been reported that

- dialkylaminosilazanes can be reduced to SiHu in 90% yield with
'lithium aluminum hydride.l5

The reaction of germanium tetrachloride with lithium | _vg-

f'_;aluminum hydride in ethers has been reported to yileld germane

g 1,167
. in yields ranging from 10 to 40%. Sujishi and Kieith16 and

7_Macklen17 studied the effects of changing various conditions

on the yleld 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 GeCly,,

with possible subsequent conversion of the GeCl2 to polymeric
GeHE.
hydroaluminate, LiAlH(OCqu)B, 1s a much more effective

Sujishi and Keith found that lithium tri-t-butoxy-

reagent than lithium aluminum hydride for the preparation of

germane. This reagent may be prepared by the reaction of

LiAlHu with t-butyl alcohol.
LiAlHy + 3 H004}19 - 3H, + LiAlH(OCqu)B

By using a ratlo of LiAlH(OCqu)3 to GeCly of about 4,2:1 and

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

GeCl, + 4L1A1H(004H9)5 = GeHy + 4ricl + 4A1(004H9)3

Although 1t is known that lithium tri-t-butoxyhydroaluminate
15 a much milder reducing agent than 1ithium aluminum hydride,
it is not understood why the yleld of germane 1s affected |
80 markedly on going from the ohe reduclng agent to the'other;
Stannane was obtained in 20% yield (based on SnClu) by
Finholt_g}{g}} by using a 4:1 ratio of lithium aluminum
hydride to stannic chloride with dlethyl ether, It was not

stated whether the yleild suffered by using a lower ratio of

LiAlHu to SnClu. Using the same ratio of reagents, Emeléus
and Kett1e18 increased the yield to 80-90% by passing a stream -
of nitrogen containing 0.1% of oxygen through the reaction

é
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: veésel during'the reaction., The oxygen‘inhibited the de-
composition bf Sﬁanhane to tin metal and'hydpogen. The

| -principal by-product of the synthetic‘reaction 1s finely

) divided tin. Wiberé and Bagerl9 observed a white precipi-
tate in the reaction of L1A1H, and SnCl, at -60° in ether,
"This precipitate, for which they proposed the formulation
Sn(AlH&)u, Qecomposed above -40° to give SnH) and AlH,
together with tin metal énd hydrogen.:

In an attempt to prepare plumbane by the reduction of
lead tétrachlofide with lithium aluminum hydride, Emeléus
and Kettle obtained only a powder of metallic lead,®
| _ In the reaction of PCl3 with lithium aluminum hydride
in ether solution, part of the PCly 1s converted to phosphine, -
~and the remainder to a polymeric, yellow hydride of compo- .

6 wiallon- 20 i‘
sit;on (PH)X. Paddock andAﬁchiedmayer observed that the
relative amounts of these products 18 strongly influenced
by temperature; the higher the temperature, the lower the
v yield of PH3. -In three experiments with a PCljiLiAlHu ‘
"mole ratio of 4:3, at the temperatures -115°, -30°, and
: 20°, the percentage ylelds of phosphine were 79%, 27% and'
22%, respectively. . _ |
Wiberg and MSdritzers= obtained "arsine and stibine in
. yields of 83% and 82%, respectively, from the reactions of

~arsenic trichloride and antimony trichloride with LiAlHu

at -90°, These ylelds are based on the following equations,
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3;1A1H4 + AéCl3 - ASH3 + 3A1H3 + 3;101

3L1A1H4 +'SbCl3 - SbH3 + 3A1H3 + 31iC1

By using s Spécial vacuum apparatus 1ln which even the
22

connecting tubing and stopcocks were cooled to -50°, Amberger
was able to obtaln only traces (less than 1% ylelds) of
- bismuthine from the reactlon of bismuth trihalides with
| LiAlHuaat temperatuhes around ~-100°,

23,24

Wiberg and Mddritzer attempted to prepare the

penﬁahydrides PH; and SbH; by reaction of the corresponding
chlorides in diethyl ether with I1AlH), at ~100° and’—1209,

- respectively, Howevef, neither of the sought compounds was’
obtalned - only equimolar amounts of hydrogen and the tri-
hydrides.,

It should be recognized that the hydrides of Groups
IV and V are protonic aclds and that they are réactive
toward hydridic species such as the AlHu- ion, For example,
| In diglyme and"tetrahydrofuran, phdsphine reacts with lithium

aluminum hydride to form a soluble product of composition

L1A1(PH )4~“#"J>

(7 LaALH, + 4PH, — L1A1(PHy), + Al

((Arsine reacts similarly)
-—........—r""*""‘

T v o
o

Infsthyl ether almost three moles of hydrogen are evolved

'+ per mole of consumed phosphine, and an insoluble product

" forms, It 18 clear that 1n'hydr1de syntheses involving
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‘lithium aluminum'hydride, provision sheuld be made to remove
the hydrides from the reactlon mixture as rapldly as possible
in order to‘aVoid reactions of this type. |

Two ‘general procedures have been used'in the preparation
of hydrides using lithium aluminum hydride in a solvent, In
one procedure;_en ether solution of lithium aluminum hydride
1s placed 1in a reaction vessel attached to a vacuum line,
vand'the halide or'aikoxy compound 18 then condensed into the
. vessel after cooling the latter with 11qu1d'n1£rogen.‘ The
mikture is alloWed to warm slowly.to a sultable temperature
at which reaction takes blace. The volatile hydride 1s
collected in liquid nitfogen traps, This tYpe‘of procedufe
wae used by Finholt et g;} for the preparation of sillane,
’v'germene andvstannane, and by Emeléus and Kettle18 for the
preparation of stannane, |

In the second'general procedure, an etheh gsolution of
lithium aluminum hydride is stirred 1n a reaction flask
equipped with a dropping funnel containing an ether solution
of the halide and a gas outlet leading to a sefies of cold
~traps on a vacuum line, In eoﬁe cagses the positlons of the
reagents are switched., As the solution in the dropping
funnel is 8lowly added to the stirred solution in the flask,

the evolved hydride is collected in liquid nitrogen traps.

al} for the

This type of procedure was used by Finholt et
preparation of disilane, and by Peake gﬁ_g&? for the pre-

paration of_silane.
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The first generél prdcedure,vin which the reagents are
warmed up from 11quid nitrogen temperaturé to the reaction
tempefature, 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 LiAlHu
‘are involved, the procedure 1s potentially dangerous because
of the possibility of local overheating during the warm-up,
and an unéontrollable fast evolution of gas, With the second

: proéedure, the rate of reaction 1s readlly controlled by the
r‘frafe of addition of reagent from the dropping funnel, and the
danger of a runaway reaction is considerably diminished,

Diethyl ether 13 the usual solvent employed in lithium
aluminum hydride reductions because 1t is readlly avallable
in'a high state of pqrity (1.e., essentially free of water
and peroxides). However high molecular weight ethers (such
as di-n-propyl ether, di-n-butyl ether, and diglyme) are
occasionally used because of thelr relatively low vapor
pressures. Such ethers are used when the hydride being
prepared has a volatllity comparable to that of dilethyl
ether and when the separation of the hydrilde from diethyl

;ether would conséquently be very difficult,
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B, Synthesis-Using Hydroborates

The élkali metal hydroborates (strictly, tetrahydre-
ssborates, and céllbquially, borohydrides) are powerful
reducing agents which havé certailn advantages over lithium

“aluminum hydride, The hydroborates are somewhat easiler tov
- handle than LiAlHu bgcause of their relative ilnertness |

; towérd moisﬁ air, . (LiAlHu must be carefully protected from
moiSt air durilng storage, whereas KBHA 18 stable 1ndef1n1te1y
” at'prdinary temperatures in moist air,) Whereas only thor—' |
‘oughly dry nbn—protonic solvents may be used with LiAlHu,

the hydroborates can be used in both protonic solvents such
as watér and nén—pfotonic solvents such asaézmethoxyethane;
Hydroborates are rapldly hydrolyzed in acidic aqueous
" solutions, but are very slowly hydfolyzed in alkaline aqueous
solutiohs. :

Schéeffer and Emilius26 were the first to employ an
aqdeous hydroborate solution for the preparation of a hydride,
 '-THey added an aqueous NaBHu solution to an aqueous solution
of hydrochloric acid and stannous chloride. It was observed
that the yleld of stannane (based on the stannous chloride)
increased with decreasing concentration of stannous chloride. - y
 They obtained their best yflld (84%) when a 57-fold excess

| of aqueous NaBH), was added to a solution 0.0092 M in SnCl,
~and 0.6 M in HCl, Using analogous procedures, other hydrides

of Groups IV and V have been prepared, Germane has been
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~obtained in yields of 758,%1 79%,28_and 100%;°° stibine has
been preparéd in yieids of 35%30 and 95%,31 bismuthine has
-_beén prepared 1n_"small but gignificant yields,"26 and both
diarsine (AséHM) and distibine (SbeHu) have been prepared

" in unreported ylelds. -

The percentage ylelds quoted gbove are baged on the
element-dohyerted to the hydride. However, in all the syn-
theses except that of germane, by far the most expensive
| reagent was the alkali metal hydroborate. Therefore the
.peréentage yleld with respeét to hydroborate 1is more signi-
ficant, and in most of the above cases, this yleld was very
low. Improvement of the yleld with.respect to hydroboraté
can be effected by adding a concentrated alkaline solution
of both hydrbborate and an oxy-anion of fhe element whose
hydride 18 desired to an excess of‘acid.33’34 Thus stannane,
arsine, and stibine can be obtalned in ylelds (based on
hydroborate) of 2.7%, 59% and 51%, respectively.34 Small
ylelds of digermane34 (Ge2H6), trigermane34 (Ge3H8), and
_distannane35 (Sn2H6), have been prepared by this same general
method. It appears that the yleld 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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—G%—H  + HO—G%—- - fG%—G%~ + H20

It 1s noteworthy that aqueous sillcic acid, phosphoric
acld, and hypbphosphorous acid are inert toward the hydro-
borate 1on.33 This inertneés 1s surely a kinetic effect,
" inasmuch as the hydroborate ilon has more than enough reducing
'power to reduce these aclds to the corresponding hydrides,
silane and phqsphine; Probably in these oxyacids fhe central
' atoms (81 and P) are so crowded that 1ﬁ,1s difficult for an
attacking BHM" 1on to get close enough to cause a displace-
" ment of an hydroxide lon by a hydride ion. In accord with
thls theory, sulfate and nitrate are inert toward hydro-
borate, whereas sulfurous acid and nitrous acid are reduced
to HQS and NH4+, respectively, | |

It 1s assumed that 1in aqueous solutlons all four
. hydrogen atoms of the hydroborate ion are avallable for
hydride formation. Even though the best reported yield
 (based on hydroborate) 1s only 59%, there 18 no obvious
. reason why this yileld éould not be pushed closer to 100%.
However, in an ether solvent, 1t appears that only one of
the hydrogen atoms of the hydroborate ion 1s available for
hydpide formation, The 6ther'three hydrogens remain with
the boron in the form of diborane or borane etherate,
Thus ether solutions of LiBH, react with AsCl3 at -80°

21

- and with SbCl, at -70° as follows.

3
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AsCl, + 3L1BH, = AsH, + 3/2 BoHg + 3LiC1

5 2

SbCl, + 3LiBH; — SbHy + 3/2 B2H6 + 3L1C1

2

Based on these reactions, arsine is formed in 93% yield, and

‘stibine in 89% yleld. When these same reactions are carried

out in ether at room temperature, the AsCl3 and SbCl3 are

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

One of the mosﬁ useful methods for forming bonds be-
tween.twd elements, allowlng the synthesis of complex
p molecules, involves‘the use of condensation-type reactions
which take place between strongly basic, nucieophilic re-
agents and halo—éompounds. Several reactions of this type
between alkali metal derivatiVes of Group IV or V hydrides -
anq germyl~ or s8llyl halides have been used effectively to
pfepare 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' 4+ X:~ P

in which M: ™ represents the anion of an alkall metal hy-

dride salt such‘és PH,”, M' — X represents a halo-hydride,

and MM represent a ternary or "higher" hydride product.

It seems likely'thatvthese reactions are of the SN2 type,

in Which the M—M' bond 1is formed as a result of direct
nucleophilic attack by M:~ on the halo-hydride; although

the mechanisms have not been experimentally yerified. In

some cases the M'-X bond which must be broken in the reaction
18'stronger than the M-M' bond which 1s subsequently formed,‘fl%F
£ Bgy o7 = 91 ﬁifi/mole36' = 46,4 %Sal/mole.37

S1i-S1i
v L. _ A,
However, because of the high lattice energles of the alkali

and E

(R
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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 (KPHQ) and potassium dihydrogen
'arsenide (KASHQ) react with silyl halides at low temperature

to form trisilylphosphine38’39’40 and trisilylarsine,Bg’ul

- respectlvely, as shown below:

-120 to -40°
R I 3KX + ePH3 + (31H3)3P

3KPH2 + 331H3X

(whérs.X'= Ccl, Br)

o |
3KAsH, + 3SiH,Br —122. 12 =20, 3KBr + 2PHy + (SiHs)zAs

Yields of (SiHB)BP and (SiHB)BAS (based on SiHBX) as high
as 55% and 49%, respectively, have been reported. However,
regardless of the reactant proportions, no evidence has been
obtalned for the formation of mono~- or bis- silyl derlvatives
in these reactilons.

.Potassium dihydrogen antimonide (KSbHE) and SiHBBr
have been reported not to rsact, even under oarefully con~-
trolled coﬁditions, to product (SiHB)BSb’39 However,

KsSb reacts with SiH;Br at low temperatures to form (S1Hz);Sb
4o
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K

5Sb + 3S1H

3Br - 3KBr + (SiHB)BSb

Also, evidence has been presented for the formation of small
gquantities of (SiHB)jAs from ambient-temperature reactions
of K;As and SiH

3 3 ,
for this reaction (ca. 0,8% based on SiHBI) would seem to

1.43 Unfortunately, the low yleld reported.
preclude 1ts usefulness in most synthetic work.

Recently, the successful application of the reaction
of metal salts of hydﬁides (e.g. KSiHB) with halo hydrides
(g#g: GeHBCl) to the synthesis of Group IV hydrides has
‘been repbrted. Germylsilane, GeHjsiHB, can be prepared in
the woem:sinybive room—temperature reaction between potassium

silyl and germyl chloride in yields as high as 20%, b

cl - KC GeH.
KSiHB + GeH3 K,l + eHjsiH3

Although this reaction gives considerably less than quanti—
tative ylelds of GeHjSiH , the ease of product sepé%ation
" and the simpliclty of the reaction apparatus make this
method superilor to others (945: ozonlzer dlscharge prepafar
tion, photbchemical synthesis, or "ide" salt solvolysis)

for the preparation of G¢H381H3° Similarly,vunder carefully
- COntrolled conditions, disilane and trisilane are formed

‘in reactlons between KSiH, and SiH3Br and 812H5Br in 1,2~

)
dimetho§€thane, respectively,

' KSiH3 + SiHjBr —+ KBr + 312H6
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K’S:LH3 + SieHBBr -~ KBr + 813H8

Silane and small quahtities of 813H8 are formed wilth the
disilane, and SiH, and Si,Hs are formed with the trisilane,

.suggesting that disproportionation processes may occur

during the reactions, It 1s also‘reported that the products
form rapidly in the reactions, but are destroyed upon pro~
lohged exé%ure to the reaction medium, If they are lmme-
diately removed from the reaction mixture as the mixture
warms from -196° to room temperature, ylelds of Si,He and
813H6, up to 35% and 18%, respectively, can be achieved.

