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coneiderable Pesearcb 5x1 %he p e t .  The .vsriou~, etudies have been sum- 

4 marlzed by More3 and ~ill.3 an8 lipscamb snd mmequently w l l l  not be 

repeated in detail here. Briefly, however, Linetie studies5 and work 
6 on the various isotopic exchange reactions indicate that the initial 

two steps in ' the  pyrolyeis of diborane. are the rapid borane equillbrirm? 
'6 . 

followed by a rate-determining attack of B& on diborene,. However, the , * . ,  
. , 

' following s t e p  whereby tetraborene, pnteborane-9 and -ll, hexaborane, . .  . 

etc. , are formed era in some doubt. For example, some tend 

t o  write &Hll 8s being formed directly f r o m  diborane and an intermediate 
4 product, thought to be B3H7, produced directly from diborane, Hoxever, 

it Is Schaeffer*s view that the work of Klein, e t  a l e9  on the decon~posi-' k 
\ 

tion of diborane in  a hot-cold reactor tends to a w e s t  that tetraborane 9 .  
1 

. i e  first formed from B3H7, subsequently being converted to  &Hll. :.I 
1 0 , n  

b 
r .  

Kinetic studies on the conversion of tetraborane to  pentaborane-ll i 

; k . r  

indicate the poesrible existence of two fntemediatee, B4& and B d 7 .  9 ,  

! 1': , . . 
la ter  work on the rate of formation of B4&C0 tended t o  conflrm the I .  , r $ l  

b ' -  

equilibria. , , -  q 

I:;; 1 , 

, . ., 
. existence of the former. Thie species also seems a likely intermediate. I : : 

. I ? .  

In  the tetraborane-diborane exchsDgeU and the pentaborane-ll-diborane , c ,  

The 

exchange.14 In general, the exist- epidence teclrda to favor a rather 

present research 

i 

4 y ,  

ww based 

complex mechwniem coneletiw of e eeriesl of comgetitiw resetions and 

on the idea that if the 

were subJected t o  a heat pulse of some typeo one mlghf expect t o  pmduce 
* '  

higher concentration6 of Intermediatee for short peridle of timed A8 a 



result of these higher concentrations a the dhort period of the tempera- 

ture perturbation, new unstable boron hydrides could very w e l l  appear in  

the finslgroducts. In  contrast, one would expect under the conditions 

at  which the intercomrereion of the boron hydrides hae been studied in 

the p a t  .(temperatures of the order. of 100°C and times measured in  minutes) 

that unstable species would be destroyed nearly'se fas t  as they are formed. 

Consequently, as the elmple shock tube is e eoatternienti means of pamducing 

heat pulsee of varying etrength i n  a mixtute of ,&wee, it was wed in  

the work presented. 

The two inch i .d. shock tube ueed in  this  work an8 shown echemti- 

caUy in  Fig. 1 conelated of a two foot bras8 driver section sewrated 

from an eight foot pyrex pipe reactant eection by a 0.001' a aluminum 

f o i l  dieghragm. The end plate of the l a t t e r  eection wee replaced by 

another 0.00lU diaphragm which, when ruptured by the ehock wave, allowed 

the products t o  enter 6 large. evacuated trap a t  n°K. This device . 

allowed all the condensible product8 t o  be collected immediately af ter  

the shock perturbation had eubsided. Provision was made for moving the 

products from this trap to the separation apparetus irtiilzing ir stream 

of helium. 

A driver preseure. of about 14 .&tab of hell& or  \uh'3gdroged f nitiated 

I the. ehock wave by epontaneoue iriaphragm irupture i f i  met casee. The Peac- 

tat gas a t  e po.eseure of epgroximetely one cm fts generally conelsted of 



I I. 

a mixttwe of an iner t  gas d o f  b j r Q ~ 8 h  with one or m m  of the uols- 
' .  

t U e  boron hydrides. 8 

. I ,,, ., 

- The velocity 6f fhe incident shock nave was measured u t l l i z i~ lg  a * * 

schlieren syetem. For ~ e / A r  shock waves, the velocity compared favorably • 1 

with that calculated from the pres- nvtio .16 The measured , , ' 

velocity permitted the calculation of the temperature behlnd the incident .: - > '  

I wave ueing an average heat capacity, where available, fo r  the boron 

hydride. Corrections were net made for the heal* of reactionA7 as only . "  
an estlmate of the shock strength wae desired. 

