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ABSTRACT 

Monogennane has been prepared by the reduction of 

UCRL-10013 

aqueous germanate solutions vi th hydro borate, and higher 

germa.nes - up to nonagerma.nes - have been prepared by the 

decomposition of monogermane in an ozonizer-type silent 

electric discharge. The higher germa.nes were separated by 

gas-liquid chromatography and they were identified by their 

vapor pressures, infrared spectra, mass spectra, and proton 

magnetic resonance spectra. 
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HYDRIDES OF GERMANIUM 

The first extensive study of gei'II'lW\ium hydrides was made by Dennis and 

1 his coworkers who prepared mono-, di-, and trigermane by the acid hydroLysis 

of magnesium germanide. 2 
By a similar method, Amberger has prepared tetra.-

and pentagermanes. Monogermane has been prepared from the reduction of ger-.. 
manic acid or germanium chloride solutions by lithium aluminium hydride,3 by 

lithium tri-tertbutoxyalumino hydride, 4 and by hydroborate solutions.5 

6 Schwarz and Heinrich obtained di- and trisilane by passing monosilane 

through an ozonizer type electric discharge. Diborane7 was decomposed to 

8 higher hydrides, and arsine was decomposed to diarsine by a similar electric 

discharge system but the technique had not been tried for monogermane. We 

have prepared monogermane in good yield by the reduction of aqueous alkaline 

germa.nate solutions and we have prepared germa.nes - up to nonagermanes - by 

the decomposition of monogermane in an electric discharge. 



1. ~~s .~! ~~~I:Q~!IU!!.~.~lu!~ 

Mom-; 41-·, tmd t~~ wre p;Mpa:red liiy tM slaw tl441tion t..'lf a.n 

~ s'olu.t:tcm <,f potaes1um ~rntcl cmd pftB111um dimd.de to m1 

ao!dic l!Bd1um. A rrurmnt o~ ~-~ nt~n vsa ueed to ~ t'1't.a 

b.ydrid.cs trom t,ht! react.:J.cm vesael ss they ~l'O tol'n'!d.. !rbe ~ were 

COltlieneed ou.t in t~ aur~ tv llq'!lid .Qi~ aDI1 wei!"$ subf)e~nily 

~ted and purified li)' diatil.lattoo in !,_ncup. W'1t.h ~e BJtlid ~ 

la~ a.rttmnt of toom.tns oe~. The toomhtS (i'Ould be rec!wled ~ ~ 

about~ o£ a po:cyu.lycol, but larpr ~1ts of ~borate wn1 thou 

~d to eiwt eon~rabla y.tel.ds. A ~ ~tmt oZ ~um .. o~ ro:Gidue 

was to~ 4w.·2.ns tll3 ntaC't1ott.. 'lbis r&)Sidue wu i&tntified ~its w·com ... 

position p~ts ant1 ~ 1t.a ~ ~otrtml (Dr pell.ets) no a po~rie 

ge:rmune ( GeR )x. 9 ~1e y:t.el4 of ~1"llllme vu not :S.n:proft4 \~bon t.b£1 e<.Jnoen .. 

t.:rat.ion ot ~ fH .. ll:.!!btU"ia ac,:td was ~ or wlwn ~lor1c acid wau 

used. With s,"facinJ. o.~tic Qeid ~~no foamins oc~1 wry little 
' 

l"e#idtae WS :fO!'S.~d.t em the y:ieJ.de of~ .. tMlfi ~me.na we:ro ~·.red. 