46

Some recent work with organogermanes gerves as a

warning of the types of slde-reactions that can complicate

otherwlse stralghtforward attempts to build up chains of
germanium atoms. When trimethylchlorogermane 1s added to
a solution of potassium triethylgermyl, a 55% yleld of
hexaethyldigermane 1s obtalned. Reversing the order of
addition gives an 83% yleld. It was sﬁggested that this
unusual product is a consequence of a nucleophllic attack
of KGe&t3 on a Ge~-Ge bond, |

" In principle, reactions of metal salts of hydrides

and halo derivatives should also be applicable to the syn-

. thesls of various types of deuterium-labeled hydrides.

)

Using the propér combinations of starting materilals,
per-deuterio ternary hydrides, e.g. (SiD3)3P, and specifically-
labeled hydrides, e.g. SiHBSiD3 and SiHBGeDB\might be ex~
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ﬁ,pected, An exemple of the former type has recently been_

| reported, Cleanly labeled trisilylphosphine- d (SiD3)3P’

- can be obtalned from the reaction of KPH2 and SiDBCld
anedegous-bo~thab~iri=egady, With no apparent exchange of H
for D atoms‘of the silyl groups.47 Unfortunateiy, attempts
to prepare specifically-labeled Group IV hydrides have so
far been unsuccessful. When KSiH3 end SiDBBr were allowed
to react, with the expectation of obtaining SiH381D3, a

: mixture of products consisting of deuteriosilanes, deuterioe
1 disilanes, and partlally protonated deuteriobromosilanes

48 In their original report on thils work,us‘

was obtained,
Ring and Ritter suggested that the products might be aecounted
for by a series of reactions involving bridge-bonded tran—'

sition states (I and II):

H )sz D +Qﬁ5
XS iH, +(Iif%5r'-——-—a K-S 1’ \Si Bp

I,

(b S1H,D-S1D,Br + KH

2

H D
|
1: \§1 ~Br -(—)-981H3D + (311) ), + KBr

$
A0k

IT,

- KH + S1H,D-S1D,Br — H-

©
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' Processes a, b, and ¢ would gilve rise to the observed pro-~
ducts, However, 1t appears that alkali metal salt cleavage
45,49 -

reactions of‘disilane,

MX .
X S1HzS1Dy ——5 x S1H;D + (1/x) (81D,) ete [
(where MX = alkall metal salt, e.g, L1C1)

and equilibrium reactions of the type,

S:!.H3

T+ S1H;SID; &= SUHD + SUH,51D,
’may alsé be lmportant processes in the reaction scheme.
Therefore, until further studies of these systems have been
.carried out, i1t 1s pointless to speculate on the general.‘
appliéability of these methods to the syntﬁ;;esis 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 1s prepared in vacuo by reaction of the appropriate .
| Group IV or V hydride with a strong bése, For example,
KGeH,, KPHQ, KAsHE or KSbH2 can be convenlently prepared
by reaction of GeH4,5O PH3,51’52 AsH3,53 or SbH3,39 respec-
tively, with potassium metal in liquid ammonia, e.g. ‘

lid. NH
K + GeH) — 2y KoeHy + 1/2 H,
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L liq. NH3
K_+‘PI‘{3 —————2y KPH, + 1/2 H,

The sodium Orvpotaséium salts of silane and germane are
readily prepared byvthe reaction of silane and:germane with
sodium or potassium in l,2—dimethoxyethane48 or hexamethyl—
phosphoramide,54 Potassium germyl may be prepared in a
non-hydroxylic solvent such as l,2-~dlmethoxyethane or dil-

" methyl sulfoxide by the reaction of germane wilth excess

potassium hydroxide.55 Generally, the appropriate halo-

- hydride 1s condensed (together wlth an aprotic solvent,

- 1f not already present) into the reaction vessel containing
the hydride salt, and reaction 18 allowed to proceed. In
the syntheses of (SiH3

necessary to maintain the reactants at low temperatures

)313, (81H3)3As, and (SiH5)38b 1t is

"(—120 to-90°) for several hours in order to achleve maximum
product yilelds, However, 1n the 812H6,v81H3GeH3, and 813H8
syntheses a short reactlon period followed by immediate re-
moval of the products from the reactlon mixture 1is preferred,
~ Upon completion of the reaction the products are separated

by fractional condensation and identified by customary methods.
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D, Solvolysis of "ide" Salts

The classical nethod for.the preparation of the hy-

drides of an element- of Group IV or V is the acid hydroleis
- of a compound of the element and an electropositive metal.
such as magnesium or galcium. Thus.Besson56 and Stock and
Somiesk157’58 prepared silicon hydrides by adding "magnesium
éilicide" (obtained by heating magnesium with silica) to |
hydrochloric acid. The so-called magnesium gllicide was
not a homogenéous silicide of magnesium~-it probably con-
.taihed magnesium oxide, lower oxides of silicon and silicates,
The products of the hydrolysis included both non-volatile
.hydridic substances such as (S1,H, 3) and volatile hydrides,
' By fractional condensation on the vacuum line, Stock and
Somieski separated the volatlle materials into SiHu, Si H6,
S1zHg, SiyH g, and a mixture of Si5H12 and SigH,,.””
About 25% of the silicon in the "silicide" was converted to
- hydrides, of which 40% was S1H,, 30% Qas S1,He, 15% was
Si3H8, 10% was SiAHlO’ and_5% wére higher hydrides. More
recently, gas chromatography has been used to_separéte the
~8ilanes formed by the acid hydrolysis of magnesium sllicide,
Twenty-six chromatographic peaks have been observed, cor—‘
'responding to the silanesﬁup through 818H18, including the
various structural isomers, In general the larger peaks
corresponded to the supposed straight-chaln silanes, Enough
- of the pentasllane isomers could be isolated such that they
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could be idéntifiéd‘by thelr proton magnetic resonance
spéCtra.6Ov o

| .:The method~qf preparation of the magnesium silicide
‘has been found‘to markedly affect both fhe ovér~all yleld
and relative émounts of the silanes formed in the hy- -

61,62  ynen the silicide is prepared by heating

drolysis.,
a mixture of powdered magnesium and silicon (contalning

- 10% excess magnesium over the composition MgQSi) in a hy-
drdgen atmosphere for 24 hours, the best ylelds (based on
silicon conversion) are obtained when the heating 1s carriled
out around 650°, The higher the temperature used in the
silicilde preparatioh, the greater the fraction of higher
gilanes in the volatile product, This latter effect has
been attributed to the formation of Mg,Si (which yields
.SiHM) at the lower temperatures and other silicides such

as Mg51 or Mg,Si, (which yleld higher silanes) at the
higher_temperatures.

When a solution of ammonium bromide in liquid ammonia )
1s used in the hydrolysis instead of aqueous acid, the per?
centage conversion of silicon to silanes rises to,70-80%,
but only silane'and disiiane'are formed.62’63 Depending on
'~ the temperature at which the magnesium 8llicilde 18 prepared,
' the Si,Hg/SiH) ratio varies from abouti.zero to .0.12.

Silane also has been preparéd by the reactibn’of magnesium

- 81licide with ammonium chloride in ammonia in a-pressure
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64

vessel at room temperature, but this procedure seems to
offer no advantages, »

Dennis, Corey and Moore®® added hydrochloric acid to
.magnesium germanide (prépared by heating magnesium with
'gérmanium), and obtalned germane, digermane, and trigermane.
About 23% of the germanium in the magnesium germanide was
converted to the hydrildes, ahd of this TU% appeared as
vGeHu, 22% as Ge,H, and 1% as Ge;Hg. By using a solution
.'df'ammonium bromide in liquid ammonia instead of aqueous

66

acld, Kraus and Carney obtalned T70% conversion to germanes,
in which GeHu predominated. Fehér and Cremer_67 went to the
extent of using a solution of hydrazine hydrochloride 1n
anhydrous.hydrazine, and thereby obtained 70-80% conversion
to germanes (principally GeHu). By subjecting the products
of the aqueous hydrolysis to careful fractionation on the

vacuum line and gas chromatography, germanes as high as

Ge5H12 have been 1dent1f1ed.6o’68 By the use of heavy water
and magnesium germanide, Gqu, Ge2D6, and Ge3D8 have been
‘ prepared.69 ' |

Plumbane has been ﬁrepared by the dropwise addition
of 0.8 M HC1 to a metallic mixture corresponding to the
composition Mgng.7o The yleld was very low, and the PbHA
'was,identified only by 1ts 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 ylelds, Diphosphine
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.,vis é by~product bf these hydrolyses, and Evers and Street
B recémmend the use of caicium phosphlde for brepéring the

latter hydride. They obtained 10 g. of P,H, from 200 g.
- of commercial Cang{

By treating zinc arsenide with aqueous sulfuric acid,
arsine 18 readlly prépared.73 Nast74 used an Mg~Al-As
alloy, and obtailned, in aadition to ASHB, very small ylelds
of Aéqu. By dissolving arsenlic in a sqlution of sodium
'_in ligquid ammonia, 1t 1is possible to prepare a solution of
"Na£A3—~or possibly ammonolysis products such as NaNH, +
Na AsH. . When such a solution 1s treated with ammonium
bromide, 60-90% ylelds of arsine, based on sodium, are obe
tained,>?

Stibine may be prepared by adding a pulverized alloy
 of magnesium and antimony (containing at.least 60% Mg)

" to dilute hydrochloric acid.’>*78 About 10 g. of stibine
éan be obtailned from 250 g. of alloy.

Blsmuthine has been prepared by adding dilute hydro-
chlqric aqid to a mixture of mégnesium and bismuth correspgnd—
ing to MgBBie. The yield was Qery low, and identification
was made mass—spectromet;ically.70._Decomposition was 80

rapid that only lOF15 min, of observation time in the spectro-
 meter was avallable. ' ”

It bas been reﬁorted that calcium monosilicide (CaSi),
when treated with'aléoholic HCl, gilves an amorphous light
brown solild of composifion (S;HQ)x which 1s spontaneously
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1nf1ammable,76 and that treatment of calcium monogermanide

. (CaGe). with acid ylelds the amorphous yellow compound
v (GeHé)x.77 However; more recent studiés78 of the solvolysis

- of Cage, CaeGe, CaS1l and Ca281'1ndicate that these polymeric

hydrides should be.formulated as (}eH()‘9_“l'2 and SiHO.7—0.9'
Ternary hydrides can be prepared by the acld hydrolysis
of ternary alloys or‘intimate mixtures of two binary com-
pounds, Thus Timms_gg §;79 added Mg-Ge-Si alloys to 10%
hydrofluoric aclid and obtalned a mixture of silanes, ger-

manes, and silicon-germanium hydrides. These'were separated

prepared from an alloy of nominal composition}MgQOSigGe.
The following ylelds (based on germanium conversion) of
ternary hydrides were typical:'812GeH8 (3%); n—SiBGeH10
(1.5%); n-81,GeH, , (0.2%); n--s:L5GeH14 (0.07%). Hydrides
relatively rich in germanium were best made from an alloy
of composition Mg481Ge. The following yields (based on
germanium conversion) of ternary hydrides were typical:
SiGeH6‘é?.6%); 81Ge2H8‘(o.4%); n-SiGeBHlO (0.03%);
n-81,Ge“H;, (0.5%); n-SizGe H,, (0.02%). The ratios of

_ the straight-chain isomers to the branched lsomers were:

SijGeﬁlo’ T.5:13 SiQGezﬁlo, 3.5:1; SiGeBHlO’ 1.0:1;

S1,0GeH,,, 1.5:1; Si.GeH,;, 1.0:1. Royen and Rocktéschel

5714
have reported a similar, less extensive, study of hydrides

formed by the hydrolysis of Ca-Si-Ge alloys.8l
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'Royen §§124182,83 have reported tFe mass~spectrometric
catio ' e
ldentification of a variety o?Ater ary hydrides prepared by
the acid hydrolysis ‘of ternary alloys and compressed mix-
tures of binary compounds., Among the species ldentifiled

were P3H5, As3H5, and ASHQPHQ (from MgBPe/MgBAse), P3H5

v»andvGeH PH, (from CaGe/Ca3P2), A33H5 and GeHjAsH2 (from

3772

s CaGe/CaEAse).
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E. Electrolytic and Active Metal Reduction in

"Protonic Solvents"

'
- It has long been recognized that the dissolutlon of
an active metal in acid 1s fundamentally an electrolytic
pr'ocess.BI’l The metal acts as a set of short-circulted
| galvanic cells, in which the bulk metal 1s the common anode
(with a high overyoltage for hydrogen evolution) and im-
purity sites are the cathodes (with relatively low hydrogen
overvoltages). Ih the process of dissolution, metal ions
leave the bulk metalvsurface while hydrogen gas 1s evolved
from the lmpurlty sites. If other reducible spécies are in
the solution 1n addition to hydrogen lons, they can alsb
undergo reduction in the cathodic regions, Thus aéidic
solutions of salts or oxyaclds of germanium, tin, lead,
arsenlc, antimony and bismuth feact with metals such as
zinc to form the vblatile.hydrides, Just as these hydrideé
are formed by cathodic reduction of similar solutions.
- Because of the fundamental similarity of the two processes,
| they are discuséed together 1n this sectilon,
| The electrdlytic énd actlive metal reductlon processes
- are very seldom used as synthetlic methods for volatille
hydrides -~ the processes are generally considered too cum-
bersome, or the ylelds are too low. Certain of the electro-
- lytic processes may'beAcommefcial significance, however,

and 1t 1s possible that electrolytic methods may be useful
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'1n the laboratéry when it is desired to generaﬁe a hydrilde
. at a steady; 8low raté over a long period of time, _

| Voegeien85 first obtaihed germane, by fhe‘reduction of
germanium(IV)’in aqueous sulfuric acid with sodium amalgam -
and‘zinc metal, but the amount of germanium avallable was
so small that only a minute amount of the hydride was pre-
' péred;‘ahd imperfectly characterlzed. Later Paneth and
Schmidt-Hebbel86 prepared somewhat lérger amounts of germane
by similar reductions using zinc and magnesilum. Green and
RobinsonS7 studied the electrolysils of alkaline solutions of -
soddum germanate using a mercury cathode. Under the condi-~
tions of electfolysié,'the cathode became a sodium amalgam,
“and then three cathodlc processes occurred simultaneocusly:
hydrogen evolﬁtion, germane eVolution and germanium depo-
gition. . Germane cﬁrrent efficlences as high as 40% were
obtained,

The reaction of magnesium powder with solutions of tin

An sulfuric acid88 and the electrolysis of tin solutions
v ‘psing lead.electrode589’9o were among the first methods
ﬁsed for the preparaﬁion of stannane, Only a few milligrams'
:'of stannane was formed in each expebiment{ Plumbaﬁe has
been obtailned by'the "spark-electrolysis" of a sulfuric
acid solution us;ng lead electrodes.91 The ylelds of
 plumbane were so small, however, that 1t was necessary to

detect 1ts formation by uslng radloactive lead in the syn-
thesis and by detecting the volatile plumbane by its radio-
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activity.