I An W c a t i o n  of the conditions t o  which a typical  sample is sub- < 

I+ 
dectefl is given by the wave d i ~ r e m  i n  Fig. 2, which wat3 calculated for  

a typical run. It may be eeen that  the rarefaction wave overtakes the I I ,  I 

I 
' ,  

shock wave shortly af ter  it reflects  from the eecondary di8phragm. It / [  

I . 
is probable that  the diaphragm does not break 'Immediately* and conse- 

' , 

quently the gas is subJected to the reflected wave which roughly double8 ' 

, 

the temperature of the gas. If the diaphragm s t i l l  has not broken, the  .. , 
!I 

. . , . .i,. . 
, ,  ; . ' .  . interaction of the shock wave with the contact surface i n  t h i s  case would . - .; 

. , . . , . '. . 
, , 

.. . result  i n  two shock wave'8 movlng i n  opposite directions. -her. inter- -., : . <  
.. . . /... . , 
. . ,  

actions become very complex, especially when the diaphragm xupturee . $  

f 

1 
, '  allowing the gee t o  exgand into the cold trap. For t h i s  reaeon it 

? * 

would not be very fruitfbl t o  t r y  to  trace the subsequent events. It 
1 

suffices t o  say that it i e  doubtful tbt the cooling In  the trap is 

' , efficient  enough t o  prevent 8ome reheating of the 'gas due t o  deaccelerd- 
, . 

t ion at the t rap  w e l l e .  . The rarefaction wave doem aid i n  cooling the  

products, however.:' lhiP waa ~ubs tan t ia tcb  in "the case of B&o 'and a. 
, .  . a  

, .  
., - . . .  . . .  :. . . 

, . . . .  . . . . , .. . ,, :.. . 

. . , . . , . . -  '. ,* ' I 
. , j. _ . , ' .  f ,  ._ . . I . . - 



I 
With a 82 driver, the wave diagram is about the sane as tbat in Fig. 2 1 . 
while with a He driver the rarefaction does not reach the secondary 1 .  

diaphqm u n t i l  a r eh t ive ly  low time a f t e r  the shock vsve. Coneider- 

ably more unstable products and lees solid were formed i n  the former 
' I (  

-'j 

case than i n  the l a t t e r ,  other conditione being equal. Despite the 

vagueness of the actual history of the emgle, it is eubdected to a 
i 

f temperature perturbation of short durstion which, a8 t h i s  study was in l t i -  . 
at& a&w preparetive lines, was the &@sired result 19 

l!he separation of the products was accomplished using 8 l tcodls t l l -  

' lat ion fractionation apparatus" constructed essentially a8 described 1 1  + 

I ! , #  - 
by Cady and ~eigwarth.~ '  The general operation of t h i s  apparatus is ae I1 : 

I 

i '  
follows. The products are carried by a stream of helium gas from the ; : i  1 
ehock tube t rap t o  a copper @'UW tube packed with magnesium metal f i l lnge I 

< 

t o  whicb a temperature gradient between n°K and 300°K has been applied. 2 8 
( 
1 

+ '  t 
The vertic8l position i n  the tube where the various substances condense 

depend8 6n the substances' boiling points. The temperature gradient i e  I 
r 

gradually raised allowing the rings t o  move tow- the bottom of the b. - 

"U" tube. Upon reaching this point they d i s t i l l  off and are cerried a " 
away by the helium etream. A s  the comgoud leave8 the column it ia 

I I 
detected 

) 

. . 

thermal conductivity celltbubt forms one enn of 



circuit.  The unbalance of the  bridge is monitored with 8 recorder giving 

l a visual record of the dis t i l la t ion.  A typical record is shown i n  Fig. 

3 The vert ical  dotted llnee refer  t o  the scale changes shown, while. 

the decaying curve is the output of 8 copger-conetantan thennocouple 

attached t o  the baae of the column, 

A schematic disgram of the actualapgsratue coastructed for  this  

research i e  shown i n  Fig. 4 and the parts used are  given i n  the legem¶. . 
. . 

-, Selected product. could be efficiently trapped i n  the detachable sp l ra l  ' + 
+ 

. . 
glass traps and carried'  t o  the mass spectrometer fo r  identification. ' . ' ', 

, , 

This method of eeparation is very suitable for  eeparating unstable 

vols t i le  compounds such as the boron hydridee for two reasons. First ,  
. . 

the column containe no absorbing subetances that  may hold water and it 

. may be baked out under vacuum. Secondly, the entire d i s t i l l a t ion  is . * 

, finished before the column reaches O°C eliminating the problem of decom- . ' . ,  

poa~t ion .~ '  It wee particularly applicable to  t h i s  work as about 

5 x 10'' noles of a stable product could be trapped sod identified on 

the  mass spectrometer. The maas spectrometer showed tha t  comgounde 
1 .  

.c . 
purified i n  the  apparatus had t o t a l  impurities of less  then 0.2 per cent., , . ' . .. 

