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Inorganic Synthesis with Electric Discharges

illlem Le Jolly

Depertment of Chemistry of the
- Undversity of Californlsa and the
Inorganic Materials Regearch Division of the
- Lawrence Radiation Laboratory '
Berkeley, California, 9L720

Introducticn

Electric discharge reactions oftén yield thermodynamically vnsteble
products, of unusuel stricture, thet are difficult o prepare by other
rethods (26,28). Such reactions are of great interest to chemists who
'hope to discover new types of compound se Nevertheless,‘elécﬁric discharges
are not yet a favoriteulaborétory technlgue among s&nthetic-chemistso

There are three reésons for this unpopularity of electric diéch&rges,

(a.) In contrast to conventional synthetlc equipment (flasks, heaters,
stirrers, ete. ), electric‘discharge apparstus is falrly complicated and
time-consuming in use, (b.) Apparatus large enough %o give decent

Ylelds of product is fairly exﬁensivee (¢e) The art of predicting the
 course of discharge’reactiéns is primitive and unrellable. Iﬁ_is to be

- hoped that the first two problems cen be solved by glectrical engineers
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and apparatus manufactureré.' The third problem must be solved by physical E'»
and synthetic chemists. Iﬁ this review, we shall try to systematlze .
" briefly the avellable knowledge and to polint out likely directlons for

. future research.

Conversion of Simple Molecules into Higher Homologs

+ The slmplest hydrides and halides of boron, silicon, germanium,
phosphorus and arsenic can be decomposed in electfic discharges to form_v o
mixtures of the corresponding higher molecular weight compounds. The

_energetics and experimental technique for the hydride reactions are quitg;fgf.

-'ltfdifferént from those for the halide reactions, end we shell discuss these .~ -

'Ltwb classes oflreactions separately. |

Hydrides «
The decomposition of e simple hydride into hydrogen and a higher 17
. hydride 1s an exothermic processy therefore when the reaction products

' 1eave the discharge zone there 1s no tendency for back-reaction to the -

" starting materiel. Of course, inasmich as resctions of molecular hydro= '

o gen are generally quite slow et ordinary temperatures, it is unlikely

" that any appreclable back-reaction would occur even if'the décompositionv ;- 

" were endothermic. ‘The absence of back-reaction simplifies the experimental -
procedure, because there 1s no need o repidly quench the reaction prod-  73’
| "_ﬁcts,,and no neeq to remove the hydrogen from thé vepors leaving the
f;vdischarge. |

. The usual procedure inipreparatiohs éf polysilanes énd polygermanes .

!

is to circulate the slmple hydride through an ozonlzer-type discharge



e UCRL-17519

. until practically all of it has decoméosed and the gas being circulated
is principally hydrogen. The prbduct hydrides are trapped out in a
-suitable cold trap in the gas clrcuit. If the desired product vapors
were allowed to continually circﬁlate through the discharge,.thelproduct_
woﬁld eventually be decomposed completely to hydrogén end 8 very high
molecular weight, essentially non-volatile, product. The average
molecular weight of the product can be adjusted by varying thé cold.
trap temperature - £he colder the trap, the lower the a&erage'molecdlarA:
" weight. | |

Tn Table 1, some of the higher molecular weight hydrides which have
‘been prepared from simple hydrides are listed. |
.'ﬁﬁlidés‘-

.When the voiatilé ﬁalides SiClh5 GeClh and 3015 are .pasged through
a glow discharge at IOW‘pressure,'ﬁhe:higher hémologs, Si2C16, Ge2016
and B2Clh’ are formed slong with elémentary chlorine. These higher
‘ﬁalidés may;bevisOlﬁted if the vapors emerging from the dlscharge are
- passed through suitébie éold traps for separating the haiides from
chlorine by fractlonal condénsat;on. However, = greaf.deal of back-
reaction occurs, and the ylelds are low, If thé apparabtus is modified
50 that a éuitable feducing agent is present in the discharge zone or
immédiately-&ftef the discharge zone, the ylelds are greatly improved.v
Mercury an& copper wool‘have'bgen found to be very effectlve reducing
agents fdr this pﬁrpose; ]

The effectiveness df inciuding a reduecing agent in the apparatus
is‘dfamatically'shown'by experiments wlth PCl5.' If a glow dischargé is

establiéhed in & stream of PCl3 vapér in the ebsence of a réducing agent;



Electric Discharge Syntheses of Volatile Hydrides

e

" Table . l.