In Fig. l, tl\Q yielda o'£ m:mo~ and digormane (based on t.he (W.)unt 

ot serJJ&"tium in ool·;J.tion) are pl..otted ~ t:be mtto of ~rate to 

se~te in too e..lltAl:t.nfl GOlutioD. PJ.otu aro &how for tba addition of the 

alkalitle solutirm to ftlAcial acetic e-<:14 t\1lt1 to aulpb,uric acld. !fbe beat 

.n:-sul.te <tretre ~lWd with a ratio of' ~(lV) of about th:.t'oo wl1en the! y1eldG, 

ba.a0d on the ~. ot f§lb:rntaniwa 4i~, 'flt0:m oonop~ T:6 end 41QC2mane 

gp. ':f~~~naue ·u~.s m..r.""G' eas~ :meovercxl. £rom tbe sul.phuric acid sys~ but 

t.ha yield ~I'M D\Wi!::t, croa.to.r than 2. :1/J .. 
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2. Studies ot;__~~e E:f'fect .of Electrical Dis~~a on Mono&e~ 

e.. 'rhe_~ov 12~~ sY!te!!l· The apparatus is abovn in Fig. 2. 

The flow of monogermane from l'leserroir A.into the reaction veaael was 

controlled by the needle value ,V, and the pressure was determined by the 

dibut;yl phthalate mano~ter ?4. The ozonizer was surrounCl.@d by a cold~be.th 

containiJ:l& a.n acetone-dry ice-hydrochloric acid. mixture which we grounded. 

'I'be inner tinge1·, fil.l.ed with the S8.lm cooling mixture, ltas connected to 

a high voltage a. o. supply. Higher aermancs wore condensed in the ozonizer, 

and mono- and digerm.ane t1ere condensed in 'traps B, c, and J), which were at 

liquid nitrogen ~rature. Hydrosen was pt.rr.:~ped out continuously throu,gh 

stopcock 1. Consecutive runs under the same conditione of voltaget pressure 

and flow-rate flllV'e similar results, even \rhen the ozonizer was not cleaned 

bet\reen each run. 'l'1le conditions t1ere va.ried to give voltages from 4 to 15 

kv, pressures from 0.5 to 5.0 em. of dibutyl phthalate, and now-rates from 

0. 025 to 25. 0 mmoles · of monogerma:ne per minute. Figure 3 shows the percentaae 

decomposition of mcnogenna.ne and the percento.B.'=l yield of' diprmooe - based 

t>n the monogenuano deccmpos0d - for different :now-rates, at two conditions 

of constant voltage and pressure. The best condi tiona - h1S}l vo~tage, ll13h 

pressure, and medium flow-rates - save digermane in 55~ yield and trigermane 

in l(Jip yield.. BecaUGe the percenta,se conversion was low, ol'lly lzm.oole of di

gel"llWi.C and about 0.1 mmole of trigerma.ne were obtained from the passage of 

100 mmolee of mono~rnwle· 

b. Tae h~ eressure s~tem. The ~P'dra.tua was altered to a closed 

system in which the monogennane vas at a pressure of about 30 em. of n:erc\.ll'y. 

A Toepler pump wns used to circulate the moriDgerm&ne t and the .amotmt of' the 

monogerme.ne to be decomposed could be varied by changing the si~ of a 

reservoir. The ozonizer was still kept at -18:°C and the disehar5e uas run 

for various lengths of tiroo. '!'he amount at mono~nnane we.s measured both 
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before and after each run. R;ydrogen was not pu."J!,Ped out until the <md of a 

run and so the clJ.a.Uge in the pressure gave an indication of the extent of 

the decom;posi tiort oi' the monogermane according to 

{In most runs x wao i~om 2.0-2.5.) 

Table 1 shows the percentage decomposition of monogermane w1d the 

percentage ;y'ields of o.i~., tri-, ~ tctra.germane f'or different conditions 

of voltage 1 pres£n.n-e and time. Under tbe best conditions 8 mmoles of.' 'both 

di- and trigerma.11e ,.,ere obtained from 100 m:ooles monogennane in about an 

hour. 

3. Studies of the....__?ffect of lleat on ~.ID.noge~ 

In these experiments the ozonizer was l"eplaoed by a heated tube. In 

the low-pressure system the yields were a'Obut halt' as great a.s those :t'rom 

the corresponding ozonizer system. In the high-presau.re s,-stem it was 

impossiblG! to get yields of di-, and trigerrJane greater t11an 'jfo. 