As the area under each curve on the d i s t i l l a t ion  record (Fig. 3) 
. . .,, . . ' ' " 8 '  .. i 

is proportional t o  the mount of material present, the composition of 
. . 

the mixture of volat i le  products could be determined with suitable cali- \ i" 

bration. !he area of each peak was taken t o  be the height times the - ' 1  : 
t . 

' I ,  

width at half-height*. Peaka were trappea and the area per unit  pressure , , 
t 

, I 

determined.- A. a check' on the procedure, the composition of a s wwa. , - I . 1 . .  
r -  * , .. ' .  " . '  

2' . : . ' '. .. . .  . 
. I  & . .  . .. . .. , ,, . . 
- ,  . - . % . .  . . , . . . ~ 

/ I  . , .  * I  . . L~ : . . 
. . : . . A  . . . , ? .  . 

I .' 

. v 1 . <  ~ 



determined by area and also by trapping. The total anuunt of material 

w a s  equal within 1 per cent; however, the pentabornee were over 3 per 

cent off, which i e  not surprieing 88 one peak falls practically on the 

other. 

The mount of solid produced i n  a given run wCIe taken as the total 

amount of volatile m t e r i a l  collectea in  a blank nur miwe the mount 

collected in  a normal run. The blank run and the normel nm were 

+ comeotieb %r any dUferenoe8 2n etart;Pn@ peeeuree and the csl~uhe%iana 

were done in terms of moles of boron. The absolute accuracy of this  

method of composition determinstion is probably not better than 10 per 

cent of the composition values and is particularly bad for small peaks 

in  that it ten& to glve too small percentwee. However, all that was 

desired was a relatively easy way to  compare variw rune and for t h i s  

purpose the accuracy i e  quite sufficient. 

The diborane of norms1 isotopic content used ia the pyrolysis 

experiments was purchased from the Callery Chemical C a w ,  Caller& 

Pennsylvania. It was purified by trap-to-trap dis t i l ls t ion before we,  

The tetraborane was obtained from the same company. It was found t o  

contain smell amounts of hydrocarbon and a w l  eubstituted diboranee; 

conseguently, it had t o  be purified on the disti l lat ion apparatus 

described above. The pentaborane-9 used was some t h a t  had been previouely 

prepared in  the laboratory.P ihe pentaborme-ll was prepared as ade- 

quately described by Burg and stone .23 The hexaborane wed nu prepared 

in  the shock tube-and p i f i e d  on the dieti l lat ion apparatue. The deuter- 

ated B" dlibowne was some t h a t  w previcrus~ prepared in this  laao- 

ratory . 24 



For the driver gw , helium obtained fmm A l r  Reduction corporation . 

wae used. Helium from the same source was used with the f'ractionation ' I '  
1 ,  !. 
.; 3 : 

apparatus except it was run through a drying tube and Urge packed 
-# 4 ,  t , 

copper column at n°K before entering the flow system. Theee precautione . 1, . : 
J f< 

were taken in  the l a t t e r  case ee much larger emounts of helium were in- I .I: i 

The argon used was Matheeon reagent m e  which was certified i ~ .  
< '  $ 

99.99$ pure argon. Electrolytic hydrogen wee ale0 obtained From %theson. ' ';+ 
< * 

while the deuterium was obtained from the Stuart Omtygen Company. ' i ' ,  
[I 
ii 

Results an8 Diacueeion e [  
< i 

The voht  i l e  products &Be, Bale, %He, % H i t ,  BeHio, were all 
' li' 

separated and identified as described above. Considerable ~m0unt8 of 4 .At 
4.. 

eolld were produced in  these runs .and samples were analyzed on the me8 !I . 
L 

, 45 

spectrometer. BloHl4 was present along with possible traces of ! 

B Z & ~  .25~26 Most of thle  solid material wa.  non-volatile, however. 
Y 

- 
' i "  . 
.. . 

Detection of Unstable Product8.--Besides theee "normal products", 
)I 

-table products were formed and their  identity was determined as follows. 

In certain rune [low shock strength, excees hydrogen) the disti l lat ion 

record had eeveral peaks that were not due'to known hydridee. A s  the 

magnitude of the difference in  thermal conductivity between the reference 

a and sample cells of the detector is directly proportional t o  the vapor 
. . .  . . . pressure of the substance dis t i l l ing at  8 certain column temperature, an I 

unknown vapor pressure can . . be determined with euitable callbration. It 



was found that the temperature a t  which the vapor pressure of a compound 

was 0.1mrn corresponded to the tempdreture at which the compound first 

appeared on the d i s t i l l a t ion  record, This is shown in Table I for a 

few selected rune, Vapor pressuree for the boron hydridee are given i n  

reference8 27 and 28. A s  can be seen, the correspondence i e  very good 

and is quite reproducible. It is f e l t  that the wUuee determined for  

. . ' the unstable products are  as good. 