" When arsenic(IiI) i1s in very low concentratlions 1in
aqueous solutions, 1t can be quantitatively reduqed to
arsine elther eléctroiytically or by active metals dis~ -
._solving in acid. The reductlon of arsenious acild to arsine .
by zinc 1s the basls of the Marsh test for traces of arsenic_.92
A fairly-good preparative procedure for'arsinevinvolVes the |
addition of a solutlon of arsenilous 6x1de in aqueous hydro-
chloric aclid to an excess of magnesium turnings.75 About |
| 8 g. of arsine 1S'formed'per 20 g. of arsenious oxide,
Quantitative studles have been madée of the reduction of
As(III) solutions with mercury cathodes,gj’94 arsenic ca-
thodes,95, zinc amalgams,96’97 and sodium amalgams.98
As the concentration of arsenic(III) is increased, the
fﬁaction of the aﬁsenic which 1s reduced to arsine decreases,
At higher arsenic(III) concentrations,‘good ylelds of a
brownishlblack solid hydride of composition AsH, (where x
varies from 0.001 to 0.26) can be obtained.”?

Like arsine, stibine may be prepared by the reduction

100

of aqueous Sb(III) by zinc?? and sodium amalgam, and

- many studies have been made of the electrolytic generation

of stibine,101s102,103,104,105

3
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' F} Coupling Reactions

106

1. Oxidative Coupling. Teal and Kraus studled the e-

__1edtrolysis of solutions of sodium germyl (NaGeHB) in
11Quid ammonia, using.a platinum anode and a mercury cathode.
vThey expected to obtaln digermane, according to the reaction
2 GeH3 = Ge2H6 f 2e:,
Howevér, they observed that germane and nltrogen were evolved
1n'a 6:1 ratio, in accord wlth the followlng anode process,
6 GeH,” + 2 NH;, = 6 GeHy + N, + 6e~

T

" Actually this latter process, and the 6:1 stoichiometry,
are the results of the coupling of the following two pro-

cegses:

8 NH; = N, + 6 Ny + 6e

{

6 NE,Y + 6 GeH,” = 6 GeH) + 6 NH

3 5

The anodic prbcess Iinvolves the formation of six molesiof
4'ahmonium_ion per mole of nitrogen, ahd these six moles of
‘ammoﬁium ion cause the simultaneous release of sl1x moles

df germane. A similar phenomenorn occurs in thevelectrolysis
of a liquid ammonla solution of NaPHé.107v Here'the'anode'

reaction is
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6PH2 +2NH3'= N2+6PH3+6e

Fer the above results, 1t appears that anodic coupling
of hydride anions cannot readily be accomplished in a pro-
" tonlc solvent such as ammonia, Perhaps the deslred coupling
reactlon could be accomplished 1in an aprotid solvent in
which the anodic oxidation of the solvent might have a much
higher overvoltage than the anodilc cdupling reaction, How-
ever, a recent attempt to.anodically oxidize potassium
gefﬁyl dissolved in dimethyl sulfokide ylelded principally
germane and a polymeric germénium hydride, GeH)!c.lo8 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 agént,

rather than electrolytically.

0x + 2 GeHB” — Red + Ge Hg

A varlety of organometallic anions have been coupled in this
way. For example, -lithilum triphenylgermyllo9 and lithium

110

triphenylstannyl react with ethyl carbonate to form

hexaphenyldigermane and hexaphenyldistannane, respectively,

[N aN '
2 L4 M Phy + (€£0),C0 M, Phe + 2 1108t + CO

Similar oxidative coupling of the triphenylstannyl ion may
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2 Li_Sn_Ph, + 200, = Sny Phg + L1, Cp Oy

o 1478n Ph, + Ph.CO =+ Sne"Ph6 + 2 Pheco"m*

ho) 2

Other organic and organometallic couplings have employed
the following oxidizing agents: diron(III) chloride, hexa-

cyanoferrate(III), permahganate, metal carbonyls, silver

~salts, and 1ead(IV) acetate, The analogous reactions with

hydride anions such as Geﬂi— and PHE" clearly constitute

an area for future research.
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2. Wirtz-Fittig Coupling Reaction. A large varilety

of organopolysilanes and organopolygermanes can be prepared
from the coupling of organosilicon or organogermanium halides
by active metals, an extension of the familiar Wurtz-Fittig

112

reaction 1in organic chemistry. Using this technique,

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

temperature reaction of 81lyl lodide with sodlum amalgam.113

281H31" + 2Na ey 812H6 + 2Nal

Small quantities of Siﬂu and H2 are also produced as a
resﬁlt of secondary reactions,

Coupling reactlons have not been used to prepare un-
substituted Group IV hydrides other than dlsilane., Also,
- the method has been unsuccessful when other monohalosilanes
or metals are substituted for silyl iodide or sodium in the
reaction, Thus the reactlons of silyl chloride with sodiumllu
and s81lyl bromide with mag;nesium115 are reported to yleld
only silane, hydrogen and polymeric ((Sin)m) silicon-con-
taining residues,

. The difficultles encountered 1ln obtaining compounds
containing silicon-silicon bonds may in part be a result
of the apparent instabllity of the silicon-silicon bond
to alkall metals or alkall metal salts. Ring and Ritter

reporQedAthat potassium reacts with disilane to form a

" varlety of products which include substantial quantities
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of SiH, and'HQ.48 More recently, it has also been shown
that disllane is converted to SiHu and polymeric silicon-
cohtaining hydridesain'the presence of catalytic amounts

of' lithium chloride,'fluoride, or iodide,45’49 le.,

Licl: *
XS1 Mg ——Z 5 XS1iH) + (1/x) (—81_H2)x

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. Ozonlzer-Type Silent Electric Dischargé Syntheses

Ozonlzer-type silent electric discharge reactions pro-

- vide the most geheral technique avallable for thévpreparation

of "higher" orAternary Group IV and V hydrides, Using

this method 1t 1s possible to prepare compounds which are
thermodynamically unstable or difficult to prepare by more
conventional chemlcal reactlons. The dilscharge reactions

are carried out by subjectling a hydride or a mlxture of

‘hydrides to a high-voltage eiectrodeless electrical dis-
_ chafge, under which conditions a varlety of highly energetic

" processes occur that ultimately lead to the formation of

products, For example, the general reaction of Group IV

mbnohydrides 1s shown below:

xMH4.~,4 M2H6, MBHB’ M4H10’ M5H12, ete, + H2 + polymeric
subhydrides,

The ozonlzer discharge technlque was first applied success-

fully by Schwartz‘and Heinrich76 to the synthesis of disilane

“and trisilane from monosilane., Since thatvtime it has been

used to prepare "higher" hydrides of silicon, germanium,
phosphorus, and arsenlc, ternary silicon-germanium hydrides,
and ternary hydrides containing elements of both Group IV and V,

The processes whlch take place 1in anvelectrical dis~

charge reaction and which are involved in the formation of

products are generally of complex and varied types; When

high-voltage (5550 kv) alternating current is applied to a
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gaseous reactant hydride(S) in an ozonlzer tube, a silent
electric discharge is;eétablished. Interaction of the
resulting electron»flux wlth other specles in the system ,
leads to the formation of ilonic, metastable, atomic; and

radical species, These specles can, in turn, initiate

~and propagate chemical reactions, The general processes

which can occur have been discussed previously by Glockler

116 117

and ILind and Jolly and are brilefly summarized below.

&
(1) ITonization Impacts ~ Reactions of this type occur

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

form positive ilons:

(fast) + M ——— M" + 2e” (slow)

These positive lons may then collide with neutral molecules

to form ion clusters,

-4

Mt o+ M ————)(MM)+

313 VUMJ’Q&UMﬂvc 9 SE&QMUL-

which upon neutrallzation by electrons canA}tbeP&bewﬂuffieienb

+ e ——3 M-M

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

lectrons are captured by molecules resulting in the formation

- of negative ions:

M + euu-_a M
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If these negative lons collide with a positively charged
specles in the system, products can result, i.e.)
-t
M+ M — M-M

However, processes of this type may be of minor importance
since the probabillity of ilon collisiens is relatively low,

'(3) Excitation Impacts ~ In the presence of the electron

flux, reactions of the type
- * -
e (fast) + M ———sy M + e (Blow)

also occur, If these “excited" molecules (M ) return to
their ground states through simple energy radiation no chemical

reaction will occur:
*
M e—s M + hv
However, if they'dissociate into radical specles, e.g.
* ' ' o
SiH4 — SiH3 + H , ete,,

subsequent radical reactions can be 1n1t1ated and propagated
In view of the complex processes which can occur in

8 discharge reactlon 1t 1s pointless to predict, without

more data than gw%%%%rently avallable, which reactions

are the most important invGroup IV and V hydrlde syntheses,

However, 1t 18 not unreasonable to aseume'that the products

arise as a result of both lonic and radical processes,
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In practice én ozonizer discharge synthesls 1s carriled
oﬁtfin an»appératus»of tﬁe type shown in Figure 1, A géé
éircﬁlating system is generally used 1lnstead of a static
system so that.reasonable quantities of products can be
prepared in a given experiment, In thls apparatus the
reactant hydride or hydride mixture 1s circulated by means
of a Toepler pump (A) through the discharge tube (B) at

some predetermined rate and the resulting products, which:

are of lower volatllity than the reactants, are preferen-

tially condensed in an appropriately cooled U-trap (c).

A complete descrﬂyﬁion of the ozonlzer apparatus and the

’procedures.involved in 1ts use are dilscussed in more detall

later 1n this sectilon.

The overall yilelds and distribution of products from
the diséharge reactlons ére 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 ozonilzer,
5) the time bf the discharge reaction and 6) the temperatufe
of the.product collecting traps., The effect of each of
these .conditions on hydride synthesis reactions have not
been fully determined although all conditions except the
current frequency are ea;ily varied, In general, the

most efflclent conversions bf mono-hydrides or hydride'mix—
tures to higher or ternary hydrides are obtained wﬁen 7.5.-'

25 kv, 60 c.p.8. alternating current is applied to the dis-
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charge tube, the total gas pressure in the system 18 be-

| tween 0,25-0,5 atm, and the gas 18 circulated at rates of
200-500 ml,/min, The distribution of products from a
reaction is most éignificantly controlled by the choilce

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

' reaction 1nvoiv1ng thevconversion of a Group IV monohydride
(MHA) to higher hydrides (le, M Hg, M3H8, MyH, o, ete. )s
-the use of a product trap which will condense the first-
formed product of the reaction, M2H6’ and still allow the
circulation of MHM Will result in the highest relative
nyld of M H,, However, 1if a higher-temperature trap is
used which allows products to recirculate through the
ozonizer, further reaction and relatively higher ylelds of

M

, 3H8’ MMH etc“ will result,

10°
Several\reports of the conversion of silane to
"higher" silanes using ozonizer discharge reactions have

76,118,119,

been made. 1?0 According to Spanler and

MacDiarmid, +18

SiH, can be converted in 63% yleld during
a5 hr; reaction in a 7.5 kv. ozonlzer to a mixture of
hydrides containing S1,Hg (66%), SiBHB (23%), and higher
hydrides (11%). n this reaction, products were condensed
from the system in a -134° trap as they formed; however,
higher relative yields of SiHg, S1yH ., etc, can be ob-
tained 1f this trap 1s replaced by a trap of hlgher tem-
perature., Thus 1t 18 reported that maximum yilelds of

813H8 are obtalned using a -95° product trap whereas for



UCRL-17760

-0

optimum yields of silanes higher than Si3H8, a -78° trap

1s most effective,r+? By means of gas chromatographic

| techniques 1t dis ﬁossible to separate the mixtures of hi%h

- molecular weight silanes (ie. Si,H,, and higher) into their

reépectivé components and 1n this way 1t has been shown

that low ylelds of the various isomers of hydrides up to

SigH g can be obtained, 2 In the case of tetrasilane,

sufficlent product was obtained to allow the separatlon and

gparacterization of the two possible lsomers, n—SiquO

and 1so—SiuH101120 K
The decomposition of monogermane (GeHu) in an ozonlzer

discharge apparatus results in the formation of higher ger-

manes ranging from digermane'(Ge2H6) to nonagermane

119,121

(Ge Drake and Jolly have examined this re-

of20) -
action under varied conditions of voltage, pressure and -

time and have determined what appear to be optimum condltions
for "higher" germane syntheses., %hws During a 5.5-hr, |
reaction in a 15 kv, ozqnizer apparatus, In which products
were trapped at -78°, GeH) initially at 400 mm, Hg. pressufe,
was 90% decomposed and a mixture of Ge2H6 (39%, based on
GeH, decomposed), Gé3H8 (32%), GeyH, o (12%), and higher

12l As expected, relatively higher

hydrldes was formed.
yields of Ge2H6 can be obtalned if products are trapped
at -95° instead of ~-78°, Digermane and germane can be sepa-