4. The Sei>§!:~t~!?E._C!ni!._Identification oi.' the qe~ 

a. Seera.tion .. The boiling points of' mono-, di-, and trige~ are 

sufficiently far apart to allow their sepru.·ation by tractional eondenootion 

in the usual. vacuum-line appa.mtua. Distille:tion through traps cooled to 

-33°C, and -63°C, and -ll2°C removed tetl~a-, tl .. i-, and d.igennane, respectively. 

The other hydrides were separated by gas-liquid chromatography on columns 

containing lCJ/o o£ silicone fluid on Celite. 
10 

By varying the flow rate of 

the helium carrier gas and the temperature .o:r the column, many peaks could be 

resolved. 

A list of the retention times fo~ various conditions is ~ven in Table 2. 

The two isomere of' tetragermane and the pentage:rmaues were coll~cted :from the 
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11 column by a technique si."lli.l.a.:r to that described by Simmons t:md. Kelley. 

b. ~ntifiC!_~.2.~ Mono- and diprmatlC ·Here characterized by their 

Perkin-Elmer Inf'racol"d Spectrophotometer, model 137. The infrared spectra 

xllixtu.re of the pentagerma.nes were obtained. The proton maptie resonance 

apractra of three of the ge~s are shOt-ln' in Fig. 4. The spectrm."l of 

di4ernane gave the cbeinical shitt for -Gen.., as 3.4 ppm to lower field of 
::> 

tet:r."Bmethylsilane e.s external standerd. All spectra were recorded on a 

Vari..an, mode~ A-60; m,m Speetromater. 

1. Prepare.~~ 

The prcpa.mtion of monogermane that we have described ie an ext:rernely 

useful one because the gel'llllne can be obta.iood ptl.l."e 1n e. short time and high 

yields are ob~ined Yith sn:rall e:ltcesses of hydrobornte, see Fig. l. We 

found that the yield of monogenna.ne is gradually lowered as the excess of 

the reducing agent is increased beyond threefold. Sujishi f.lJld Keith 
4 

re .. 

ported. a similar result with lithium tri-tertbutoxyaluminohyd.ride us the 

reducins agent. Although the yield of' ~rmane is lowered, the a.:roount 

o:t germanium (IV) that is reduced continoos to riae 1 because large quantities 

of the polvn~~"'ric hydride (GeH) are now fol"!!'ed . .,,....... X 

Undoubtet.ily the best method tor. preparing hifbher ge:rmat.les is by the 

decompos:t tion of monoge~ in a hiGh pressure disobarse eystem. In ex.o 

0 periments carried out at --78' c, see Table 1, the percentage yields of 

tri-- and tetrageroonc remained col'lS'tant ":vith t~ but tbe per<:entage yield 
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of digermane was lowered. 'l'he vapour pressure of digemane is h1gb. enough .. 
e.t -tt8,°C for some of it to be decomposed but the higher aermanes are frozen 

out as they are formed. S.1milarl.y trigerma.ne is not frozen out completely 
0 . 

at 0 C and so some of 1 t was decomposed and the yields were smaller. The 

importance of ra.pid condensation explains to sotr.re extent the poor yields 1n 

the pu,rolysis experiments. If the ozonizer was kept at room temperature end 

the eold trap was placed some distance beyond the ozonizer to delay the con

densation of the higher gexw.mes, much better yields were obtained than from 

the pyrolysis ex;periments, although the yields were much lower than those 

when the ozonizer was at -78°c. Thus it seems that the excitation of mono• 

ge:rm.ne by a.n electrical discharge is intrinsically a better method for 

bringing about po~risation. 

2. Separation and Identification 

Trigermane was identified by its vapour pressure and it& mass spectrum. 