The most abundant intermediate found was BeH12a This molecule was 

, 
first suggested by stock: and l a t e r  some mass spectral evidence for 

' 

. . ,  . - .  

i ts  existence M offered by Gibbons e t  The l a t t e r  consisted of 

ion peahe at m/e n and 78 i n  the e p e c t m  of freshly prepared hem- 

I n  Fig. 5a, a reproduction. of the die t i l la t ion curves of the penta- . 

. boranes and hexaboranee from 8 16$ Bz&, 57$ &, 274% A r  run is shown. ., 

' a 

Using selective trapping and mass spectral analysis of the cute, the 

first portion (before the first maximum) of the pentaborane curve was 1,; a, 
1 

I : 
shown t o  consist of r mixture of &He and BsHar while the second portlob I i , 

was %Ha alone, The second part of the hexaborane curve w a s  shown to I , t c -  

f ' 
. I  

be BeHao. The first part of the hexaborane peak has a mass spectrum a t (  ' 
.+"I . 

containing ion peaks at m/e 7'7 and 78 not unllke the ion peaks at m/e :q 1 
'4 a 

t o  the mass spectrometer had no effect on the exketence of Chese peaks 1 .  1 
I 

65 and 66 i n  the mess spectrum of B ~ H ~ Z  .30 These peaks were not caused A *  I I 

either. By cornprison with the case o f  the pexatabranesl i d  i~ evident 
I 

$ 

! !  

by instrumental peculiarity se both fract.iom were run i n  succession. 

. One sample had m/e TI and 78, aud one did not, The semple aize admitted 

J 
1 ' 

1 
, 

, 1 ;, 



t h a t  the first part of the hexaborane d i s t i l l a t ion  curve coxmists of a 

mixture of Beako and BeHE'. It is obvious that  i n  order t o  obtain a 

pure ample of %HL2 by this method of eegeration it would be necessary 

t o  prepare it i n  greater amounts than BeHlo. Unfortunately, no condi- 

t ions i n  these experiments led t o  the formation of Benra i n  excess. 

In  Table I, it can be seen that  the vapor presaure of BeHm seeme 

t o  befUQht1.y lsrger than t h a t  of &Hlo fo r  e given temperature although 

th i s  i e  not obvioue from the d i s t i l l a t ion  curve ehown i n  Fig. 58. 31 

Beside6 %arz, one or  more heptaboranee were formed i n  shock weves ~ 

through Bale and &. A partial mass spectrum of a heptaborane believed 

t o  be hH12 bas been publ~shed.'~ Similar evidence for  other hepta- 

boranea has also been put forward. 25,29,33 The evidence for B 7 H u  con- 

8ist.a of ion peaks at  mass numbers 77-89 with the principal peak at 

m/e 83 In  a mass spectrum o f  8 mixture of B4Hlo, Be*, BsErr ndHro. 

Ia Fig. 5b and c are reproductions of the &Hz0 d is t i l l a t ion  curves 

including &aka attributed t o  heptaboranes. Attempts .were made t o  t rap  

these peaks aingly; however, none were succeseful. The resulting mass 

spectra consisted of mixtures of small amounts of B2&, B4H10 and B5Hh) 

indicating decomgosition had occurred, This is not too surprising aa 
J 

I the total are8 of the peak trapped represented about 5 x 10.' moles of 

material. Thls mount of &HIo could be trapped and Identified; huwever, 

a sample of of similar eiee suffered considerable decomposition. 

To identify theee peaks,.the hexabortme ard hegtsborane were trapped 

together. Xn.thls wryr, it wae hoped that the Beho would both ''carryt1 
.t 



the heptaborane into the inlet  of the w e  apectrorneter and ale0 "pro- !r 
. 1  

t e c t l *  it from decomposition, especially on the metal wall8 of the ex-- 
!: 

' sion chamber. This turned out t o  be the case and the partial  epectra 4 1  . 
I 

of B7Hll is ehowi in  Fig. 6a while that of a mixture of Bg1 l  ard B7Hla 

is shown in  Fig. 6b. It i s  t o  be noted that the envelope of the Prsg- I 

I 

' :  - ment ion distribution of B7H11 is e imi la r  i n  ~hape t o  that of 

BeHlo. This may indicate that B7H11 ha8 a structure similar t o  BeBio :/ 

except with seven boron6 in  the basal riw. The spectrum in Fig. 6b is 
I 

very similar to the one previously published for B7Hx2. 32 

The temperatures a t  which the heptaboranes have vapor pressures of 

0 . 1 m  are given in Table I and as the difference between the values i 

, . 
given is small they probably differ by two hydro8ene. Therefore it I s  

+ 
thought that these compounds are B7Hll aad B7Hm, although the pair 

. ; 