_'rated from the product mixture using conventional fractional
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‘ céndenéatiop techniques, Hydrildes higher than Ge3H8 are
moét effectively separated by gas—liquid chromatography,
and a'techhique for preparative—écale separation of these
mixtures and mixtures of higher silanes has been described,“9
| A synthesis 1htended specifically for diphosphine
<P2H4) or higher phosphines has not been reported; hoWeveP;
,'P2H4 has beén recognized as a major product ;n the dis~- |
charge reactions of‘germane-phosphine and silane-phosphiné
mj.xtures.l22 On the basls of these observations and other
ﬁnpubliéhed data_dealing with phosphine discharge reactionsl23
1t appears that the ozonizer discharge method 1s effective
for the preparation of P2H4 and higher molecular weight
volatile phosphines, Dlarsine (ASEHM) is reported to form
- during the ozonizer dischafge decomposition of afsine,gg’leq'
.The reaction has been examined under various conditions \
and 1t has béen found that optimum ylelds of As2Hu are
obtalned when hydrogen-arsine or hellum-arsine mixtures
afe passed through the discharge instead of arsilne alone.124
' quever, owlng to the thermal lnstabllity of ASQHM and the
 'necess1ty of using speclal techniques of sample trapplng
and manipulation, further studles of higher arsine syntheses
have not been carfied out,

A varlety of interesting ternary hydrldes 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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_chérges.':Spanier and MacDiarmid have reported that germyl-
- silane (GeHBSiHB) along with higher-molecular welght
hydrides can be prepared from a silane-germane mixtufe in
this way.lgs The.yield of products from their reaction
was not high; as a result of circulating a‘mixtufe of |
_ 44.7 and 47.5 mmoles of GeHy and SiH,, respectively, x
through a 7.5 kv, ozonizer for 28 hours, 0,9 mmoles of
GeH,SiH

57775 ,
~were prepared, Owing to the complexlity of the product

and an undetermined amount of the higher hydrides

mixtures obtalned from ternary hydride syntheses, it 1is
difficult to isolate other silicon-germanium hydrides

higher than GeH,SiH, using "sonventional" separation

3773
' techniques, waever, Andrews and Phlllips have recently
~shown that mixtures from similar discharge reactions can

be effectively separated using gas chromatographic tech-
niques,126 and oh the basls of thelr data, these authors
provisionally identified several new hydrides’of the type
SixGeyH2x+2y+2'

| - The ozonlzer dlscharge method can also be applied to
“the synthesis of silyl phosphines, germyl phésphines,v |
'silyi arsines, and germyl arsines.127_ These syntheses

are carried out by péssing equimélar sllane~phosphine, .
sllane-arsine, germane-phosphine, and germane-arsine mix-

tures, respectively, at a pressure of 0,25 - 0,5 atm,

through a -78° cooled, 15 kv. ozonlzer discharge tube,
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Of the products of the latter three reactions, only the
first members of each ternary hydride serles have been con-
elusively characterized, ige. GeHBPHQ, SiHBAsHe, and
GeHBAsHQ. Howeveb, mass spectrometric evidence for the
existence of Ge,PH,, Ge;PHy, GeP,lHc, 312Asﬂ7, and possibly
‘SiAs}H6 has been obtained, The silane-~phosphine reaction
has been examined 1n greater detall and 1t has been shown
that both SiHBPH and Si PH7 can be 1solated from the mix—
ture of reaction products, Also, as a result of a careful
_examinatioh of SiePH7 it has been found that the material

18 a mixture of‘the two possible isomers, disilyl phosphine

- ((StH )EPH) and disllanylphosphine, (Si2 5P 2)..’122

Ozonlzer discharge reactions are not restricted to
systems involving only monohydrides or mlxtures of mono-
hydrides as reactants. Since complex molecules do not
undergo complete fragmentation when passed through an o-
'*zonizer tube, 1t 1s possible to "tallor-make" certain
;_isomeric ternary hydrides by a suitable eeieetionﬁefm;omplex
hydride stérting materials, Thus, 1t has been shown that
‘the reaction of a disilane—phosphine,mixture‘results in the
:'1somer ~-8pecific synthesis of 812H5PH2.128 No evidence for
the formation of (SiH )2PH was obtained, Similarly,

(SiH ) PH 18 the only SiePH7 hydride produced in the reactions

128

of silane-silylphosphine (SiH3 ) mixtures., These

"' preactlons are particularly interesting because they suggest
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that certa#nbméchanistic processes do not take place, eg.
insertion of phosphine fragments into Si-Si bonds. Also,
-they suggest that‘a varlety of complex, isomeric hydrides
can be "tailor-made" from carefully selected reactant
_systems. However; until more of these reactions have been
- examined 1t 18 pointless to speéulate on the generality .
of thils approach to Group IV and V hydrilde syntheses.

In spite of the verég%ility and adaptability of thé
ozonlzer discharge technlque, there are several disadvan-
'tagés which?e&n be pointed out, Foremost of these 18
the problem of separating complex product mixtures that
are sometimes fdrmed, particularly in cases of ternary
hydride syntheses. Fortunately, this problem becomes less
significant when advénced separation techniques such as
low-temperature column distillation and gas-phase chroma-
tography are avallable, Thevremainihg consideration is
that discharge reactions requilre the use of high—voltage
electricity and large quantlties of gaseous, toxic or
flammable, reactants, Therefore, 1n order to minimize
any dangers associated with these factors, proper shlelding
of'the electrical system and the reaction apparatus from
the surroundings 18 necessary. A detailed description of
the;constructioﬁ and use of a typlcal ozonilzer discharge
apparatus has been given elsewhere'by Gokhaie, Drake, and

.Jolly.119
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H. Synthesis by Pyrolysis of Binary Hydrides

Group-IV and V hydrides cén be prepared by thermal
'decomposition or pyrolysis of a variety of hydrides or
hydridé mixtures. ~In some cases processes of this type
‘have been classified as disproportionation reactions, and
are discussed in the next section (I), However, since
pyfolysis reactions that take place at relatively high
temperétures may possibly proceed by mechanisms which aré
qoite different from the disproportionation reactions dis-
cussed Iin Section I, we discuss them separately,

Higher sllanes can be prepared from monosiiane under
carefuliy oontrolled pyrolysis conditions., At tempera-
tures above 400° silane undergoes decomposition to, form
512H6? SiBHB’ smali gquantities of higher hydrides, non-
volatile polymeric (S:LHX)y solids, and hydrogen.129’130’131
Small‘quantities of disilane and trisilane are also oro~
duced in the pyrolysis of SiHu - ethylene mixtures at
450-510°.132 According to Fritz, optimum pyrolytic con-

" ditions for the synthesis of 812H6 involve repeated passage

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

Under these conditions 81,Hg and H, are the primary produots;

however, small quantities of other silanes are also formed,
The pyrolytic decompositions of 812H6,133 813H8,133

s1,H, %% and S1gH,,°7 have also been studted, For the most

.part these reactlons yleld lower hydrides, hydrogen, and
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fsiliconwhydrogen'pélymers. Since the'highér hydrides are
the most diffigult‘tO»prepare, reactions involving their
decomposition are not Syntheticallyuuseful.

The mechanism(s) by.which sllanes undergo decompo-
sition to yieid higher hydrides has been the subject of
several investigations, While} it 1s generally agreed
that radicals (i.e. .SiH3 s SiH,:, etc,) must be involved
in thevreactionﬂ the exact nature of the radical speciles
‘has not been determined. Based on the fact that the de-
composition of 812H6 and 813H8 in t?e presence of hydrogen
}gés'yields a higher percentage of SiHM than in the absence
~of hydrogen,'Emeléus and Reid conalﬁdéd that S:LH3 radicals
.are involved.”?? Evidence obtained bvatokland on the

130 A
pyrolysis of 812H6, A nite and Rockow on the SiHu 02H4

132 151 yas been used in Bﬁpport

130

system, and by Fritz on SiHu,

- of this theory. However, as pointed out previously -1f

a process of the type shown below occurs,
SipHy ——> Sty + SiE

in which a silene (SiH,) 1s formed, the addition of hydrogen
to ﬁhe pyrolysis could also cause lncreased ylelds of SiHu.
Recently,_the kinetics of the pyrolysis of SiHu in the‘tem—
perature!range 375-430° hés been examined, and on the basis
of the data obtailned, the presence of SiHe; as a ?eactiqn

intermediate was postula,ted.134 it'is apparent, phere%@QQ,
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that fﬁrther studies of these reactlon syétems are neces-

sary 1in order to elucldate the mechanisms of silane pyroly-

sis proceSses. . |
'Gefmane decompbses rapldly at temperatures above

280° towfofm hydrogen, germanium, and in some cases solld

germanium hydrides.135’136’137 Similarly Ge2H6 undergoes

pyrolysis at 195-220° to produce Gqu, hydrogen and solid

germanium hydride according t0137

Ge Hg ~———s 1.18GeH4 + 0.49H2 + O.82GeHO.3

Only one example of the synthesls of higher germanes from
GeHu»pyrolysis has appeared, According to Drake and Jolly,
1éss than 3% yiélds of Ge2H6 and Ge3H8 are obtained when '
GeH), 18 pyrolyzed at ca. 10-40 cm, pressure in a gas cir-
culatihg system, Slightly higher ylelds were obtained at
lowér GeHu pressures; however, product ylelds were stili
less than half that obtained using the ozonlzer discharge

2l (see Section G).

.tedhnique
Shriver and Jolly have reported that diarsine (As Hy)
~ can be prepared by the passage of ASH3 over a 60-watt |
tungsten light-bulb filament. 2" Using this method As H),
can be produced in é single passage over the fillament
‘(filament voltage = 60 V), in about 3,2% yleld (based on
the ASH3 consumed),

The relatively low-temperature thermal decompositions
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of PQHM and A32H4 are disoussed‘in‘the following section,

| In a few cases ternary hydrides can be prepared by
the pyrolytiobreaotioh of seleoted binary—hydfide mixtures,
An excellent example of thls has been reported by Timms,
et al, who have shown that a large variety of ternary
silicon-germanium hydrides can be prepared from the py-
rolysis of‘silane—gérmane mixtures.79 The general tech-
nique used in the syntheses 1s.tohﬁfgﬂgﬁifbass mixtures

of selected silanes and germanes 1in a hydrogen stream

| through a 350-370° glass-wool-packed reactor (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 product mixtures, the hydrides shown in

Table I can. be prepared.
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Table T

Ternary Hydrides Prepared by Pyrolysis

Major Ternary
Hydride Product

Pyrolysis Mixture

SiEGeHB
SiGe2H8
1so- and n-SiBGeHlo

1s0-" and n—SiGGBHlO
iso—SiuGeng

v.iso-vand n—SiBGe12

Ge He + Si,H

SiGeH6 + Ge2H6

SiHg + GeyHg or

SiBHS + Ge3H8

SiGeH6 or SiGe2H8_+ Ge2H6 or G63H8
n—SiquO and 1-814Hlo + Ge3H8
n'SiMHlO + Ge3H8

815H8 + Ge2H6 or

Si3GeHlo + G83H8

The product ylelds 1in these syntheses are fairly low,

From a single péssage of an equimolar1812H6—Ge2H6 mixture

through the reactor, SiEGeHB was obtained 1n an approxi-

mately 10% yleld (based on Si He). .However, in the other

syntheses, ylelds were less than 5% per passage,

The mechanlsms of the pyrolytic reactions are inter-

esting since 1t appears that GeHQ:, not GeHj' radicals are

involved 1in the reaction processes. This concluslon 1s

consistent with the fact that in all pyrolyses higher

homologs of germanlum are formed, but no changes in silicon-

chain length occur 1in golng 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

' fSngSiHQGeH5—~———-—+ —SiHQSiH3 +,Ge32=
-~ dnstead of

-S1H

2

SiHQGeH3 oy -SiH281H2- + GeH3o

'vSilyl phosphine, SiH PHQ, can be prepared from the

v >
pyrolytic reaction of monosilane and phosph;ne.138’139

According to Fritz, the passage of about eight liquid mil-

llilitefs of an equimolar SiHu-PHB'mixture through a 60-cm,

reaction tube held at 500° results in thebformation of one

ml, of liquid product. Sil&lphosphine can be separated
138

_'asva major component from this mixture of products.
A possible mechanism for the formation of SiH3PH2 '

~ from S1H, and PH, at 500°, which has been described by

5
L 140
Fritz, is shown below,

Si,H4 ey 51H3. + Ho

He + PH, _____, PHye + Hy
I1$1H3~ +‘ PHQ?-—~——-—+ S:LHaPH2
This mechanism 1s preferred because at temperatures < 500

PHBLdécomposition'is negligible, However, in view of the

recent suggestion by Purnell and Walsh that silene radicals
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(SiHE:) may be involved in the thermal decomposition of
SiH4,134 pfocesses involvihg the SiHE: specles cannot be

precluded. -
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I, Disproportignation Reactions

o Grouﬁ IV.and V hydrides can in many cases be
S 3 . . ’
efficiently_prepared from dispropgfionation reactions,

ih fact several of the more classical methods of hydride

»synthesis, such as the preparatidn of phosphine from the
3 reaction of elemental phosphorus with hot alkaline solution,

involve reactions of this type.

The disproportionation reactions are of two basically

-"differént types and are dlscussed in the sections which

follow. The first reactions are'those which are thermally

induced. The reaptiohs in the second sectlon are those

. in which disproportibnation 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

disproportionatibn reactions of hydride derivatives.lul’lug'

For example, silane 1s produced in the disproportionation

of silyl halides, according to

281H;X ——————3 SiH) + SiHX,

(where X = F, C1, Br, I)

However, since these reactions are not generally useful
for the synthesls of hydrldes, they are not included in

the following discussion. Also, thermal‘decomposition

'reactions of silanes and germanes are omitted from this

sectilon primanily because of the apparent simlilarity be-
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tWeen these reaotiohs.and hydrocarbon "cracking" reactions.
Instead, they are discussed separately in Section H,

| Numerous reports of the preparation of phosphine from'
the.thermal'disproportionation of phosphoé%s.acid (H PO3)’
hypophosphorous acild (H3P02), phosphites or hypophosphites
.have been made, 143,244, 145 The reactions of the acids can

be represented as

: N _
4H3P03 , | > 3H3P94 '+. PH3

4H, PO, A, RH,PO, + 2PH,

in which orthophosphoric acid and phosphine are formed as
the principal disproportionation products in each case,

- . However, in the HBPO reaction small quantities of red
phosphorus, phosphorous aclid and hydrogen are also:formed
_.as disproportionation products.