UCRL-17519

Elecfric

Starting _ ' : .
Material Discharge I&oducts_lsolaﬁed‘ Referenges
- SiH) Ozonizer Si,Hg, s13y8,'s1uﬁio,* _ 15,50
S1gH, 5" Sighy),, ™ Sl7H16’
GeHh Ozonizer Ge H6’ Ge'H8, GehHlo’* 7,8,15,16_
G67H16’ Geghygs Ge
VASHs ) Ozonlzer AspH),
B_H Ozonizer; . BjH. ., BuH,, B.H ., BAH , 1k,32
? 6 Glow discharge Bh 10 5H§ 5Hil - 6H1°
between Cu 9315
_ electrodes
B. Glow discharge B + oo 20
(Eﬂé ) between Cu 1OH16 ,
2 . electrodes
B_] Glow discharge B + osa - 10
(2 B.H, + H.) between Cu ,‘aHig ‘ N
6+ electrodes -
V'BlOHih Glfw.discharge‘ Bon16 + cne 13
(+ ) between Cu
Hé electrodes

* Isomers observed
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' the vepor leaving the PCl3 diééharge contains,PCl5.and probaebly cne ox
‘more of the following speciess  P, 32 or PCl. No IéClu is obtained,
efen by fractional condensation of the vaporss waever,-by'includiag
a reducing agent (hydrogen, mercﬁiy, copper or phosphorus) in or near
“the diséhargé, falrly good ylelds of PéClh ha&evbeén chtaired.

A brief sumary of some electric discherge haiide synﬁheség'is given

in Table 2.

Conversion of Mlxtures into More Compllcated Molecules

When & binary mixture of relatively simple molecules is subJected
'-to anfelectric'discharge, Various'types'ofvreactions are possible, inelud-
ing simple coupling with the elimination of fragments, and the transfer

of an atom or grovp from one speeles to another.

-Hydrldes -

When.ﬁixtures §f relativel& simplé hydrides.are passed through‘an
‘electric discﬁarge, higher molecular weight tefnary hydrides are formed.
- For example, by passing a mixture of SiHu and PH5 through an ézonizer
discharge, one obtains a mixture of the compounds SiHBPHé,'SieHsPHé, |
and (Siﬂé)ePH, as well as P H), and various polysilanes (9,17). The ozonizer
(or silent elecéric discharge).is mild in its action on molecules; and it
" does not cause drastic fragmentation and rearrangement. There is some
evidence ﬁhgt, byjthe Judicious choice of resgentsy it can be uéed for
vthe‘preparation of speeific isome;s (18). Thus & ﬁixture of SiHjPHZ and
Smh yields (SiH,),PH, and a mixture of Si2H6 and i ylelds SiQHEPHé,Y

' The comversion of acetylene-boron hydride mixtures into carborasnes involves
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Table 24

Electric Dlscharge Syntheses of Halides

Stérting ' ~ Reducing o _ 3 '
Material Agent Produgts Isolateq E References

""’3015 . nome s | | Bzdlu | ) |
BB, 56,57
Zn S | . 55

Cu . BQCl)-l- . 2 | :58

R B mome . - BT, BT, (1), . . BB

AlI : - .pone (AlI)x N o ML., :
 8101h‘ - Hg | o '”-sigclan;é.' s
| 8 s | o2

GeCl, mome  Gellg ) 25,47
Cu - . GeyClg o 27

PCL omome .- Pl PCLy e
H, LByl oo bh1
Hg B ) 12
Cu 4 . PyCL), o _ a7
P), : ‘ P,CL), - , L1

TiClh | ’ -,Hé : o TiCl3 ¢ L 24 o

AL
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relativelyvdeep-éeated molecular rearrangements, The ozonizer is fairly
inefficient in effecting such reactions, and the more powerful glow-
dischdrge‘between copper electrodes is preferred fb: guch purposes (19).

A summary of some electric discharge syntheses of ternary hydrides

is@iv’en in Table 3.