B7H13, B7HE is ale0 possible, 

The Mechaniarn and Isotope Effect,--The effect of shock strength on the 

1 . '  

.. product dietribution was exemined initiclly. Fie.  7 shows that there 

. . is no real  change in  the volatile product distribution with increaeiw 

shock strengthm3' However, the mount of solld material gwoduced in- 

creased. The invariance of the volatile product distribution suggests 

that the distribution may be thought of as a glsteady s t a t e f 1  dis t r i -  

bution in the production of eolld. This is interesting ln  that it sug- I 

. gests that the solid is not produced directly from diborane but it is 

the en8 product of several etepe. It ate0 implies t h a t  molecule8 once 

formed can easily decompose and re-enter the decosppoeit iod scheme, 
6 

< ,  . .. . 
. . 



To provide a basis for  the diecuesion of the resulte, a proposed 

I mechan i sm for  the pyrolysis of dlborane 141 given below. It i e  composed 

partly of steps ~ e v l o u s l y  s e t  forth by workere i n  thi~ f ie ld  .nd I 
1 

of the authors ' propossls. 
! 

The short reaction times available i n  t h i s  study require that  the 

i n i t i a l  and propagating etepe i n  the reaction mecbniem be very fast. 

It is possible then that  under wnormalM pymlyais conCLitioas other 

slower reaction steps could contribute t o  the formation of products. 

However, it is reasonable t o  e x p o t  that in the l e t t e r  w e  the fast 

reaction8 would alee bmimte; 



Evidence t o  eupport %hie mechanUa 18 found f ronthe  examination 

of the isotope effect occurring during pyrolysis. This waa done in  

the falloviag manner. Shock wavw w e r e  run through mixtures of B"&, . 

& and A r  at about the same shock strength (X = H,D), These compounds . 

contalmd various mouote of the ieotope I?. The piro&rote were trspped 

ae before and the $H determined f'rom their  mass spectra. Unfortunately, 
1 

the B&l was present irr mounts too emall to  be eepareted completely 

,from &X8. HoweverJan upper limit for the $Ii I n  Wx1 could be deter-' 

nined. To obtaio the $I, the epectrun was run abut 1 volt above the 

appeamce potential of the parent peak. Thie automatically gave the 

hietribution of ioqs confsiaing a l l  D, all D except 1Ef, etc. In the 

cases where the w e n t  pekk was too weak for t h i s  procedure, correctlone 

ha8 t o  be. applied for the varfoue contribution$ t o  8 peak, Because of 

the somewhat.arbltrary nature of this correction, the reeultlng value8 

are not ss good ae those of the f i r e t  method in an sbeolute sense. : 

However, they are 8s good for camparative plrposes, 

Two different isotopic contents were used i n  the nrne made. The 

first, type I, employed mixtures of 10-206 deutersted diborane kntainillg . , 

1.6s H, 60.7' deuterium gas containiDg 1.01$ H , and 10-2096 argon. The 

average protium contents of the products of three rune under nearly the 

same conditions are as follow: diborane, 1,4$ 8; tetraborane; 11% H; , i 
* 

pentabortme+, 1.4 8; pentabomspa-11, e 3$ 8; aud hexabrane-10, 255 8. - i 
I 

, .1 
, It is fair ly  evident that  the protium which appear6 in the tetraborane r 

* 

and hexaborme ts part of the protiurn lost  by dlborane, Ae the l a t t e r  

oompound is In coneiderable excese , the ht.81 munt o? &tllum lost 18 
I 

npre than sufficient t o  rcaount for that O-, I 
I 



The type R rarn wae made i n  8 mixture of dmterated diborene 

c o n t a i a  2C$ 8, 60$ deuterium gee contatntng 30.'8$ H 8nd 24% argon. 

The results were:. residual diborane, e6$ 8; tetrabomne, 30$ 8; penta- 

borarwr-9, 2% E; Bnd hewborenedl0, b8$ He., In this  ceee c~~llpllcat~lons 

arise as the diborane may galxi gslotium by axchange with the hydmgen 

gas and this oeem' .to. lr@ve occarred, 

The explenation of this Bh-ikIng examp& of %he ieotope effect 18 

intimately connected with the mecbeniem o f  the. reaction. Unfortunately, 

the tmavaifaMlity of reaction ' thee and the mbleculer parameters of 

some of the spefles involved render sqp rigomus theoretical consider- 

ation of th i s  effect on the h i e  of the paroposed mechanism virtually . 

