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Diborane, BnHa, thermally decomposes in a boron-coated Pyrex reactor over the pressure range of 5-120 mTorr into borane 
(BHs), hydrogen, and boron, by a reaction which is ca. 0.5 order in diborane and which has an activation energy of 26 kcal/ 
mol. The hydrogen and boron are produced by the decomposition of borane in a reaction which has an activation energy of 
ca. 10 kcal/mol. Only a small isotope effect is observed and the nature of the thermal decomposition of BpHe at  low pressures 
is dominated by strong surface effects. 

A number of mass spectrometric studies of the 
thermal decomposition of diborane have appeared in 
the Most of these studies were directed 
toward the identification of the primary products of de- 
composition and the energetics invo1ved.j We have 
expanded our original examination to try and elucidate 
the mechanism of the initial stages of the pyrolysis a t  
low pressures. In  contrast to the previous studies the 
main objective here was to provide information on the 
decay of BH3. This was a necessary step in our search 
for conditions for the production of borane a t  partial 
pressures high enough for kinetic studies. Taken in 
conjunction with our concurrent studies, the results pre- 
sented below are of value in understanding one aspect 
of the reactivity of borane. 

Experimental Section 
Two 3-cm3 Pyrex glass electrically heated reactors were used 

in this study. In one reactor (F1) the average number of wall 
collisions per molecule (vW) is 2.8 X l o4  and in the other (F2) 1.7 
X 105. At room temperature a nitrogen molecule spends an 
average time of 0.50 sec in F1 and 3.0 sec in F2. The other de- 
tails and dimensions of the reactors have been given previously. 
The reactors are sampled through thin-edged orifices and the 
pressure in the reactor is always low enough so that flow through 
the sampling orifice is molecular. The efflux of the reactor is 
collimated into a well-defined beam using a three-stage differ- 
entially pumped system of orifices and slits. The molecular 
beam is crossed with an electron beam and the ions produced are 
mass analyzed using a magnetic sector mass spectrometer. The 
molecular beam is mechanically modulated a t  ca. 163 H z  and 
only the output of the spectrometer with the same frequency and 
proper phase is amplified and recorded in these experiments. 
The modulated molecular beam technique assures unambiguous 
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sampling as has been shown elsewhere.’ A complete descrip- 
tion of our present experimental apparatus is given in ref 8. 

Diborane was prepared by the method of J e f f e r~ .~  After 
purification by trap to trap distillation, the diborane was stored 
at  77’K until use. The diborane was admitted t o  the reactor a t  
room temperature through a variable leak. Reactor tempera- 
tures were varied so that any “hysteresis” in the decomposition 
would be observed. Sensitivity calibrations for diborane and 
hydrogen were made by measuring the pertinent ion intensities 
a t  a given pressure. Pressures were measured with a thermo- 
couple gauge which was continually calibrated against a McLeod 
gauge for each gas. The pressures are known absolutely to 
3110%. BzDe was prepared in the same manner except that 
NaBDd was used in the preparation. The isotopic purity of the 
B2Ds was about 85% as determined from the mass spectrum. 

Results 
Products, Stoichiometry, and Mechanism.-Prod- 

ucts of the decomposition of diborane were sought and 
identified in the manner described previously.8 
Changes in the intensities of the following ions were ob- 
served: BzH,+ (x = 0-6), BH,+ (x = 0-3), and Hz+. 
Selected ion intensities as a function of temperature are 
shown in Figure 1, for reactor F1. The ratio of the in- 
tensity of m/e 27 to the intensity of m/e 27 a t  300°K 
(denoted as 27+/270+) shows that decomposition sets 
in a t  about 490” K.I0 Hydrogen was the major prod- 
uct observed, and its production is illustrated by the 
increase in the m/e 2 ion intensity. Also shown in 
Figure 1 is the residual ion intensity of m/e 14. This is 
the intensity remaining after removal of the contri- 
bution due to the ion fragmentation of diborane, as- 
suming that the latter is independent of temperature.” 
We attribute this residual intensity to the formation of 
borane. In  these reactors, which were not designed 
primarily for the identification of BH3, the concentra- 
tion of BH3 was too low t o  obtain accurate appearance 
potentials. -4s will be shown below, the concentration 
of BH3 was about an order of magnitude less than that 
found in a study of BH3C0.I2 The ratio of m/e 13 to 
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p 385. 
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Figure 1.-Extent of reaction and product yields for diborane 
in reactor F1 as a function of temperature. Circles represent the 
normalized B2Hs+ intensity (27+/270+), squares the amount of 
Hz (2+) produced, and triangles the amount of BH3 (14+) pro- 
duced. 