Its proton magnetic resonance spectl'iUUl (see Fig. ~) was recordad using pure 
. ~ 

trigerma.ne. 'l'he spectrum is very similar to tha.t of' tr1s1lane an4 both 

.spectra are almost mirror ime.gea of that of propane. l3 The three spectre. 

are characterized by a small ratio ot chemical shift to sp1n .. sp:t.n coupling 

constant for the protons in -~- and -MB
3

, (M = C, 81, Ge.) By a comparison 

with the spectrum of tr1s1lane, the positions of the center of 'the -GeR3 
triplet and 'the ....oeH

2 
.. septet can be assigned to the peaks 'x · and 'iy' :re

spectively. The resonance field tor -ae11
3 

in trtgermane is 3·3 ppm lowr 

than that of tetremethylsilane {as an external standard). (The corresponding 

shift for -s1H
3 

in s1J.e.nes is about 3. 3 to 3. 6 ppm and for ~~ in propane 

is l.l ppm, both toward lover field from tetrWJ:t@tbylsil.ane ). 
" 

'I'be internal. chemical shif't from ::(leH
3 

to -Ge~- 1s 0.193 ppm to, higher 
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field. The corresponding shift 1n tr1silane is 0.167 ppm also to higher 

field, and 1n propane it is 0.438 ppm to lower field. A simple, but by 

no means COltq,llete, explanation of 1lhe differences in the spectra can be given 

on the basis of the relative electronegativities of' carbon, prmn:lum, bydropn, 

and silicon. 'l'he order of the electronegativitie.e is C > H > 81 ~ Cle. When 

an B atom of e. -CB
3 

group is raplaeed by a C atom,. the electron density around 

eaoh or the rell'.min:i na protons iG loweretl and the proton resonance occurs at a 

lower field. 

sroup is replaced by an Si or Ge atom, l'espectivel.y, the elect:&:-on density around 

the remainins protons is increased and the resonance occurs at a higher field. 

The infrared spectra of tri-, n-tetra-, and iso-tetragermane are so 

s1m1lal- that they only idel'lti(y them as being germanium hydrides. On the 

basis of expected relative volatilities, we assl..U'l'Jed that n-tetragermane was held 

lonpr on the chrom.togra.phic col.umn than iso-t.et:raprma.ne. A oonv;>arison of the 

ma'S& spectra or the two tractioll$ with the mas spectra of n- and iso-butane 

&&reed. with this assum,pt1on. 'l'he mass spectrwn of the isomer, presumed to be 

n-tetragemane, bad a f're.smentation pattern similar to that of n .. buta.na,. 1n that 

+ + + + ( the relative amounts of the grs~nts were in the order_, ~ > ~ *4 > M1 M = 

Ge or C). The other isomer, presumed to be iso-tetragerma.ne, had a f'ra~ntation 

+ + + + 
pattem similar to that of 1so-butane, the order be1Dfb M

3 
> ~ > M1 > M4 • The 

proton magnetic resonance spectrum of the n-tetragei'm!.me (see Fis. 4b) is similar 

to that of n-buta.ne in that no easily explained pattern 1s seen. The spectrum 

of !so-butane consists of a series of equally spaced lines, that are pre.seumed 

to be pe.rt of a series of 10, and a strons symmetrical doublet with the same 

· epaci.tJg. '!'he spec'trum of i&o-tetre.germa.ne (see Fig. 4c) vas taken in a very 
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dilute solution of n-hexane and it consj.sted of a SYJlll'W;!!trical doublet. 

The aeries of ten lines caused by the splitting of the ( =GeH- ) hydrogen 

was presumably too weak to be seen under these circumstances. J.l':rom the 

spacing of the doublet the spin-spin coup.ling constant JGeH, Ge~' is 4 

cycles/sec. (JCH CR , is 5 cycles/sec.) The chemical shift of :-OeH
3 

in 
, 3 

1so-tetrace:rmane is 3. 4 ppm to lower field referred to tetremath:yl silAne. 

The yield of n-tetragel"''!!alle vas from four to ten times that of the iso-t'orm. 