impossible. It may 8e observed, however, that the en8 reeult of the 

entire reaction is r logo us to a process of ieotopia enrichment. Ae 

the propooed mechaniem conslets of e eeriee of steps, each of which may 

exhibit the normal or inverse ieotape effeot, the following 1?0nSidere- 

.tions are enlightening. 
, 8 

Consider the byptheticaL system In which o w  the reaction@ leeding . ' .: 

to the formation of tetraborane are allowed t o  occur, Theee are eeeen- 



Ini t ia l ly  l e t  the system contain n males of Ba&, nt moles of &De, 

rn moles of H2, and m' moles of %. Reaction is then allowed to occur 

a t  a certain temperature with no mixing of isotopic epeciee unt i l  a 

steady s tate  is reached. Provided (2), whlch is generally accepted as 

the rate-determining step i n  diborane wm,lyeis, ia  8 elow step With 

reepect to the other reactions and diborane end hydrogen ere in large 

excess, one csn write the following equation for the protiurn content of 

t e t  raborsne . 

Here N is the mole fraction of H i n  the product, No is the mole fraction 

of H in  the diborane before reaction, Ki is the equilibrium constant 

for reaction 1, where i P 1, 3, and 4, k2 is the rate constant for reac- 

tion 2 and the primes refer to pmmeters of the deuterated compoundsr 

I n  general, the protiurn content of the product w i l l  not equal that of 

the reactants. 

& an enrichment procees, the f inal  enrichment may be written in 
35 

t e r n  of an enrichment factor, R, defined by Rrane se 

N and No will have the same eigrsificsgce as above if the reactant dl- 

borane is considered ae the original mixture and the products se the 



, . 

enriched or  impoverished fractions. If there is more than one step in 

the process, R is the product of the enrichment factors fo r  the indi- , 

. 

v i d d  s t e w  , Ae the equation above, for  the protium content of tetra-  
1. 

borane, may be'rearranged i n  a form equivalent t o  the equation for  a 

process of enrichment (or impoverishment) with en enrichment factor, . , 

I .  E 
the analogy of thie system to  a process of isotopic enrichment becomes . u 

evident. I 
I I :  

An estimate of the expected enrichment on the basis of this model I 
I d' 

could be made if the k's and K'e were known. A s  k g / b 9  for  D and T 

has been estimated as 1.6, 1.7 would be an acceptable value for  H and 
1 ,  

D .36 If K ~ / K ~  is calcuhted f'rom the vibrational frequencies contained I ! + ' 

: i n  Ref. 3 and 37, a value of 1.7 is obtained at  2 9 8 ' ~ ,  decreasing with i 
8 ,  P 

higher temperatures. It is not unreasonable that  k/&' and &/% ' 1. 4 
I* i + 

would have approximately the same value. If,  i n  fact, one uses k / k 2  '11.7 . "> : '//i * 

and $/%' = 1.6 and substitutes i n  the expression above values for  NO i i  ' 
and n8/m correspondiw t o  the reactant mixtures used, 8 protiun content 

i t  " 

of 10$ is found for type I rune and 37$ for type II as  compared t o  ob- I :  1 ; ' .  
served values of ll$ and 30$ respectively. Modele similar t o  the pro- ! 

posed mechanism may also be s e t  up for  pentaborane-9 and ill and hexa- ! a 

1. ! 
t 

. . borane. Agreement here for,both types of xum 1 8 , ~  reaeonable a8 w i t h  



tetraborane. In the non-equilibrium syatem, products once formed can 

decompose and re-enter the reaction scheme. Therefore, the pmsib i l i ty  

exists  that a greater effective number of s t e p  than those shown could 

be involved i n  the formation of s f ina l  product. I n  this case, wen 

a small difference i n  the ra te  conetanta for the two isotopes would 

yield a measurable effect. 

If nothing eUe, the agfeement df the model with two different se ts  

of data shdwa thtit this large, apparently abnormel, isotope effect i e  

not at  all unreasonable 'for thi. type of mechanism. In spite of the * . 

additional complexity, both i n  the mechmllem and the reactlog eyetem, 

it is evident that  the mecbaniem presented could very well yield the 

enrichments found. 

Evidence that products once formed can undergo additional decom- 

. position and reaction i e  obtained when the various lpeeible groducte 

are themselvee subdected t o  the conditions behind the ehock wave. In 

contrast t o  the Invariance of the product distribution with change in  

shock strength, a large effect i n  the distribution w a s  observed on 

changfq the concentration of i n i t i a l  reactants. The results are quite ' . 

interesting when interpreted i n  l ight  of the above mechanism. 