Hallides =

The author is aware of only one example -of the preparation of a
ternary halide in an electric discharge, Massey and Urch (34) obtaiﬁed
8 very small sample of impure SiCljBCla a8 a by-product from the mercury
discharge synthesis of B,Cl). The silicon probsbly originated fnmm‘thg
quartz discharge cell used. It appears that the essehtiall& unéxplored

study of mixtures of halides in electric discharges is worthy of study.

Fluorides =

Some remerkable compounds have been prepared by subJecting mixtures
of various species with elementary fluorine to glbw discharges. Both
statle and circulating systems have been empldyed, and tbe'products of

%&the reactions have'been éffectively removed from the possible destructive

. action of thé-aischargé by holdihg the discharge tube at a temperature
low enough to cauée the condensaﬁion of the product. Thus, by subjecting
mixtures of oxygen and fluorine to the action of a glowfdischargé between
copper electrodes at 60-77°K,_the compounds ObFé'(hO), O5Fé (3,30,31),
OLFé (22),.9532 (54) and OgFo (54) bave been prepared. The higher members
‘of this series are extremely unstable compounds that decompoée to their
elements even at 90°K. Using a similar apparatus at 86°K, krypton and

fluorine have ylelded the very reactive speciles KrFé (21,&2). Recently
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Electrie Dischargé S&ﬁthesés of'Terhary Hydrides

Reagents

Electric
" Discharge

Products Isolated

References. -

SiH)_.' + GeHh

| .SiHh + ?HB

SiHg 4 PE

s L éi%“‘z + .S.i'Hu'f:' )

SiHh + ASH3

GeHh -+ PH5

Geﬁu + Asﬂs‘

”siHh + CH,OCH, .

5775

Bty * Coly

Byl + qaﬁé B

“ozonizer

ozonizer

N

ozonizer
ozonizer .-

ozonizer .

ozonizer

ozonlzer

ozonizer

. ozonizer

gloW‘discharge'
between Cu
electrodes.

~SiH5GeH3

S1H,PH, SiaﬂsPHé?

"(SiH5)2PH~

STHPH,

e

S, SiAST
GeHBPHé, GézPHY, GeﬁPHé,
GeP2H6 ' ’

GeHBAsHé

H,Si. H_
CB 275

B502H5, alEthCEH6’ .
pnszg-BhCQHé, B5Q2H7

B5C2H5"§XETBHCQH6’»

‘ 350237 f'methyl de;ifso

oL

9,17

18

T

‘453h6

19
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the unusual compound NFA AsF, was prenared by subdecting a mixture of
5} AsF5 and F to & glow discharge at -78° (23). In cont rast to the
.polyoxygen fluorldes and krypton difluoride, NFuAsFé is stable and non-
volatile at 25°.
| The synthesis of a‘fare gas_flﬁeride ordtnarily’involves the use

of elementary fluorine and the concomiteant speclal equipment used in
"handling fluorine. Hoﬁever Milligan and Sears (37) have described a
fluorination technique.which avolds the ﬁse of fluorine end consequently
deserves serious consideration as a general method. They pagsed mixtures

of xenon and CFA through a microwave dlscharge and obtained good ylelds

ef XeFé.

Conbrolled Reactions of Atoms and Redicals

‘The syntheses discussed in the preceding section are characterirzed
by the reaction of & mlxture of species in an electric discharges This
- procedure sometimes‘leeds to the szwmtionvcf unwanted bymproducts-fhat
complicate the'isolation'of pu*e‘producﬁs, These side reactions can
.-partially'be avolded by allowing a stream of atcms or radicals (preparea
in an electric discharge) to leginge on various compoundq in the absence
- of a dlscharges Thls procedure is somewhat inefficient because of
‘inevitdble losses of the atoms or radicals while in transit from the

discharge zone, but it affords ¢onsidersble control over the nature of

. the produets formeds

 Atomic Hydrogen =

Many reactions of atomic hydrogen w1th organic compounds have been

studied.(52) It is generally agreed ‘that the primary resction with
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saturated hydrocarbons is hydrogen absfrection, whereas with alkyi halides
and alkenes halogen atom gbstractlon and hydrogeh atom additioh are in-
volfed. Relatively few reactions of atomle hydrogen with gaseous 1norganic
| oompounds have been studied (48). Apparently no control;ed reaction of
_atomic hydrogen With a boron hydride haslbeen ‘studieds "Possibly the
‘ireported,reactiqn of a mixture of Hé and B5H§ to g%ve ?lOHi6 involvedvl
.'the.abstraction of the’apical K etdm from 35H§ followed by coupling of
o two B Hg radicalsa(20)¢ It would be interesting to see if other similar