The dilsproportionation of H3PO3 has been shown to

. be a particularly useful reaction for ‘the synthesis of

laboratory quantities of PH3.146"147 This method 1s highly
deslirable because of the simplicity of the reaction appa- .
'v.ratus, the ready avai;abiiity of pure, crystalline H; POy,
and the hlgh purity of.the product, By simply heating
'.crystalline H3P03 at_205-210° for about thirty minufes,
greater than 95% ylelds of PH3 (based on the equation in
4,146

the preceding paragraph) can be obtaine A trace of

P HM 1s also formed in the reactlion; however, this 1s easily
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‘_:rémovéd from:the PHz'by routine fbactionation techniques.
"Highér“ phosphorus hydrides can be prepared from
the thermalrdisbropdrtionation af diphosphine (P2H4), 
Diphdsphine decompqses in elther the gaseous or condensed;
" phase above -78° to form phosphine and a variety of higher

hydrides, 1.e.,
:
vxPqu e yPH3 + ’higher hydrides

The comﬁosition of these hydrides or hydrilde mixtures def
| péndé'primariiy on the témperature and duration of the dis-
proportiohation reactions,. Thus'under mild reactlon con-
ditions in which thé products are rémoved from the reaction

| \mixtupe‘as soon as they are formed, volatlile hydrides of
discrete molecular types can be obtalned. It‘has been
reported that the fiow—pyrolysis of P2H4 in a tubular flow
reactor at 127° results in the formation of phosphine, |
PQHE,_and small quantities of higher molecuiar weight
;hydrides.148 In a reabtion more sﬁitable for general
gsynthetilec use,-Fehlner149 has reported that PEHu‘can be

" converted 1ninéarly 50% yield during a 1 hr, feactionlin

a hot-cold meactor 9 (hot wall at 70° - cold wall at -63°)
to a mixture of triphosphine (P3H5) and phosphine, Although
not specifically established, 1t appears that this reaction

may be represented as

- 2PpHy ——y PoHy +  PHy
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-Triphosphiﬁe'is thermally less stable than P HM’ decomposing
above —23 to form phosphine and an uncharacterized solid |
resldue.' Baudler and co- workersl51 152 155 have also
examinedathe disproportionation of P2H4 and they have ob-
tained mass spectrometric evidence for the existence of
'_extensive series of new hydrides of.the types Pan + D
3-7), PH (n =3-10), PH _ , (n=24-8), PH _ )
6-9) and several others. At the time of this writing

(n

(n
" the experimental details of these syntheses have not been

: réported' |

| If diphosphine 1s allowed to undergo disproportion-

ation under conditlons which are relatively more vigorous

| than those in the above cases, s0lld higher phosphorus hy-

154

drides can be syntheslzed. Stock et al, reported that

yellow (PQH)X, which Schenk and Buck'”?? formulated as
P12H6’ and phosphine are the filnal prqducts of the room

temperéture disproportionation of liquid PQHA: i.e.,
5P, H) ———> 6PH3 + 2/x(P2H)x

 However, Evers and Street in a more recent report72 have

found that a_hydride of composition PoHg 18 obtained oniy

1f water vapor 1s present during the{disppoportionation.

~ Under strictly anhydrous conditions the hydride which formsb
1 hés.a higher P:H ratio, approaching a 11m1ting composition

. of P9H4-
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Solid phosphorus hydrides having P:H ratios greater

i

‘than P12H6_(2:1)vor.P9H4 (2.25:1) can be obtained upon mild

: ‘ : : 156
heating of P12H6 or P9HM' According to Stock et al,s

the thermal decompsition of P12H6 at 100°-230° results in
formatioh of a red hydride of composition P9H2 (P:H ratio =

4,5:1) and phosphine according to

5Py pHg —— 6PgH, + 6PHy

At a slightly lower temperature, 80°, Hack3p111157 prepared

a 'solid hydride of composition P5H2 from Stock's Py, He.,

Although several workers have of fered explanétions which

attempt to rationallize the composition of the lower phos-
phqrus hydrides,158’159 the work by Evers and Street72

seems to suggest that hydrldes of nearly 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 1norganic chemist, For a more

) complete'review of thé chemistry of these hydrides and a

discussion of the strucﬁures and bonding which must exiSt,
72,143 |

~ Diarsine (A52H4) undergoes rapid disproportionation

in the 1iquid phase at temperatures above -100°, Nast /¥

-'.vand Jolly et 51.99 reported that warming A52H4 to room
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temperature results 1h the formation of arsine and a solld,

polymeric arsenic hydride which appears to be (ASQH)x‘
SxhspHy ————y GAsHy  + VE/X(ASEH)X

No evidence for the formation of higher, volatile arsenic
'hydrides in these reactions was obtained, Upon heating
above 150°, (ASQH)X dispropbrtionates further to form
arsine, hydrogen ahd elemental arsenic as the final pro-
Qucts.. |

Bismuthine can be:readily prepared from the thermal
disproportionation of methyl bismuthines, According to
~ Amberger, % (CH;)BiH and CH;BIH, disproportionate above
~15° and -45°, respectively, to form B1H3 and (CH3)3B1 as

| e |

3(CH3)2B1H —) 2(CH3)3B1 + B-.LH3

3CH,B1H “45° (CH,).Bi + 2BiH
5 2 T 3’3 3

Amberger has also reported that plumbane 1is formed
in the thermalfdiSproportionation of methyl plumbanes.lGO
At room temperature (CHB)BPbH and (CHB)QPbH2 decompose,

: presumably according to

4(CH3)3PbH —_ > 3(CH3)uPb + PbH,

e(cgj)epbn2 —_— (CHB)MPb + PbH),
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- Since these reactions proceed‘at’temperatures at which PbHu

" undergoes rapid decomesition, the reactions are not gen-

erally suitablé'fofthé synthesis of PbHy.
Since the chemistry of tefnary Group IV and V hy-

~ drides has not been_studied extensively, only limited in-

formation concerning their thermél disproportionation_

' reactions 1is availablé. However, 1t has been observed that

SiHBPH and GeHEPH2 decompose, forming PH3 and other un-

characterized proch’wi:s.le5 In the case ofVSiHBPHE, no

appreciable decomposition 1s observed below 200° C;

héwéver, GeHBPH2 which i1s much less stable has been found

to decompose slowly_at room temperature both in the gas

. and liguid 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-

1

phorus (Py) with hot alkaline solutions, H3s 14,145 gy

'principal reaction which takes place and which yields phos—

" phine can be written as

- 2
Py + MQH_ + 2'H20 — 2}1}?03 + zzPH3

‘Hydrogen 1s also formed during the reaction as a result

of a competing process,

Py + H4OH™ + H4H 0 e———s HH,PO,” + 2H,
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and to a'léssér extent as a result of decomposition of

hypophosphite by the alkaline solution,143 i.e.,

Do
+ Hy

HyPO,” +'0H“;____;_;HP03
.The greater the cdncentration of the alkallne solution,
‘the higher the PHy/H, ratio will be. Traces of PoH, -
are also formed in the Pq-hYdroxide reaction, Howéver,
its preéence does not constitute a serious disadvantage
since it can be easlly separated from PH3 by fractional
éondensation.
A prbcedure for phosphine synthesis based on the
above reactidn has been described.73 It 18 claimed that a
high yleld of PH3 can be obtained from the reactlon of Py
with a concentrated KOH solution at 60°, although the
exact yleld is not reported. In view of the relative
complexity of this synthesis, it 18 less desirable for
most general laboratory syntheses ﬁhan the previously de-
scribed H3P03—disproportionation method.lu6'
| Phosphine can also be prepared from reactions of dry
élkaiine earth hydroxides (Mg(OH)),, Ca(OH),, and Ba(OH),)
| with red phosphorus at’elevated temperatures, According‘
to Datta,16l phosphine is formed in high yields (exact
ylelds 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 ylelds are obtained
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with Mg(OH)2 and no P oHy 18 formed in the reaction. How-

ever, with Ca(OH)2 and Ba(OH)g, 1ower PH3 yields and traces

of P H4 are observed, ‘ : C

: Tris—substituted 811yl phosphines can be efficlently

"prepared from unusual boron trifluoride-promoted dispro-
portionation reactions of mono—substituted 811yl phos-

'phines.162f163~ These reactlons can be represented as

. BF
3 EPSi"PHE-”‘“‘f'* ( 5;81)3P + ePH3

. (-E;Si- = H3Si— or H5Sie—)

| Trisilylphosphine ((SiH_)BP) can be prepared in up to 90%'
~ ylelds from'the BF3— promoted disproportionation of SiHBPH2
Vduring an 8 hr, reaction at -78°, 162 Under similar con-

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

SieH5PH2 can be converted in greater than 90% yield to
162

In these reactions

small quantities of what are probably intermediate dispro-

i'portionation products, 1.e., (SiH ) PH and (Si2 5)

respectively, can be detected,
Mixed tris-substituted 811yl phosphines can also be

prepared uslng the BF3— promoted disproportienation method.162-

Co-aisproportionation of a SLHsPH, - S1,H.PH, mixture

'—during a 17 hr, reaction at -78° yields (SiH )3P’
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; S H 4_H.).P. © Disilylfdi-
(31H3)?E\12H5, Si 3P(§12H5)2.and}(s 5 5)3P Dis1lyld
silanyl]phosphine ((SiH3)2P512H5)'can be separated from

the reaction mixture by low temperature column distillation.
However, attempts to obtain pure-SiHjP(S:LQHB)2 have been

-unsuccessful'and the compound has not been adequately char=-

- acterized,

4 Several experiments aimed at determining the mechanism
~ of the silyl phosphine disproportionation.reactions and’
the role.of the LeWis acid therein, heve been carried out.162

: Reactions 1in which BCl3 or BBPB.were substituted for BF}’
"1nd1Cated that the presence of both uncoordinated and coordi~
nated silyl phosphine (i.e., =S1-PH, and E531PH2 BX;) 1s |
necessary for disproportionation to occur. Disproportion-
ation of specifically deuterium labeled silylphosphine .
(SiHBPDQ) ylelded only isotbpically pure (SiH3)3P and PDB;
ruling out the existence of divalent reactilon intermediates.

A reaction'scheme; consistent with these observations can

be written (for clarity SiHBPH2 18 used as the example):

S1HzPH, + BX3f223 S1HzPH,BY, _ : (1)»
S1H;PH, + SiHBPHQEXB-————)(SiHj)ePH + PHy + Bx3 (2)
(SiHB)QPH + SiH3PH2BX3-—%(SiH3)3P + PHy + BXB | (3)

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

which probably involve the elimination of PHB‘(assisted by
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ij) simultanedus with the transfer of 81H3'gpoups.
Since 1t 18 not unreasonable to expect that other
tris—subétituted ternary Group IV and V hydrides could

also be prepared using‘Lewis acid-promoted disproportion-

| ation reactions, futﬁre studies in thls area of ternary

hydride chemistry could prove 1lnteresting, -
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J. 'Miscellaneous Methods

Group IV and V hydrides have been prepared by
several methods,Which.do not properly beiong in any of
the above categories. In some cases these methods are

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 discusslon of several of these miscellaneocus

reaction types.

1. Exchange Reactions, Recently Craddock et al,

, reported the preparation of trigermylphosphine, (GeH5)3P’

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

GeHBBr.164 The product was described as belng a relatively

- stable, low~volatility liquild at room temperature., Although

a detalled account of the wofk was not given, the following

equation for the reaction was suggested.

‘(81H3)3P + 3GeHzBr ——3 351HsBr + (GeHz)5P

It 18 interesting that Ge~P bonds can be formed in a reaction i
of this type since 1t indicates that (neglecting entropy
effects, which should be small) the bond energy difference
between the S1-P and Ge-P bonds 1s less than that of the
S1-Br and Ge-Br bonds, i.e., aﬁcal./mole.36 Application

of this method to the preparation of other gerﬁyl phosphine ;
systems willl undoubtedly be the subject of further investi-
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gations.,

2, ‘Amine-Induced Reactlons, Evidence has been

- reported which suggests that s1lylphosphine and trisilyl-
phoéphine can be prepared in low ylelds from reactions of
phosphine and a‘trialkylamine silyl iodidé complex,~ |
RBN'SiHBI, (where R = C‘H3 or C, ot -). 43 These reactions
are particularly interesting since phosphine'and silyl
iodide by‘themselves do not react to any appreciable
extent, Howevér, in the presence of a tertiary amlne
réaétion progeeds andgproducts are formed. _
. Unfortunately, it is difficulf to discuss the méchev
anisms of these amine-induced reactilons 1n detall for two
reasons: 1) 1nsufficién£ data are avallable to establish
the reaction stolchiometry, and 2) thé structure of the
trialkylamine silyl iodide complex, R3N SiH3I has not been
firmly established, "' It seems possible that the princi-

pal role of the amine in these reactions 1s to remove HI

from the reaction system

SiHEI + .PH3 ——-f—9 SiHBPH2 + HI

ﬁRBN’ + HI ———— R3NHI
thereby preventing HI from reacting with SiHBPHE and simply
ré%obming the starting materials, Uncoordinated SiHBI

cQuld result éither from partlal dissoclation of the complex

- RBN'-Siﬁji or from a disproportionation of the type
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2 R,N * S1H,I ——> S1H,I2NR, + SiH3I

5 3 > 5

described recently by Campbell-Ferguson and Ebsworth.165

It dlso seems possible that if R N » S1H,T has the quaternary

3 3

amine-type structure, R3N81H3+I-, the SiH3 group may have
greater Lewls acldlic character than uncoordlnated SiHEI,
thereby facilitating reaction with phosphine, Future studies
of these amlne-induced reactions will undoubﬁedly prove

Interesting.
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5. Cleavége of Silicon—Phosphoﬁ;hs Bonds, Phosphine
can be prepared in high ylelds from reactions between

ez or hydrogen halides.138*128

silyl phosphines and water
Recentiy, it has been found that partial hydrolysis of tri-
‘silylphosphine, (SiH;)4P, 2lso yields disilylphosphine,
(S1H;),PH, and silylphosphine, 31H3PH2.166 These cleavage
reactions can be represented by the following gghera; |

- equation,

=s1-P7+ H-X — 3S1-X + P-H

(where H~X = H-OH, H-C1, H-Br)
The advantage of the above reactions to syntgetic

work 1lies not 1n the large-scale preparation of phosphines -

and silyl phosphines but in the synthesis of specifically

1sotopically-labeled products. For example, cleanly—lébeled -

Silylphosphiﬁe-P—de, SLH,PD,, can be prepared by the con-

trolled deutefolysis of (SiH3)3P’ Although‘(81H3)2PD

from this reaction was not'fuily characterized, 1t undoubtedlYJ

forms prior to SiHBPD2 in a stepwilse deuterolysis schéme:

2(SiH3)3P + DQO,———f——~) (81H3)29 + 2(SiH3)2PD
2(SiH3)2PD + D0 _— (81H3)20 + 281H3PD2

2S1H,

PD, + D40 *"'”’f* (8133)20 + 2PDy

Cleavage reactions of this type may also be useful for the
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synthesis of specifically-labeled phosphines, e.g.,
PH,D, PHD,, etc. Thus, hydrolysis or deuterolysis of the

appropriately substituted silyl phosphine,
281H3PH + Dy0 ———— (31H3)20 + 2PH,D
2(SiH3)2PH + D,0 —> (31H3)20 + 2PHD,

would yleld the desired products,
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- converted in low ylelds (< 10%) to disilane,

~ germane,
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4, Photodhemical Reactions, Several Group IV hydrides

have been prepafed using a mercury-sensitized photochemlcal

technique, A sensitlzer 18 necessary to promote the reactions

. because simple hydrides are generally insufficilently "excited"

thfough the absorption of ultraviolet light to dissocilate
into radical species, Using this method the hydride or
hydride mixturé containing the sensitizer (Hg), 1s irra-
diated-with 2537 A° (Hg source) light, Absorption of
energy by mercury results in the formation of "excited"
étoms'which in turn decompose the reactant(s) to radicals
through collision processeé. Subsequently,.thrbugh various
combination and/or abstraction reactions of these radicals,
the fiha; products are formed, The‘overfall photolysis

reaction can be represented as

{

(*s,) + hv ——s Hg (°Py)

Hg
*,3 .1
Hg(P1)+ MH, ——s Hg( S,) + Nm3-4-_ He

e + MHB. ——> M2H6

+ MpHge s MyHg

' Silane, germane, and germane-silane mixtures may be

167, 168 di-.