(In mruung this estimation o:f yields we as-sumed that the two species "''ere 

equally sansitive to detection by our thermal conductivity cell, and so '!4e 

may be underest~tin.g the yields of the branched species. In the alkanes 

the sensitivities decrease in the order of straight-chain alkanes > 

also all alkanes of a given degree o:f' branching have the same sensitivity 

1rrespecti'll'e of carbon number.) Nevertheless, the relative yie.lds were those 

that might be expected if, in the discharge tube, tetra.germane is built up 

from Ge
1 

units plus ae
3 

units and,. possibly, pairs of ae
2 

units. 

The pentagel"..W.nes ·otrere collected as a group from the chrorr.e.togra.phic 

column. The infrared apectrum confirmed that thes-e were germanium. hydrides 

and the mass spectrum confirmed that they were pentagerma.nee. The peal"..s 

"ttere assigned on the ba$ts of the expected relative retention times of the 

three isomrs on the chromatrogrnphic column, comparisons were rm.d.e vith 

tables of the retention times of hydrocarbons on silicone columns, and we: 

assumed that the isomers would emerge in the or.der neo-1 iso-, n-pentage:rmane. 

The relative yields of' t..~se isomers - based on the areas under the peaks - are 

remarkably close to those predicted on the basis of a statistical build-up. 

By similar argl.lltents the four peaks of the h<!!Xagermanes may be tentatively 

a.~signed as follows: A = 2,2-digeney-ltetragermo.ne; B = 21 3-digel"'J1lYltetra· 

germane; C = a miat:ture of 2-genrzy-lpentagermane and 3-&el"ll\Ylpentage:rmane; D = . 
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n-hex;asei'I!Bne; ( ge;rn.w-1 = Ge~). 

This type of assigmnent (already hazardous with the hemsel'll1anes} is 

iq>ossibl.e with the heptagermanes; but it is probable that K is the normal 

species. For ~ .oor.mal series of hydrocarbons, a pl.ot ot the logarithm 

·Of the retention time spinet the llWliber of carbon atoms per roolecu.l6) gives 

a straiSht line •
111 

This is also true for the s1lanes15 and t.b.e ge~s. 10 

species was never the· most abundant, which result is to be expected from 

statistical considerations. 'l'yp:tce.J. yields o'! the isomers, calcu.lated. from 

the peak areas and based on the amount of ge.nil:Ulium in moDOgermane that was 

converted; vere as follows: pentasermnea o.&f,, hemgermane-s o.3'{o, hepte.

germanes 0.~1 octa.gel."tlmleS 0.0'7/>, e.lld OOn&gel."SSIalleS l.ess than 0.01$. 

We thank Dr. J. J. '1\u'ner tor hie help in the diacl.lSsion of the proton 

magnetic resonance b-pectra and tor the U.Se of llis thesit:J tor making our 

comparisons with the spectra. of tr:l.sila.ne and propane. 
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Table l 

Results from the hi~ 12ressure di~~har~ azstemz with the ozonir&er at -'tfflC 

--
Volta&e Pressure Time 1o decomposition ~Yield 

(ltv) {em;~: Bg) (hours) of GeH4 Gei\) Ge_jlrs Gel}f10 
------~- ---

10 10 2.0 94.5 8.0 30.0 
I 

38.6 26.0 10 20 l.O 19·3 9-5 
6 10 20 1.0 8.0 25.9 19-2 10.9 

b10 20 1.0 : .. 52:7 14.6 9.8 9-9 ., 

10 20 2.0 84.0 25.4 26.9 8.9 

10 20 3-0 86.9 28.6 26.1 8.6 

•1o 20 3.0 6'7 ·5 5.1 6.3 8.9 

10 20 3·5 91.1 11.5 

10 20 5-5 95-2 12.0 30.0 

10 30 2.0 75.2 34.8 26.8 

10 30 5-5 95.0 26.7 29-7 

15 20 2.0 93.8 26.5 28.1 

15 30 2.0 94.8 26.6 26.6 

15 l!.o 5·5 88.4 39.0 31.8 12 

b 0 . 0 
Ozonizer at 25 c,-..rith another cold trap at. -~' C in the system. 