Tetraborane was the comgound examined moat thoroughly as it was 
, , 

, found that  this compound produced larger atnounte of the unstable species 

described above than did diborene, Fig. 8 shows the product distribu- 

tions as 8 Amction of the per cent 4 i n  the i n i t i a l  mixture, The run 
. , 

with O$ & contained 91s He t o  retain applu,ximately the erne 'conditions. I 



The basic trem3.8 on & addition can be explained as followe, Reaction 

(6) is probably fsrrter than (7) in the absence of hydrogen, 12,13 Most 

llkely 6 large excess of m o g e n  would coneiderably slow the production 
, I 

of B& which in  turn would lower the production of solid. This corres- 

ponds to the obeermtione. The reduction in  the rate of (7) would allow 

(6) t o  effectively contribute t o  the decampoeition at large Ha concentra- -' 

ti-. The preeence of the hydrogen, however, would remave the B3B7 in 

reaatien (3). The && thus formed a a w t e  for the laweeee in ~ R B  

observed. The increasing contribution of (6) should also increase &&) 38 ,(, 

due t o  B& recombination with Increasing (&), and thie too appears to  

be the case. Finally, ( B ~ B ~ ~ )  decreases a t  high (&) i n  agreement with 

(8) while (wo) also eeeme to  decrease slightly as Indicated by (9) 

ana (10). > 

As tetraborane syeteme produced by far  the most matable producte, 

it i s  thought that tetraborane or an intermediate derived directly from it 

i s  involved In their  formation. ( ~ ~ 8 ~ )  decreases with increasing (&) 

suggesting reaction (9) for its fonnation. The law concentrations of the 

heptaboranes were independent of (& ) indicatirrg their  production by 

reactions (12) and (U), 

In the search for new product8,there was occasion to  briefly study 

several other systems. Results of selected rune are shown in the come 

position profiles in  Fig. 9. Shock wavee in  B2&-& mixfuree show l i t t l e '  

change from B2&& mixtures (Fig. 98) although hexaborane-12 and traces 

of heptaborane, which were never obtained wing inert  gae alone,, were 

. . . I 



observed. Pure dlbomne (Fig. 9b) l a  also nearly the eame except that 
I 

considerably more B6b1 and less  solid i e  foxmed. Thle could be the 1 .a -I . 

..!, i 
Fig. 98 is the grofi le of a BsEal-& run. & spi te  of the large k.: 

", .; ! ? '  

concentration of &, 60$ of the i n i t i a l  BsHls went to  eolid. This 1 ' 
.i k- 

confirms that &Hal decomposes via (11) with the production of B& Bid -1' - 

' j4 * 
result  of changed reaction coaditione but it is believed 'to result  from .!. I 

,>i a , 
.J . 

the excess B2He elhdnating eome of the B4& vie (8) and (9) thereby : l i  
increasing (&HSl) and decreasing the solid. The fact that ( ~ ~ ~ 1 0 )  ! 

* : .  

is thus unaffected by hydrogen concentration. 

remains about the same implies that (8) i e  teeter  than (9). Thie may . 

acc~un t  for  the fact the Begro has aot been prepared by pyrolysis without 

I 

Fig. 9c shows the results  of a run with a d  &Hl1. The only , I  I 

marked change between this and prre B2& is an increaee i n  @e&o). -1: 
BBHll decomposil~g via (11) yields higher B4& coacentratione producing :it 
more Bd1o and of course &Hal. It i e  interesting t o  note that i n  t h i s  - I! 

, if 
case considerable BeH12 waa produced slow with some heptaborane while ; r 

I . 3, 

, 
1 * z  

' I . ;  ' - I 1 }  
' \  

with BSHll-Ha none w a s  groduced. . 
, [ 

. !j:,!* 
the formation of h r g e  mounte of BsHl~ i n  spi te  of the apparent stability , r t  - 

- 1  ' (,, 
i ;;* 

of hexaboreae when pure. . ~ ' , b  

It was found t h a t  the addition of a small mount of BeHlo to a ! j 
1 

4 I 

B4H10 and Hz run t r ipled the mount of produced. Thie euggeete 

that (10) i e  r e v e r s i b i e k d  mch of the added -10 vaa:,converted t o  
. . 

. . .. . . . . , . .  . , * .  . , . . . ! -  . * .  ". " . . +. ., ,,..'? Baal2 I '  ... t. . .  . . I  r , .  . . . '  



The results of ehockhg and Ar and plre BsHe are shown in  
, . 

profiles 9e and f.  For a l l  practical purposes no volstile products are 

produced although coneiaerable mounts of solid are. As postulated in  
I 

the mechanism, this etrongly sug$ests that (5) is not reversible; because . . 

if it were, other products should be observed, A white blue f l m h  wae 
' . 