14 was 4 * 2 which is consistent with the value of 3 ob- 
served previously.3~13z14 Hydrides with three and four 
boron atoms were sought but none was observed. 

A black coating of boron was observed on the interior 
of the reactor. This material was analyzed on a No- 
relco X-ray diffractometer and showed none of the sharp 
lines characteristic of the several forms of crystalline 
boron. Lack of sufficient sample made it necessary to 
estimate its elemental composition from analysis of a 
separate material, namely, that  deposited in a quartz 
tubular reactor under similar conditions of temperature 
and pressure. The latter analyzed as a t  least 97.4y0 
boron and less than 1% hydrogen. It also appeared to 
be amorphous under the same type of X-ray analysis. 
Therefore i t  is concluded that the interior coating 
serving as the reaction surface is very probably pure 
amorphous boron. Support for this conclusion is found 
in a recent review16 where it is pointed out that the 
thermal decomposition of boron hydrides is a good 
source of highly pure boron. 

Calibration for hydrogen gas and diborane was car- 
ried out and the number of moles of hydrogen produced 
per mole of diborane lost was calculated as a function of 
temperature. The value obtained was 1.6 f 0.8 (av- 
erage deviation) and, although scattered, was indepen- 
dent of temperature, pressure, and average reactor 
residence time. The hydrogen mass balance is low and 
this may be evidence for the formation of nonvolatile 
higher hydrides. There are reasons, however, why the 
determination of Hz is inherently less accurate than that 
of higher molecular weight species. First, in our spec- 
trometer the major background peak was m/e 2 which 
resulted in poor signal to noise ratios. Second, the 
temperature variation of the sensitivity for Hz was as- 
sumed to be the same as for CO and BzHe. Finally the 
low hydrogen content of the solid leads us to believe 
that the discrepancy in the hydrogen mass balance is 
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not real. Calibration for BH3 was not possible in these 
experiments but a relative sensitivity reported in an 
independent is available and allowed the cal- 
culation of the yield of this species. For reactor F1 
the yield of BH3 is ca. 0.6% of theoretical a t  545" K. 
The yield in reactor F2 is less than 0.87c. Approxi- 
mate upper limits on the production of higher hydrides 
were calculated from intensity and signal to noise con- 
siderations. We find that higher hydrides cannot ac- 
count for more than 2% of the diborane lost. This 
means that B5H9, for example, cannot be present a t  
levels higher than 1 part in 125 of the initial diborane.'* 
The stoichiometry can be summarized in the equations 

A very simple set of reactions can be written to ac- 
count for the net reaction observed 

BzHs --+ 2BH3 

BH3 --+ B(s) + 3/2H~ 

This mechanistic scheme is not unique, but, as will be 
pointed out later, i t  is the simplest one which fits the ex- 
perimental facts of this and other studies. With the 
above mechanism we can calculate a b (probability of 
reaction per collision) for the loss of BH3 from the 
equation 

bvw = [ B / ( 1  - B)I [2(B&)/(BH3)1 

bvw = ?(H2)/3(B&) 

where U is the fractional yield, i.e., ( B ~ H G ) / ( B ~ H ~ ) , ,  
and vW is the average number of wall  collision^.'^ The 
results of these calculations for BzHo loss and H2 for- 
mation are shown in Figure 2 a t  a number of tempera- 
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Figure 2.-Collisional efficiency for the loss of BH3 at the walls 
in reactor F1 as a function of temperature. The line is the least- 
squares fit to all the data points. Circles are values based on 
BzHs disappearance; squares, on He formation. The solid circle 
is the value obtained in ref 12 and the solid triangle is the value 
obtained in ref 13. 
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tures. The agreement of these results with values of 
the same constant for the thermal decomposition of 

(16) This agrees with the previous study8 in that  the pentaboranes re- 
F. E. ported were present as 1 part in  10s of the initial diborane or less: 

Stafford, private communication. 
(17) See ref 12 for an explanation of this notation. 
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BH3 in the borane carbonyl s y ~ t e m ~ ~ r ~ ~  is fairly good 
and we take this as confirmation of the above mech- 
anism. The combined results show that there is an 
appreciable activation energy of ca. 10 kcal for the de- 
struction of BH3. This observation was useful in de- 
veloping a higher yield synthetic technique for the 
preparation of BH3. l 3  

Kinetics.-These data were treated in the fashion 
described in previous articles.12~18-20 The data may be 
fitted to the equation 