Species 

Ge31Ja 

iao .. ae4H10 
~4~0 

neo..ae5~ 
iso-Ge~12 
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5
H12 

a 
Ge6.B14 A 

B 

c 
D 

Gefl6a I 
'I 

G 

H 

l 

J 

K 

aea~s 
L 

M 

Ge9R20 
s 
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'I'able 2 

!etention ~!) at Various 'fe~z:a,tures 
(in minu~e l 

Flow: 6o e. c. ,!minute !"low: 88 c. e. fialnute 

25° 125° . 150° 1290 110° 1420 160° 170° 

l.O 0.55 0.55 ~ .. 35 

2.9 1.5 1.0 0.5 1.5 o .. s 0.8 0.6 
3·5 L7 0.9 

6.4 2.5 1.3 3-2 1.5 1.3 
9.4 3.4 2.0 1.1 4.5 2.0 1.7 1.2 .... 

13-5 4.0 2.2 5-5 2.4 1.9 1.4 

3.6 1.6 9.0 3 .. 8 2.6 2.0 

3·9 ll-3 4.8 3.4 2.5 

9-0 4.4 1.9 13·5 5·2 3.7 2. 7 

32.0 5.2 2.2 17-5 . 6.6 4.5 3·4 

lt-.0 

6.5 
10.0 

6.7 4.8 
10.2 

1·9 2.9 12.0 7.6 ;;.4 
8.8 3.4 15.0 8.8 6.3 

ll.O 4.0 lB .. o 10.5 7.8 
15.0 4.7 18.6 10.8 8.0 

r.o ~ u.o 

14~20 

1~0° 

'\.0.45 

0.95 

1.5 

1.9 

2.2 

2.6 

3·1 

3·4 
4.0 

4.8 

6.5 -4 10.0 

7-5 
8.5 

13.5 -7 20 
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:t'able 3 

Prtna1P!l Peaks in ~rared §P!ctra of 1'ri .. , Tetra-, and Pen!gernm.ne! 

Vibrations (cm-l) 

ae ... a stretchii1s Qe-H bendin.g 

Geflea 2080 (m.s.) 796 (s) 88o (w) 

n-Ge4llw 2045 (m.s.) 792 (s) 860 (w) 

1so..oe4llw 206o (m.G .. ) 784 (s) 
•I 

Ge5~·· 2080 (m.a.) 195 (s) 860 (w) 

(GeH)x a oo6o (M.s.) 775 (s) 832 (s) 

s - strong 

w -weak 

a These spectra are recorded in an eaa:'ller report. SUbsequently 

Em'tleus and Maekay'16 have reported the positions or the principal. 

peaks of trigermane which agree with our figures .. 
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Zi;. L Yields of monose~ an4 diga:mene (based on the concentration of Gea,.) 

(A) Yield of GeH4 US1.Di cJac:i&l acetic acid. 

(B) Yield of aea4 using sulphuric acid. 

(C) Yield of Ge~ us1na glacial acetic acid. 

(D) Yield of Get'-6 ustna sulphuric acid. 

Fig. 3 Percent I>aoomposition of Qe~ and Percent Yield of Geil6 
( Ozoniv;er at -7Ffl) 
(A) Percent yield ot Gerf-6 at 8kv ~d 2 em. Hg. 

(B) Percent y:LtSld of Ge2f16 at l;kv and 4. 5 em. Hg. 

( <;) Percent decomposition of' Ge~ at 8kv and 2 em. Hg (e) and 

at 15 kV and 4.5 om Hg (1). 

Fig. 4 Proton ma.anetic reeonemce spectra of a) trigerma.:.te, b} n-tetra.germane, 

and c) iao-tetragerma.ne. (In ppm referred to an external sample 

of tetra.""netbylG1lane • ) 
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