169 4na germylsilane, 1’9 respectively. Hydrogen,
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small amounts of volatile higher hydrides, and polymeric
resldues are also formed 1n the reactions; Small amounts
‘of higher sllanes are also produced from mercury-sensitized
irradiation of ‘SiHy-hydrocarbon mixtures,™?2 In the
example reported, thé hydrides were irradiated in static
reaction systems and steady—étate concentrations of pro-
ducts were obtained with irradiation tlmes of one minute
or less., Therefore, it has been suggested17o 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. Alkall and Alkaline Earth Metal Hydride Reductlons,
Several rebdfts Of'the syntheses of Group IV and V hydrides
by the reduction pf'halo oompounds_by alkall-~ or alkaline JAAIﬂL
metal hydrides have appeared. Accordlng to Finholt,
et g;.l S1iH), can be prepared in up to 89% ylelds from

neackasn—
the r00m~temperaturerf SiClu with LiH 1n dlethyl ether,
For optimum yields a three to four-fold excess of hydride
1s required, Silane has also been prepared from the
reaction at 250° of SiF, with CaH, in the absence of sol-
vz, 218 | 2

vents. Finholt et al. also prepared SnHy from the reaction

of IiH with SnCly. In this case less than a 1% yleld was

obtained.1

Phosphorus tribromide can be reduced in 100% yilelds
by LiH in diethyl ether to yleld a solid phosphorus hydride,

(PH), according to,
| Steo

PBr., + 3LiH — (PH)x + Hy + 3LiBr
0

3

However, with PClB, smali quantities of PH3 were also ob-

tained.mﬂgo'
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6. "Active" Phosphorus, It has been reported that

phosphine can be prepared from reactions of "active"
phosphorus with hydrqgen—cqntaining compounds173 in
reactions analogous to those observed for "active" nitro-
gen.l74 Thé "active" phosphorus 1s obtailned by passing
'phosphorus (Py) in a carrier gas (argon) through a con-
densed discharge apparatus. When this mixture is allowed
to react with ﬁydrocarbons, ammonla, or hydrézine, phos-~
phine 1s produced as the major product. The yleld of pro- -
ducts from these reactlons was not reported although it '
might be expected thét the over-all yields are relatively
low, Since the exact nature of the "active" phosphorus
species 1s-not.known>a detailed discusslon of the reactions
1s not possible, However, the reaction system 1s 1nterest~>

ing and will undoubtedly be further investigated.
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7. Active Metals 1n Non- Protonic Solvents, Active

metals, in the absence of protonic solvents, ‘have been
shown to react with silyl halldes to form a variety of si-
licon hydrides; The most useful reaction of this type, :‘
namely the Wurtz-Fittig coupling of S1H;T to yleld disilane, '’
has been discussed in a previous sectlon., The remaining
reactlions of these tYpes yleld silane and /or solid, poly-
meric sillicon hydrides as the principal products, Thus,
the reactions of 81H501,11L’ S1H)C1,,%? and SiH015176 with
alkali metals (sodium) yield silane, in some cases-hydrogen,
and solid silicon hydrides having compositions 1ntermed1ate
.between (SiH)X.and (SiHE)x. Simllarly, magnesium reacts with.
SiHBBr115 or SiH31113 in isocamyl ether to form silane,
hydrogen and varying quantities of polymeric hydrides,
Recently, 1t has been found that a solid silicon hydride
of discrete composition, (SiH x’ can be‘Quantitatively
' prepared from the room temperature reaction of SiHBr3 with
magnesium in diethyl ether, 1.e,, |
- 8t20
QSiHBr3 + 3Mg —Z-3 3MgBr + 2/n (s1H),

i}

It 18 reported that SiHCl3 reacts‘similarly, but much
slower to yleld (S_iH)x.177 ‘These latter reactlons are par-
ticularly interesting because they appear to be unique

syntheses for pure, (SiH)x silicon hydride.



UCRL-17760

ok

8. Hydrolysis of Phosphonium Halides. Phosphine

can be conveniently prepared from the alkaline hydrolysis

of phosphonium bromide (PHBr) or lodigf) (PHMI).144’178

PH\X + KOH —— PH; + KX + HQO

(where X = Br or I)

A reliable synthesis based on the hydrolysis of the latter
halide, PHAI,‘has been reported.73 Aocording to this pro-
cedure a 33% (by weight) solution of KOH is added drop- |
wise to solid PH,T at room temperature, producing PHz in
greater than 95% yileld. The main advantage of this pro-
cedure.over most others which can be used for PH3 synthesis
1s that if the reaction 1s carried out by adding the KOH
solution at a dropwise rate, the product is‘formed free of
P2H4 contamination. However, 1f the KOH 1s added rapidly,
1t 18 reported thaﬁ small quantities of P,H, are formed.
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9; Synthesis in évMolten‘Salt Electrolysis Cell,

.One of the most technilcally interesting methods of carrying
out a lithium hydride reduction of SiClu,.in order to pre-
pare Sin, has been reported by Sundermeyer and Glemser.l79
This method involves the synthesis of silane'in a molten

- salt electrolysis cell, in which the hydride reducing agent
(LiH) can be regenerétéd after reduction of the 81014.
Using this process SiH4 can be continuously prepared in

the same reaction apparatus., 1In the first step of the
éynthesis, IiH 1s dissolved in a molten salt LiCl-KCl
eutectic mixture (58.3% 1iC1l) which 1s contained in a
specially constructed electrolysis cell, Silicon tetra-

chloride is then introduced»into the cathode chamber of the

cell and formation of S1H), according to
ULiH + S1Cl, ——s S1H, + A41icCl

'occurs.v Upon completion of this reaction, current (ca.

4'v., 32 A,) 18 passed through the cell for several minutes
causing the processes

it + " ——s 11° and.

1" — e '+ 3Cl,
to take place at the cathode and anode, respectively,

During this electrolysis chlorine 1s removed continuously

from the anode chamber. Hydrogen gas 1is then passed into
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the cathode éhamber, bringing'about the réaction
211+ H2 ———-——9 2L4iH,

in which LiH, fequifed in the original synthetic reaction
1s regenerated. According to the authors, by simply re-
peating the above sequence of reactions, a semicontinuous
process df SiHu pboduction can be achleved, - Using_this
method silane can be produced in greater than T0% ylelds

(based on SiC1,, consumed ),
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10, Redugtion of Silica with Hydrogen and Aluminum. It

will be noted from Table IV that the hydrides which are under
cohéideration 1n_thié chapter are thermodynamically unstable
with resﬁéct to the elements. Thus 1t is impossible to prepare
any of the hydridés directly from the elements (e.g,, silicon

and hydrogen) under ordinary conditions. Because of the great

,Stability df the oxides of the elements of Groups W and X, it

1s even less possible to prepare the hydrides by reduction
wilth hydrogen of the corresponding oxldes. However, when an
electropositive metal such as aluminum can enter into the
rgaction, the conversion of an oxide to a hydride 1s possible,
180 have prepared sllane 1n,conversibns up
to 80% from silica and silicates by treatment with superf::
atmosphericfpressure hydrogen in the presence of alumlinum

and aluminum chloride. Aluminum and hydrogen alone do not
hydrogenate silica; an aluminum halide must be present for
the over-all reaction.

6

. . -~
3810, + 4 A1‘+ 2 Alx3 + 6H2 -5 (AL ox)n + 3 S1H,

2

To provide a 1liquid reaction medium, a molten salt mixture

-~ (m.p. 120°) composed of 63 mole % AlCiS and 37 mole % NaCl

is used. The reaction rate is negligible below 800° at
%@ospheric pressure, and abdve 800° silane decomposes too
fast, Howerer, the rate 18 strongly dependent on the hydrogén
pressure, Thus, using reaction times around 10 hr., siligon

.

. Napoo-
conversioqu@eﬂ from 0% at 1 atm. to 10% at 100 atm. to 76%

at 900 atm,
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It is believed that the reaction mechanism of this
silane synthesls involves the formation of a volatile aluminum
Chlorohydride intermediate, A101nH3-n' For example,
e 2
Hy + § AlC1, + 3 Al &= AICIH,
) ' . _
The AlClﬁ HS-n intermediate 18 the active hydrogenating agent:

| 2
2 A1CIH, + 810, —> SiH, + $(A10C1),

Although the above reaction results .in the efficient
synthesis of high-purity silane, tge high—pressure equipment
which is required tends to precludeAPsefulness for small-
spale 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 GQroups IV and V.
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% 11, Atomic Hydrogen Réactions. Reactions of atomic

%ydrogen With Group IV or V elements (or cbmpodnds) can in
mahy cases be used to prepare Group IV or V hydrides. The
réaction type 18 general and at least one example of hydride
formation for each of the elements can be found. However, 1in.
spite of the generality of the method 1t shduld be emphasilzed
that in most cases these reactions are impractical for routine
laboratory syntheses. This 18 due to the generally low yilelds
and the fact that the reaction apparatus is often not simple._
Atomic hydrogen reactions are usually carried out by
_bbmbarding an appropriate Group IV or V target surface with
a stream of hydrogen atoms. If the pfoduct is volatile it
may then be swept from the reactor by the hydrogen stream
into an approprlate product trap. On the other hand, 1f
the product is a non-volatile, polymeric hydride it 1s left
at the target surface until the end of the reaction,
Atomic hydrogen can be produced by many technlques,
keweuexr, For the reactions cited below, it has been produced
from molecular hydrogen in one of the following ways.

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

18 passed through a high voltage discharge tube (elther silent
;. electric discharge or electrode type, ca. 3-10 kv) in which

cagse fractions of the H2 molecules are dlssoclated to hydrogen )
atoms. This method was first reported by Wendt and Landauerleluleﬁ

who erroneously characterized the actlive hydrogen species as

181,182,183
HS).

triatomic hydrogen ( However 1n later work,
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W00d184 and Bonhoeffer185 demonstrated that the active species

in this reactlon is indeed atomic hydrogen (H'). The dis- .
R

charge apparatuses used in most reactions $sAbasica11y &

modifications of the original units, and are often referred

to as Wood—Bonhogffef discharge tubes,

(b) High-Temperature Dissociation: In this method a stream
of molecular hydrogén is passed through a hot zone (&,4. a high
density arc)186 at a temperature greater than 1000°, at whiQh'
point significant dissociation of hydrogen molecules to atoms
Qccurs.187 Based on a heat of dissocilation value of 98 kecal./
mole for the dissociation of HZ into H atoms, Langmulr has |
shown that at 5000° K, H, should be greater than 94% disso-
ciated.188 Although the heét of dissoclation of H2 is now
known to be sllightly greater than 98 kcal./mole, it is clear |
that at high temperatures hydrogen streams containing fairly
nigh concentrations of H atoms can be obtained.

(¢) Photochemical Dissociation: If molecular hydrogen is

“\‘ &y

irradiated with 2537 AN light in the bresence of mercury

vapor, significant dissociation of H2 into H atoms can be
effected.lBg’lgo This tecnnique, often called mercury-
genslitized photoiysis; has been used 1n several 1lnstances to
produce hydrogen atoms for hydride synthesis. For additional
- discussion of mercury-sensitized reactliong see the sectlon in

this chapter entitled Photochemical Synthesis.

Several examples of the formation. of phosphorus hydrides

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

187,191,192,193 192,194

phosphorus and phosphorus pentoxide.

Traces of P"H4 were observed among'the products of the reaction

of atomic and molécular'H with red phosphorus.lg;5 A solid

2
polymeric phosphorus hydride was reported from the reaction of )
atomicfy with PH3;195 however, more recent work indicates that
193

red phosphorus and H2 are the actual products which form,

The formation of arsine from reactions of atomic H with
arsenlc has been reported 1n several cases.187’192’196’197
Also, atomic ﬁ%?gzﬁtg—with arsenlc pentoxide to form a
volatile product198 which 18 probably arsine.l79 In all cases
the produdt_yields were low, clearly maklng the reactlons
unsultable for general synthetic use.

Two reﬁoits of the preparation of stibine from the reaction

of atomic HA ith "antimony have appeared although nelther in-

187,199

vestigator adequately characterized the product. How-

.ever, it 1s reasonable to accept thelr aséumptions since
stibine 18 the only vélatile éntimony hydride stable enough
to be handled under their reactlion conditions.
There is evidence which suggests that bismuthine 1s
formed in the reactions of atomi%ﬁgmwyz; bismuth.187’194’197’290*201

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

¥,

" 1zed in any of the reactions, the exact nature of the species i

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 1little information concerning the
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synthesls of these hydrldes has 5een reported. Hiedemann
has presented evidence for £he formation of a silane(s)
(silane oh,disiiane) as a result of the réaction of atomic
H with what appears to be the glass walls of the electrical

dlscharge tube.zoz’205

Volatiiﬁ hydrides of germanium are
reportedly formed from atomicAﬁ -~ germanium reactlons, but
again, as with the silanes, no definite hydride was identified.
In view of the lack of information concerning the formation

of sllanes and germanes in atomichy reactions, 1t 18 clear

that additional studies of these reactions would be inter-
ésting.