b}
coupling reactions can be effected by atomic hydrogen, In a study of

the reaction of atomic hydrogen with fﬂz, only Hé and red phosphorusiwexe d'-.A"l.;

vobserved as products (59) waever, the reaetlon was studied only at

12575 and hlgber, at which temperatures P HA is kinetlcally unstable (11).=v.a L

-FePossibly useful yields of hwgher phosphines could be obtained by’worklng '
: at lower temperatures.
» The reactions of atomic hydIOgen.with the elements has been reviewed
by Siegel (48). In many cases hydrides are formed, but the reactions
v‘with metals are ofﬁen’complicated by the heat iiberated by the surface-
,.catalyzed atom recomblnatlion reactlon. MhTeggart has reported the reac- .
,d' tion of atomlc hydrogen wmth various transition metal 071des to form
3: reduced oxldes (3)) In the case of TiO2 and. Zr02, hydrogen-containing
-oxidee of empiricel composition Hb 2TiO 1.3 and Hb 2ZrO 6o were obtained.
ﬂ;Zirconium difluoride has been preoared by the getion of atomie hydrogen
.; on thin layers of ZrF) at elevated temperatures (36)
A number of interesting reactions have been studied by passing .
L streams of atomic hydrogen through agueous solutlono (5,6> In a typlecal
":procedure, hydrogen gas at 20-30 mmy pressure 1s pumped through an .

' electric dischargey ‘through the experimental solution (cooled to reduce .
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evaporation), and through a cold trap to retain volatile products.
Dissolved atomic hydrogen sometimes acts as an oxidizing agent, by
hydrogen ebstraction from organic molecules,.or:together with the aqueous

proton as in the oxidation of ferrous ion (5,6).

Feol 4 E 4 H e Teol + H,

With many inorgenic species (such as Co(III) complexes, nitrate ion, and
- ferricysnide), atomic hydrogen sets as a reducing agent, with férmation
of the agueous proton (38). TFor example,
- + o B o
(:o(l\rr{3)65 +H Co(NL, )™ +
o Recently 1t has been recognized that atomic hydrogen and the aqueous
‘electron are two distinet reducing species, interconvertible by esdjust-
ment of the pH (2)3

. d —— . - .
Haq + OH e Caq + H,EO

The application‘of these reagenfs to'synthétic problems has not yet beeﬁ
' _attempted;- Possibly 'the effect of hydrogen atoms on aqueous systems

can be studied by using gvstatié ozonizer discharge confaining agueous
golutions. It has been demonstrated that ceric ions may be reduéed to
 {:cérous ioné'and that ferrous lons are oxidized %o ferric ions (wlth
formatién«of hydfogen perqxide) by'simple expogure of the appropriate

| solutions to A silent electric discharge (60). lThese reactions are

believed to involve the formabion of H atoms and OH radieals.
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vAtQmic Nitrogen -

Atomic nitrogeﬁ, like most atoms and radicals (39), acts as‘an
'"elecfrophilic reagent which faﬁors attack at polarizable domor atoms.

, This behaviof is apparent from = stﬁdyvof the reaction of atomle nitrogen
with various sulfur compounds (49). Divalent sulfur cémpounds (H,S, CS,,
. 0CS, Sgy 012 and SCla) yield a variety of sulfur-nitrogen compounds.

On the other hand, sulfur compounds econtaining sulfur atoms with &

| positive forinaJ_. c@a.rée (s0,, S0CL,, and so3) yield no sulfur-nitrogen

'compounds; The reaction of atomic nitrogen with 32012 was found to glve

o good ylelds of ‘the unusual molecule NSCL.

~ Recently it has been shown that when atomic nitrogen is nassed

i"""" 'fj,‘c,hrough aqueous solutionsy it can effect 8 varlety of oxidation-’

- reduction reactions (33).

This work was supported by the U. 8. Atomie Energy Commission.v
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