, obeemed with st- ehocke in  &&e whloh msy indicate the presence of 

, excited B H . ~ ~  It '18 quite possible that the folluwiag reaction takes 

Although several epecific s tep in the proposed rnechanlem are s t i l l  

open t o  debate, it has been shown that the pyrolyeie of diborane mcry be 

described as a series of competitive reactions and equilibria in  which 

penteborane-9 i e  formed by a afferent mute than tetraborane and hexa- 
I 

i \ 
borane and in  which tetraborene i s  a precursor of hexaborane . The actual ..'+ ' ' 

' "  c t 

steps are cornistent with the product distributions obtained by gyro+- . ,it , 

, . 
iw various mixture6 of the boron hydrldee. Also hexeborane-112 and two L 

-.i 
heptaboranes were identified and it eppeara thst hexabo-e-12 is inter- ' 1 ". 

i 

mediate in  the formation of hexeborane-10. 

? '  
Kennecott Copper Corporation i?r it. tbw a m u a t e  fe~lowship 1 0 ;  . . . . I  , .  ' . , . . -  . - >  = :  ' - '  . ) I  ' , 

> , ' I  . . . :, . . ,  .. .,- .,. . . : ; for two yeers, . . . , .  . . 
. . .;, - ,  

- .  I . .  " " + . ;  , ,. ,< . a * .  . . .. 
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I 
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TABLE I 

Temperatures at  which the Vapor Pressures of 

the Boron Hydrides Equal.O.1 mm 

6 

Substance Temperature Temperature at which 
at  which Substance Nrst Appears 
Vapor Pressure IXrring Mstillation _ , . Equals 0.1 mm ;. , .in _60, 

Run 



figure Legends 

Mg. 1 !he Shock Tube and Aseociated Apparatus 

1. High Pressure Section I 

. 2. Reactant Section' 

3. Dump Section 

4. m p  . .  . , .' 
. 5. Mix section .. 

HV High Vacuum 

RV Rough Vacuum 
+ t 

, Helium Inlet 

S Light Sources I . 

C S l i t  Systems 

FM Photomultipliers 

K Knife Edges . . 

Dl Rlmary Maphragm 

D2 Secondary Maphragm ' 
DC 1/3 Waphragm Clamp , + 

M Manometer 

R I  Irile t for Reactants 

V Ball Joint Valve 

W Teflon- covered Magnetic Stirrer . , I 
A Amplifler 

CRO Cathode-ray Oscilloscope ' 

1 

P Polsroid Camera . . 



DS Mode W t c h  

fig* 3 

Fig* 4 

a Stopcocks 

Fig, 2 Distance ve. Tlme for the R5nclple Waves in a Typical 209 

Rlbrane in Argon Run 
. 

SI Incident Shock 

SR Reflected 6hbck 

C Contact Surface 

D Diaphragm 

A typical Metillation Record 

Fractionation Co-distillat$on A~paratue 

EV High Vacuum 

R Preesure Regulator 

. , 

' I . ;  
l a  ! 

, 4 ,  

' I  
T1 Pyrex Trap (for laree amounts of stable product) ,I . 
T2 Pyrex Spiral Trap (for small mounts stable and unstable 1 

'I 
product a)  

M Comac Microcell (Model JTKS~OT-Thermietor) 

ST1 To Shock mbe Trap 

ST2 From Shock Wbe Trap 

U Sample Freeze-out for Auxiliary 8amplee' 

A Standard Taper for AwiUary Samples 



V. Cl~eclr Valve' . 

Ile EZIom EIelium Tank 

W Water Trap (1/2" x 2' copper tubing picked 70-80 

mesh Mg f i l i rqe)  

C Column (3/16" x 3' copper tubiag pecked 70-80 

mesh Mg f i ~ n g s )  

' D Dewar ( 1  pt. ) 

81 Stopcocks (ugh  vacuum) 

Fig. 5 Part ial  Mat i l la t ion Curwe Showing Unetable Products 

Fig, 6 Part ial  F'ragmentation Patterns of Two Heptaboranes 

Mg. 7 Product Mstribution ve Incident Shock Strength for  2 6  

Mborane i n  Argon Runs 

m e  main Volatile products are 8hm as  ger 

cents of the t o t a l  amount of volat i le  material 

recovered. 17he non-volatile material i s  sham 

as  the per cent of the starting boron bydride that 

did not appear a s  volat i le  products. p2/p1 

refers t o  the pressure ra t io  across the incident 

shock and corresponds t o  a temperature range 

of 800-1200'~ . 
Fig. 8 Product Metribution ve Per Cen% Hydrogen in Reactant Mixture 

for lbtraborane Runs 

The product distributions are plotted as in 

fig. 7. The incident shock temperature i e  about bOg1[ 



Fig, 9 Compoeition Profiles for Selected Rune 

!the product dietributions are plotted as in 

Fig, 7 and the temperatwe listed are for the 
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