B/(1 - B)" = v,,(go)"-'h(T) 

where go is the initial density of collisions and h( 2') is a 
concentration independent function of temperature.21 
At a constant temperature, the yield of the reactor is 
examined as a function of diborane pressure and the ap- 
parent reaction order n is determined from a plot of log 
BPo as. log (1 - B)Po where Po is the initial pressure of 
diborane. Representative data are shown in Figure 3 
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Figure 3.--Apparent-order plot for the disappearance of 
diborane in reactor F2. Circles refer to 528°K; triangles, to 
552'K. Solid circles represent data on B ~ D G ;  all other points, 
B&. 

for reactor F2 a t  two temperatures. The least-squares 
slope of straight lines through the points is 0.52 a t  552 OK 

and 0.55 a t  528OK. A number of runs are shown a t  
328'K to illustrate the day to day reproducibility of 
temperature and concentration measurements. For re- 
actor Fl the order observed a t  528°K was 0.77. Know- 
ing n, h ( T )  can be determined. The data on h ( T )  for 
both reactors are plotted in an Arrhenius type form in 
Figure 4 on the basis of an order of 0.6. The least- 
squares fit to the data on protonated diborane is log 
h ( T )  = 15.0 - 5710/T ( m o l e c u l e ~ / c m ~ ) ~ ~ ~ .  

As has been shown previously, l2  a useful diagnostic 
tool of the nature of the reaction occurring a t  very low 
pressures is an examination of the isotope effect. For a 
homogeneous unimolecular reaction at the low-pressure 
limit one expects to observe a large inverse statistical 
isotope effect. On the other hand, for a heterogeneous 

(18) T. P. Fehlner, J. Amrr. Chem. SOL., 89, 6477 (1967); 90, 5947 

(19) P. LeGoff, J. Chim. Phys.  Physicochim. Bioi., 53,359,369,380 (1956). 
(20) See also S. W. Benson and G. IT, Spokes, J .  Ante i .  Chem 

121) h ( T )  is related to  a reaction rate constant.12 

(1968). 

Sac., 89, 
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Figure 4.-Log h( T )  u s .  103,/T for loss of diborane. Triangles 
refer to reactor F1; circles, to reactor F2. Solid circles and 
dotted line (least squares) represent data on B ~ D G ;  all other points 
and solid line represent B ~ H G  data. 

reaction much smaller isotope effects are expected. 
The results on the decomposition of BzDs are shown in 
Figures 3 and 4. Within experimental error the rates 
(orders and h ( T ) ' s )  are equal. At best there is a small 
normal isotope effect. This should be compared with 
the large inverse isotope effect observed for the homo- 
geneous decomposition of BHaCO at low pressures and 
the small normal isotope effect observed for the decom- 
position of BH3C0 involving the wall. l2  

Discussion 
The observations of this study may be simply sum- 

marized. Diborane decomposes by a reaction which is 
less than first order in B2Hs and which has an apparent 
activation energy of 26 kcal/mol. In spite of the fact 
that the reaction is carried out a t  very low pressures, 
little or no isotope effect is observed. These observa- 
tions strongly indicate that the reaction, under the con- 
ditions employed here, is dominated by surface inter- 
actions. The reaction order, which tends toward one 
with decreasing density, is indicative of a saturation 
phenomenon, the activation energy is too low for uni- 
molecular dissociation, and the large inverse statistical 
isotope effect expected for homogeneous unimolecular 
decompositions a t  the low-pressure limit is not ob- 
served. The volatile products of the decomposition are 
borane and hydrogen with no measurable amounts of 
higher hydrides being produced. In addition, a solid 
deposit analyzed to be >9770 boron was observed 
thereby effectively excluding nonvolatile higher hy- 
drides. In terms of products, the reaction is a simple 
one and is consistent with the simple mechanism out- 
lined above. However, it  is possible that the direct 
route B2Hs -t. 2B(s) + 3H2 is important in the mech- 
anism. If this reaction were in fact the only one leading 
to stable products, the formation of BH3 would assume 
a minor role as the product of a side reaction. These 
experiments taken by themselves are not sufficient to 
rule out this path in a direct manner. However, con- 
sider what would obtain if ,  for example, both routes 
were equally important. Since about half of the di- 
borane would be decomposing initially to BHa, the true 



REAKKANGEMBNT IN BORANE ADDUCTS Inorgtcnic Chemistry, Vol. 9, No. 10, 1.WO 2291 

values for the collisional efficiency, b,  for loss of BH3 
would be half of our calculated values. Similar con- 
siderations hold for cases where the direct route pre- 
dominates over the BH3 route: the values for b be- 
come smaller as BH3 becomes less important as an in- 
termediate. We see, however, that  by taking the BH8 
route to be the only important one, the values obtained 
for b agree quite well with values obtained in two other 
independent studies (Figure 2 ) .  Therefore we relegate 
the direct conversion of BzHe to Hz and boron to a 
minor role a t  best. 