It seems certaln that stannane 18 produced 1n reactions

of atomic g with'tinw?’eo4 and 1t has been proved that SnH4=

A
18 formed in reactions of atomicAH with stannous chloridezOS‘

and stannic chloride.206 The latter case represents one of

the few examples where the product yleld from an atomic N4L7?LV7VAM

reactlon has been reported. As a result of a l-hr. reactlon.

of atomic X with 1.5 g of SnCl, (SnCl4 maintained at -195°

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

obtained.

Evidence for the formation of a voliﬁile lead hydride,

during reactions of atomicAﬁawith leadzoo’zm’zo8

4’
and lead chloride208 has been presented, However, in a more

probably PbH

recent study Wells and Roberts have shown that a solld hydride
R

of compositilion PbHO 19 i8 the only product of the atomicAm,-

209 In view of this more recent data, the

1ead reactlon,
concluslions of the early workers must be accepted with some

reservatilons,
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12. Solvolysis of Lower Oxides. Timms and Phillips->0" dmawe

‘6bserved that when-silicdn monoxide was treated with.lO% agueous N ~
hydrofluoric acid it K dissolved completely with evolufion of hydrogen

and volatile silanes, Mono~, di-, tri-, iso- and n-tetra-, iso- and Egpenta—,!
and'iso- and n-hexasilane were identified in.the mixture of silanes.

Yields of 9-2&% were observed. Germanium monoxide was found to be

almost insoluble in lO% HF. waever, by condensing the vapors of SiQ o

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

silanes, silicon~-germanium hydrides, and germanes with lO% HF.
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Recommended-sﬁnthetic Methods for Binary Hydrides

(References given in parentheses)

Hydride

Small-Scale (one—shot)'

3773

Large-Scale Synthesis
v Synthesis
SiH, LiAlH, + SiCl, (210)  LiAlH, + SiO, (14)
81 Hg SiH, + silent discharge (118,119) LiAlH, + 8i,Clg (1)
or . '
LiAlH, + 81,Cl, ,.(1)
"slsqs, SiH, + silent discharge = (118,119) -
Si H g or Mg, Si + g (59,61)
etc. Mg, Si o+ gt (59, 61) * ' o
- +
GeH, H,GeO; + BH, + H (29,34) L1A1H4 + GeO,, - (213)
Ge Hy GeH, + silent discharge  (119,121) H,GeOq +'BH4ff+»H+ (34)
- or ' |
Mg, Ge + HF (65)

"»'Gesﬂs, GeH, + silent discharge  (119,121) .
‘Ge4hlo, or Mg,Ge + H' (85)
etc. Mg,Ge + H' (85) | |

" LiAlH, + SnCl, . (210) LiAlH, + SnCl, (210)
y - _ or B
. -t
H,8n0, + BH, + H (34)
: : a. . Cor = + » .
| sgeHG H,SnO, + BH, + H (34) )
"PbHéa WMgéPb" I (70) o
H,PO 4 o vy |
% _ S (148) HgPO;  —> (146)
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~ As

'nydvjde : Targe-Scale Synthesis ~ ~ Small Scale (one-shot)
' : ' Synthesgis :
3 = — : —
DT L1AID, + PCly (20)
or .
-+ :
Ca5 o + D | (72) | . "
b ou - + ‘ : ‘ -+ ,
PH, Ca P, + H , (72) CazP, + H (72) ]
| | 149
v a v A ‘ .
CPHST L PH, — > , | (202)
or.
Mg P, + HT (83)
372 | .
) * - + A - +
AsH, HzAs0, + BH, + H (34) HzAs0, + BH4-+FH (34)
b ’
- AsDZ" L1A1D, + AsCl, (21)
2H4a AsH, + silent discharge (99,124)
- or
arsenide + gt (74)
oA + |
AsgHg Mg As, + H (83)
. ! - + - + .
SbH, H SbO; + BH, -+ H (34) HSSbo5 + BH, + H (34)
a b ‘
SbD, L1A1D4 + SbC1, (21)
Sb,H,2 H.SbO, + BH,” + H' (32)
24 3°-3 4 - "
a ,
BiH, LiAlH, + BiCl, (22) |
' or _ _ _ R
n " + . . v
MgzBis" + H K (70)

-

- @7he syntheses of these wesy» unstable hydrildes are very 1lnefficlent,
and ezre small ylelds are obtained even when large amounts of reactants
are used. Consequently 1t 1s pointless to recommend "Small-Scale"
syntheses for these hydrides.

bGenerally, the deuteride can be prepared by using the corresponding
deuterated reagents. In some cases (indicated in the table) 1t 1s
more economical to use a different. procedure,.
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Table III

UCRL-17760

Hydride

References

Synthetlc Method
S1H,GeH, . KS1H, + GeH,C1 44
or
SiH4 + GeH3 + 8llent dlscharge 125
other ‘ '
SiXGeszx_'_2y+2 SiH4 + GeH4 + silent discharge 126
or ,
Mg-Ge-S1 or Ca-Si-Ge alloy + H' 79,81
SiH, St CLi0He + U5, 2130
S1H.PH, SiH, + PH, + sllent discharge 127,122
or
SiH, + PH, —8—> 13§ 137
(SiHS)EPH S1H, +lSiH5PH2 4+ silent discharge 128
SiEHSPHZ‘ Sl He + PHg + silent dlscharge 128
‘(SiH3)3P S;HBX + KPH, 38,39,40
(SiH3)2P812H5 S1HLPH,. + Si,HPH, + BF, 162
(512H5)5P , S1,HgPH, + BFg 162
SiHBAsHZ,SiZASH S:'LH4 + ASH3 + s8llent discharge 127
(51H3)3As S1H.Br + KAsH, 39,41
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AsH,PH, -

~ UCRL-17760
iydride ~ Synthetic Method References
vi(Sins)SSb SIHBr + K,Sb 39,42
’é‘b\’\3 8’)\H3 ’ LQ,QH1 + Yo U, Sm-c—og, 2130
GeH,PH - GeH, + PH_, + sllent dilscharge 127
3772 4 3 . ,
or
CaGe/Ca P, + H' 82,83
G-eEPHr{, GeH4 + PH3 + silent discharge 127
GeSPHg, M\-&
26
) (GeHS)SP GeH,Br + (31H3)3P 164
GeHsAsH2 GeH4 + AsH:‘5 + 8ilent discharge 127
or
CaGe/CaAs, + H' 82,83
+
MgSPZ/MgSASZ + H 82,83
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IiI.' ReCOmménded Pfocedures

~In Tables II_and IIT we have listed what we belleve
to be the best known methods for the preparation of the
volatile hydrides.. The methods listed are not always
those With the besﬁ yield. Thus in some cases we have
recommended methods which, although not as efficlent as
Others,rare reasonable compromises of efflclency, economy,
and simpliclty. Sometimes an experimenter needs only a
small amount of a particular hydride, and 1s willing to
usé a relatively inefficient but simple preparative method
1f he can thereby avoild 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 N
unstable hydrides, the higher sllanes and germanes, and
some of the ternary hydrides, we have of necessity llsted
methods which are extremely 1neffilcient, These are areas
for future synthetlc research. Such compounds will never
recelve the extensive study they deserve until decent.
synthetlc methods are developed,

Generally the volatile deuterides can be prepared

by replacing the appropriate reagents with the correspond-
ing deuterium compdunds. In some cases, such procedure
is ver& inefficiént and exﬁensive, and speciai synthetic
procedures must'be used, Such cases are indicated in

Table II.
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IV, Physical Properties

The hydrides are arranged in Table IV in the following
order: 'binary Gréupklv hydrides, térnary Group IV hydrides,
and binafvaroup 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 thelr most stable state at that temperature, The various
. functions'are'expressed in the following units: AHf°,

1 1 1

kcal, mole ~; AF,°, kcal. mole”
' 1

cp°, cal, deg._; mole”

; S°, cal, deg. mole'l;

; AH® (fusion), keal, mole™ %, and
AS® (fusion), cal. deg. * mole, ™
When known, vapor pressures for the following "slush

bath" temperatures are tabulated:

lce-water 0°

chlorobenzene -45,2°
chloroform , -63,5°
Dry Tee ' -78,5°

carbon disulfide -111.6°

- The réferenoe numbers are italicized ahd in parenthesés,
fﬁﬁmeiwu ﬁnﬂd&t&:ii j%X?L n14§qgwgmaa,j$i Skxéxﬁaﬁ (&dxb._;;ﬂ
o W QAiLVKQ.Aﬂng}JL.aﬂﬁ. Kﬂi&i«134&, - .' |



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

| f % f
Melting i :
‘point,C°® ’ | Spectral Datsz
(AH® (£ | Vapor
ision)and | pres- _ AS°
Thermo- :AS°(fu~  Density = Vapor Pressure sure Boil- AH°of of
dynamic ision) ~ of . Equation for . mm.Hg ing vap'n vap'n Z o~
.functions when . Liquid i Liquid . s8lush point, at ~at §v s o 2
Compound at 25°C  known - | (°C) . log Ppp = | bath) °C b.p. b.p. o - = =
'- T N ’
S1H, AHA=T7.3  [-185 © 0,88 i -645.9/T + 1781 2.9 18 . 5 0).
(3:() (214) i (~-185) : 6.881 (csz) (217) (217) (218)(219)(220)(221i™}
V= b(214) ¢ (215) t ; : ; LA
' : ' T | 215) ' ._ :
| | ! | ‘=
go o O (fum } WL ;
48,7 sion)= | ': ' - ).
1 {217 10.159 : ; ; . | :
e g el -
| MM&&/\, " g :
H l 1 - Y 1
Cp°= AS°(I)‘u— | ngaél}&e | % .\
sion)=_ i ! | | -
(2ir) 13,20 eope ] I R
P (217) |
j | ]
S1H,D (222)(220)
SiH2D2 : ' : {( 23)§
: ; ]
S1HD, ' i | (223)(220):
' : ' 5 o j
SiD, -186.4 -111.4 (223):
! . . AN
€224b) _ (216) j o
225) S
&
H
: =~
! | A
i ! { ©
! | ; ! } !
| : i
|




Table IV (Continued)

2
-' | | | | .
lMeltlng E : _ } i !
,pOIrA C. : ) : H : t Ty b
Bee <§u_ ! | " Yapor | E | Spec rgl Data
; 531on and ; : " pres- i AQ© | 3 -i
gTheer— ;AS (£ f Density: gagggigﬁe?iure - sure Boil- ' AH®of of =
idynamic . sion) i of : Lg cron Lor . mm.Hg ‘ing fvap'n vap'n . & “
‘functions: when : Liguig = Hleuid (siush QOLnt At by 2@ @ g
Compound at 25°C  known ; (°C) © “mm = bath) "l b.p. B.p. | ® w1 E L E
i ; ! ? ‘ ! i é 5 :
SipHg  AH2=17.1 | -129,3° | 0.686 | -1342/r+12,918 <% 2 5.2 2o | L
|+ 0.3 (224) 5-25 : -2.01 log r 123) ) - (227) (217) (228)(226)(227)(=2)
= 214 (215) , i R AR “‘
(37) : |
| : . :
z b f
Si,Dg -130.0 | -16.4 i(226)(226)
! 224 : _ | AAAAA L AAAAA
X___g 1 (216) .
225 E ! i
: § ! H
] . | | i
S1Hg | aHp(g)= Z%%gje 06325 -1910é1816.319 . 94(H0)53.0 | 6.8 20.8 |
s : -3.02 1o ;
25.9 2= 2229) (215) 8T . (59)  i(59) (217) i(217) (230)(118)(120)(231)
(228) —_— —_— ‘ /\M".A.'\NV\A \23
3 | ; | ! : P
$1.Dg “i-116,8° -1281.,7T+13.7260 o
_ (224) +9.6389 log T - ; %
B -0.0112671 | ' | }
(225) . E ; ;
— | , ; ;
n=81,H,5 ) -88.2 | 10.0+ ; f §
(79) } 1.0 ¥ (230)/(120) (120) (120)
° ] f ; (HZO) 1.1 i oo .W(
! : | i ;
MHp(1)= L0.79 ~2594,57420.186° | (120) 108.4° || 8.2° ;El.sc
70.4C { (0) (215) lest) (215) {215) (230)(120) 120 )
iso- i (211) J(zzs) ca.15 WS1) | A AN 12
SEIT H00 ) | |
J (120) | §
? g
) 2]
5
: b
| N -~
_ ; 3
| &
- .. ¥ Es
{ I
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Table IV (Continued) 3
Melting é :
point, °C g !
AH® (fu- | Vapor % o
sion)and ! pres- | Spectral Data
Thermo-  AS°(fu- Density ga?og.Pre?sure © sure Boil-  AH°of AS°of '
~dynamic sion) of L‘}“‘iié‘m or - mm.Hg ing vap'n vap'n = .
functions when Liquid 122 P ' {slush point, at at = = o= &
Compound at 25°C  known (°c) S “mm . bath)  °C b.p. - b.p. = o = &
S1,D14 -89.5%¢ -6011.2/7 +
(224) 139.953 f * f
z ; -51.3041 log T - :
; i + 0.029211 7°¢ 5
; | (225) z ;
i | ; i 4 é
‘ [ i r ;
n-Si 1=138 ? i i
; i | ] i
s'12 (z9) | | ‘
i | E
! i :
iso-SiH -74.5 ‘ i
511z (78]
'GeH4 : AHp= '-165,9 1.523 . -722.255/T + 182 -88.51 ' 3.608 18,19 ! (235)(23 )(237)(70)
21.6 (232) é;léﬁ) i 3i851 . (CSp) | (234) | (234) (215): R |
7 3 ;o =1025 log T \ "-“r::j g ! _' i
(57) ~0.0063108 ¢ | (VEEZ | : S
3 (23¢) 5 | P
- AFg= AH®(fu- ¢ 3 ;
2844 sion)= | | ; | |
2323 0.200 § i
(238) (232) § ! ! ; 5
°o_ o i § : : ; !
i S AS (fu— i ! | !
¢ 46,56 sion)= |
j (232) 1.86 i
; (232)
¢ Co= ! g
l 10.76 3
: (239) 0
P ; =
! i | A
' H ! K (@)
i 5 | ’
! ': ! ‘:



Table IV (Continued) 4
Melting | ;
point,°C | g | - : - a1 Db s
lAH°(fu— " Vapor o Spectral Date
Thermo- Zég?i)"iild Density ‘ ngggiggeﬁgire ggi:— { Boil- AH®of 5Aif - |
< N " i - ‘ H'S : t . o
dymamic s oL e e RS e ovmsmamtn 2o o o3
Compound at 25°C  known b(ec) . 7% Fam T . bath) . °C "'b.p. b.p. M = =
: ; i é ; f
GeH,D o | ! ! (240)(240)
GeHDp | | ‘, (240)(240)
GeHD; . ‘ ‘ . © (240)(240)
GeD, i -166.2 | 1.684 -818.4/7 + 186 -89.2 | 3,744 120.3 ﬁ
L (89) &—160.5) 7.327 (cs,) | (89) (89) (89) .(240)(249)
| (89) (89) (210) -
Ge,H, AH3(g) | -109 1.98 ~1556/T + 1 236.5 | 29 6.0 [19.8 | | Ez42§
: xn.7 . | (88) ggé?g) 12.88§ (H,0) | (85) (217) (217)§(241)§241) 243)(32)
0.3 hels) -2.C log 7 RSt
- (37) (215) (_3_7.) E ]
L 3 !
‘ | 5
! :
Ge,Dg -107.9 | 2.184 -1417.0/7 + 28.4 | 6.483121.2 ' ; !
- (89) §—1<)>6.4) 7300 (69) ' | (89) (89) i(241)(241)
j : : =
i E : Lo
i ! ! : i 3
i : i ; =
: ! ' o
i ! : o
‘f |
. : i il
N v ' ; : ' < ¥




Table IV {(Continued) 5
‘" Melting ‘
: point,°C
;AH°(§u— Vapor o Spectral Doz
: - sion)and : pres- A4S
:Thermo- ' AS°(fu- Density gagggiggeﬁiire sure  Boil-  AH®of of .
 dynamic sion) - of , i%duid mm.Hg ing vap'n_ vap'n o« . <3
i functions when . Liquia [ ° P = (slush point, at at E i g =
Compound at 25°C ' known . (°c) . TUS Smm T bath) °C - b.p. - b.p. a3 o Z =
Ge Hg AHM(g)= -101.8  2.20 . -2153/T + 13.9  110.5 7.7 .20.0 ° -
53.6 - (228) ¢ (-105) ' 16.288 (HE,0) éest.)‘: (217) - (217) (121)(121)(32
: ; i (85 L -3, (6 % . : SR
(228) | | (85) ; (Slg§ log T (79) = (8%) | 5 5
Ge zDg 100.3 2618 | -1721.5/T + ? " 110.5 | 7.876 :20.5 :
(89) -99.9) { 7.367 ; ﬁest-)i (69) :(89) |
69) . (89) . (89) !
i . ‘ : i
: : -; ! i
- { : : ¢ |
n-GeHy ? z b
i ; j ; ; i
ﬂ ~1714.68/1 + ; ;}176.90 7.842¢ : (121)(121) (122}
116.692¢ ‘ ‘y(est.) (68) : i A
1 (88) ; f(88) | | g :
igo- ‘} § j f (121)(121)(121)
Gyl z P £
; . N !
| s | asC oo
GegHy, -1805.8/T + ; 234 8.260 : g i
5.449° ; (est.); (68) i P (121)
(68) é (@) R R B
5 f { % | :
S1GeH, AHg(g)= ~119.7+ -1307.06/7 + | 7.0 7.0 i 6.00 |21.3 ) g ;
7.8 0.2 7.54701 - (coy)l (125) | (125) : (125) | (125) 243)
AR (g)= I
4 ! ! {
7.5 j 5 P
(245) ‘ é LS
i PR O I
1 ! ' \O
P CoBY
! o
: (©]
t
|




Table IV (Continued) ' _ - 5

‘ Melting : : ; ,
AH®( fu- ¢ Vapor - : :
sion)and pres- : "AS°

‘Thermo- . AS°(fu- Density Vapor Pressure sure Boil- . AH°of of

4 - : Equation for : : !
‘dynamic sion) of quuid - mm.Hg ing rvap'n vap'n

=
‘functions when Liquid . JARLY (slush point, :at at | = . & | o 2
Compound at 25°C . known (°c) ; S ‘mm - bath)  °C . b.D. b.p. t R, =
Si,GeHg i -113.4 ;  39.6 } i ;
: . (79) ' ; . (H,0) % 3
; : L (79) " E L
; i ; i ‘ o |
- SiGe,Hg | =108.5 . P19.3 {
a L (79) f | (Hy0) %
| | 7 b (79) | ;
i | : : | i P : |
n-S1,GeH | -87,1 . % 4.7 i 5 i :
30eH o (18 § (iro) | | f
g i (79) § '
o , z’ LR
z ‘ ! = '
n-SiGeH -71.5 i 8 5 | { {
£ (719) i A
| | i i
i i i i i
! P ; i ) {
SnH, AHp= ~150 1 . -966/T + 17.5 | -51.8. 4.4 (19.9 | E § ;
38.9 (239) ! . 7.257 (cs,) | (239): i(217) (217) | - 1(246)(247)(70)
- : E ; (215 ; 5 : i =
(37) | - (215) (37) | | ;
|
AF3= { g 198 % :
9944 ; % (co,) é §
(248) § ; (26) ! | ;
, } ! ! ! \ g
iS°= i : ‘ ! 5
127,61 . E | % L
(246) | ! | 3
o= | ; i | ©
111.73 : ; i § %
;(246) " . g i 1 % ; ¥



Table IV (Continued)

ffunctions
Compound

MettiTrg
point,°C
AH®(fu-
sion)and
AS°(fu-
sion)
when
known

Vapor Pressure
Equation for

log Pmm =

Vapor
pres-
sure

mm.Hg

(slush

bath)

AS°

CAH®of of

vap'n vap'n
at -at
b.p. Db.p.
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Table IV (Continued) &
- - T ;
_WeLtlng i _
rpoint, : ; )

Spectral Daizn

IAM°(fuj Vapor |

sion)and ‘ res- . -AS°
Thermo-  AS°(fu- Density gaQOE.Preisure gure Boil- AH°of of o
-dynamic ~sion) of Lgua'éon or mm.Hg dng vap'n vap'n g oo e o
"functions when quu lqué _ (slushpoint, at cat @ o = R
Compound at 25°C  known - (°¢c) tog Py = vath) °C b.p. b.D. & = -

33 0.746  -1027.30/t - 171 -87.74'3.49 18.8 (254) (257}
21 ) | é—9o; 0.01785307T - (cs;) | (252)(252) (217) (253) (255) (258) 2
1228)  15.00002913577 (37) L
; ; : +9.73075 . r
| z i - (21z) |
| $°=50.35 AH®(fu- : ; i § j :
(212) . sion)= ; ‘ : % : | |
B B M H H !
i

3 ' He® o
g (

PH = ;.1
- (212

\] I

)

; 1 0.270

; (212 , ; ! 2
| c °=8. 76 AS° (fu- | i E §

;51on) 3 § | ; é | | ; :

| (212) | o ~ | 3 | % | : v
! | fr | ; ‘ ®
PH,D g g ; ; 3 g (259) | (280)

,
i i ’
PHD ! j { : i 5 ‘ (
: 3 : [
i i

FD S°=52.94 | ; % 5 T (
(258) ‘ ‘

C_°=10.00:
D :

7
L

| (258) ] ( : |
P H, AH,°=5.0 =99 1-1498/7 + 7.330 | 73.0 83.5 :6.889%20.46 (262) | (261) ‘(260) (257)
£1.0 1 (159) : (72) L (Hy0) (72)  (72) . (Z2) : g i
(37) L (12) |
z ; b ; | ; : ; S
P.D % % | % i(262) © (261) (257) &
274 i : ; ; [ : : A
! i ; : i z ; i -3
: ; § ; : ; ; =
! | : ; i ] % : N
; 3 l N | {
. . ‘ ; i ¢ N



Table IV (Continued) ‘ 9
T - T T H
? ‘Melting ; _ f . *
point, "C : ; Spectral Data
AH® (fu- : : :
. Vapor v
The rmo - Zég?%i?d Density Vapor Pressure’ pres- "AS°
= ; e Y. EBguation for sure Boil- AH°of of o -
dynamic sion) of Liquid mm.Hg in vap'n vap'n & 2 & @
~ functions when Liquid %% (siichpornt, st ety 5 : & %
Lo ° < = . s &t o, . — = s
Compound .at 25°C°  known (°c) ‘ mm  bath) °C b.p. b.p. \
SiH.PH, aH°=1.9% ¢ -135 | 487  12.7
3702 f : | (1.0)
(263) . (138) : - 277 :
e : : ‘ (138) (138) (264) (243) (263)
g : B — X . . | AnAes (\f\—?w'(’
S1iH,PD, | |
(123) ; ; |
(SiH,),PH i pes1 | 5
e , x - (1,0) | | :
. (128) (128) (122)
; -. | - I T ARG
(SiHS)SP; | ; ~1901.8/7 + 7.0 114 8.697 _ , 0
3 i ; 17.792 (H,0) éest ) (38) .
| (38) (39) (38 (47) (a1 g
e = » S
‘ | o | g L (a7) |
Si H_PH, ° % ; % L 31l 2 : : C(122) (122) (122)
- ; | ; 27 : : ‘
Si,HeP(S1iHZ), : : | ; é - - (1e2) “(162) (162)
H ; | : i p ! » : i
SigHg) P % § % (lSZ)»&iE%l (162)
g % : § : £ (265
GelizPH, = | i b (127) (223
H P : : ' i i ; PASNAA o
5 ‘ : L : % e | : g
GeH -83.8 i 2 , ' i : L &
(Getz) 5P et ~ f 1 ca.l.0, . - : b
(164) : , [
i ! H,0) _ ~
2 ; N
| (164) i (184)" (164) ©




Table IV (Continued)

10

H i
: 'Melting : '
} jpoint,°C: g )occtral Cata
: IATH(Tu- _ ' ! Vapor
: - lision)and: Vapor Pressure pres- AS°
‘Thermo- A°S(fu- | Density Eguation for sure  Boil- AH°of of 5 . o
idynanic §sion) of Ligquid mm.Hg ing vap'n .vap'n g o~ = 7
functions iwhen Liquid log P, = . (slush point, at at 3 - =
Compound at 25°C  !known (°c) : : path) °C b.p. b.D
’AsHs ifAHf°=15.9% -116.93 1.622(-63) -1403.32/7 E 35(082)_-62.48 3.988 18.93
. (268) (267)  (287) . -9.45935 log T  (53) . (287) (267) (267) (268) (254) (270) (70)
: : '; ?’ ' a
OF .°=26.4 [0H° (fu- | +0.0080 37 © | : (269) (221]
{ T (268) sion) = i +28.82835 i ; e
' = 0.2857 (267) ; , .
(267) P
is°=53.18 ;AS°(§u-
| sion)= ? % | ; s
i (288) 1y g3 {
;C °._9 207 (.217.) , ; i 1
| P % f é S
;o (289) | | S ?
e s ‘ % i
AsD3 ;Cp =10.55; g : : :
¢ (258) (268) ! (124
§s°=53.22 @M%~
P (258) T
As H, °(g)=®§ ’ | est.10 . ;
4! i at 25° : D
' to3s5.20 | ' | (35
L (32) ; - (124) - (124) (32)
{ : ; ? 1 o
: ; ; 3 2
SlHSAsH AH ° 374 : fﬁ &
I (271 ; . (127) (z65) (271)?\
| ’ : (243) S
i : ;
i
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Melting
point, °C’
AHC (fu-
sion)and .
AS° (fu-
sion)
when

Thermo-
dynamic
functions

Density
of
quuid

Table IV (Continued)

.Vapor
pras-
sure

mm.Hg
{slush 3

Vapor Pressure
Equation for
Liquid

AHCOf
vap'n
at

Spectral

i
H .
a1
i o]

SS

o
E [

g fivie

o o 1 log P = ':

Compound at 25°C known C) mm bath) c b.p. b.p !

(SiH) (As 1.201  -2142.8/T + 8.333 7.7 120  9.798 |
gg)) (272) (14.7°)(est) (272) L (272)

GeH3Asﬂ

SbH

SbD

2

- 44.82

.S°=55.65

AH °=34.7
(37)

2.150

(266)

(266)

¢cp°=9.887ﬁ
(268

5°=58.62

(27b)

©_°=11.45

Y (aed

(32) (zr2)

1.48 x 107°

-1446.34/T
+16.0522

581(CHC]3)A-18 4
&'ﬁ@) i(.32)
(CgiCL)

P
mm

-3.1200 log T {30)
(26%) : :

| 5
[ (127) (

| ;

[ (27%) !

| (278)

AN, .

i

1
i
i
.
'
)
i

|
3 !
i }
i i
' :
i :
'
'
i
;

=101~

09LLT~TH0N



‘ Table IV (Continued) : 12
i o | | ! |
| ‘ggigin o 5 | | ! Spectral Data
:! IARC (fu- | 'l ‘ i ! _— N
: ey I | Vapor | AT T
Thermo=-. AS°(fu- | Density ! Egﬁgiigieggﬁre . DfeST Boil- [AH°Of of | g | ! ]
dynamic  sion) of i Tiguid : He 1N8 vap'nivap'n & | o o0
functions when Liquid 1oq P = E ?mi‘ghfgoint,;at at 3 = s 8
Compound at 25°C  known ;(éC) : & “mm” ;.b:tﬁi °C lb.p. Db.p. f A
T M EL
i 57.27 | g : i 3 % : z
i i : { ; : ; ‘ i
o (32) i' | 1 % ; i : P (32)
(S1Hg) Sy | -1607.3 + 6.041 ~ 1.81 255  !7.638 ! g
S | (39) ‘ §+15 );;§est.) (39) (39) *
1 | | = 39) i(32) : o
j E ;
BiH, AH, =66.4% i-1314.2/1 + 4.62  16:8 :6.011 ! ; (z0)
L (70) 3 | 7.4146 (cop) i(est')‘(aZSO) !
PN ! - ;
| | 1 (22) (22)  1(22)  {(5p)
| - — | i |
' 1
8Negative lon mass spectrum §
1
bThese are triple-point melting points. However, since the vapor pressures are very low at the triple-
point, there 1s a negligible difference between these and the normal melting points.
cMeasurements apparently made on mixtures of isomers.
Determined from mass spectrometric appearance potential déta.
e 1 31 , _ S
Both "H and P nuclear magnetic resonances are reported. 3
, _ &
]
fSymmetrical deformation frequency of MHS- group, only. ' 5
: N
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