Hydrogen gas is also a product of the pyrolysis of di- 
borane a t  higher pressures, lower temperatures, and 
longer times.22 There is a temptation to apply the re- 
sults presented here to an interpretation of the data on 
the overall pyrolysis under other conditions. For ex- 
ample, Rragg, et found that the activation energy 
for the rate-controlling step leading to the formation of 
hydrogen is Ea. 26 kcal, which is the same as our value. 

(22) R. L. Hughes, I.  C. Smith, and E. W. Lawless, “Production of the 
Boranes and Related Research,” R. T. Holzmann, Ed., Academic Press, 
New York, N. Y., 1967, pp 116-124. 

(23) J. K. Bragg, I,. V. McCarty,  and F. J. Korton, J .  Amer.  Chem. .FOG., 
73, 2134 (1951). 

In addition their first-order rate constant for the pro- 
duction of Hz a t  353”K, when extrapolated to 530°K, 
predicts our B / ( 1  - B)  for BzHe a t  530°K within a 
factor of 10. Despite this agreement i t  is doubtful that 
RH3 is a major source of hydrogen during pyrolysis of 
BzHB under conditions such as those used by Bragg, 
et al. There are two good reasons for this conclusion. 
First, in the latter study, the major boron-containing 
products are volatile and nonvolatile (polymer) hy- 
drides. There is no evidence for the formation of ele- 
mental boron under conditions such as theirs. Second, 
in the latter type system there is a large normal isotope 
effect associated with the production of hydrogen.24 
Therefore, there is no direct connection between the re- 
sults of this study and the results of the studies under 
different conditions. 2 2  

Our major conclusion is that  there exists a fruitful 
area of research on the reactions of BHs a t  lower tem- 
peratures where it is less subject to the decomposition 
to the elements. 
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Boron halide, borane, and trimethylboron adducts of the silyl-substituted sulfonium ylide (CH&SiCHS(CH3)2 are readily 
formed. The borane and alkylboron adducts rearrange a t  low temperature with simultaneous loss of dimethyl sulfide to 
give sym-bis(trimethylsilylmethy1)diborane and 1-(trimethylsilylmethy1)ethyldimethylborane, respectively. These re- 
arranged products were isolated and characterized. A trimethylamine adduct with the dialkyldiborane could be converted 
into the asymmetrical borane cations (CHs)&iCH%BHN(CH3)3py+ and (CH3)3SiCHtBHN(CH3)3P(CH3)3 +. 

Rearrangements of alkyl groups from boron to an ad- 
jacent carbon are of considerable current interest. In 
one class of such rearrangements there is a simultaneous 
migration of a base molecule, base-CHzBRa --t base- 
BRzCHzR. Tufariello and Lee, for example, re- 
ported the migration of an n-hexyl group in the 
reaction of trihexylborane and (CH3)&CHZ in ~ o l u t i o n . ~  
Similar rearrangements are known to occur a t  higher 
temperature with borane adducts of phosphorus- and 
nitrogen-stabilized y l i d e ~ . ~ , ~  The isolable sulfonium 
ylide (CH3)zSCHSi(CH3)8,6 I, provides novel possibi- 

(1) Presented a t  the 5th Midwest Regional meeting of the American 
Chemical Society, Kansas City, Mo., Oct 29-31, 1969. 
(2) Author to  whom inquiries should be addressed. 
(3) J. J. Tufariello and L. T. C. Lee, J .  A m e v  Chew.  SOC., 88, 4757 (1966). 
(4) R. Koster and B. Rickborn, ibid., 89, 2782 (1967). 
( 5 )  W. K. Musker and R .  0. Stevens, I m v g .  Cham., 8, 255 (lM!+j. 
(6 )  N. E. Miller, ibid., 4, 1458 (1965). 

lities for the study of these rearrangements of sul- 
fonium ylides in the absence of reactive solvent, and 
indeed this ylide does form some boron adducts that  
readily rearrange. The adduct with diborane is of 
particular interest in that  i t  leads to a methyl-sub- 
stituted diborane which would be difficult to prepare 
otherwise. 

Experimental Details 
Solvents used were reagent grade; tetrahydrofuran was puri- 

fied by distillation form lithium aluminum hydride. Boron tri- 
chloride (Trona, electronic grade), boron trifluoride (Matheson), 
and diborane (Callery) were obtained commercially and used 
without additional purification. Boron trimethyl was prepared 
from boron trifluoride etherate and methylmagnesium bromide 
in ether according to standard directions’ and purified by low- 
temperature distillation. 

(7) H. C. Brown, J .  Amer.  Chem. Soc., 67, 375 (1945). 


