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In the liquid phase the over-all reactions are as­
sumed to take place. At the foot of the low pres­
sure step the combustion is assumed to be controlled
entirely by heat feedback from the fast vapor phase
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CONSUMPTION RATE OF NITROPARAFFINS WITH }izD. OR

X 20. + (99%) HND. AS OXIDIZERS
Consumption r..te (em';.ec.)

TABLE I

CONSUMPTJON UATF; OF SYSTEMS CONTAINING NITRO(JF;N
P;;;NTOXIDE

Con.umption rn t. (em.l.ec.)
Preo- Ni tromethone
f;ure. N,O. + 2-NitT opropone
s.tm. HJ>;O. HNO,· HNO, N,O. + HNO,"
10.5 0.119
11 ,2 0.080 .129
U.S .147
12 5 ,089
13.2 .156
146 0.086 .0~'7 0.142 .603
18,0 .105 .119 0.181 .201 .724
21.4 .141 .3&.5 .236 .772 .8,52
24.8 .188 .454 .823 1.16
28.2 .215 .472 .890 .966 1 ·~b.ov
31.6 .236 .505
35.0 .277 .519 1.02 1.11
38 4 .355
41. 8 .4lH .600 1.08 1.40~

48.6 .524 1.44b 1.09
55.4 .567
62 2 .59Sb 1.46b

3rd 5th 6th
('olumn oolumn c:olLlmn

CII,NO~ 6,5,06 CII,CHNO,CR. 24.98 25.75
RNO l 28.78 HNO, 70,11 66.84
NlO. 5.1,5 N 20 S 2.oH 5.04
II,O 1.02 H,O 2.,t8 2.37
a Composition of mixtures, mole %.
6 Turbulent combustion.

2HN'O,~ N,D, --;-. H,O (1)

N,O,~ NO.+ + NO,- (2)
X,O. _ N,O, + '/,0. (3)
N,D,~ ND+ + ND,- (4)

NO,+ + RNO, _ Ptod\lct.~ + Q (,5)

(2) A. G. Whittaker. H. William. anrl P. M. Ru.t, ,bid.. 60, 004
0%5).

(3) A. G. Whitta.ker, R. W. RpTa~U", 8. Skolnik ..nd G. B. L. Smith,
J. A",. Ch.",. So... H. 4791 (1952).

curves of the other nitroparaffin systems were stud­
ied also. All the results appear to be interpretable
in terms of the proposed hypothetical mechanism of
the low pressure step.

Materials.-The preparation and purity of the HXO,.
nitJoomethane, nitroethane. 2-nitropropane and N,O, are
described in previous publications.'" All the systems dis­
cussed below were prepared with 99% nitric acid. The
RNO, was reagent grade material which was dried in vacuo
in the presence of P,Oi' gem-Dinitropropane was obtained as
a technical b'Tade material from commerdal solvents. It
was purified by slow vacuum sublimation in the presence of
P,O~. Its melting point was found to be 53.7 to 54.3 0

•

The literature value is given as ,53.0 D
• The N,O, was pre­

pared by oxidizing N,O, with an excess of ozone. The
product was a dry white powder which decomposed slowly
at room temperature. Because of this, these mixes were
made up and burned as quiduy as possible in order to mini­
mile the effects of decomposition.

Apparatus and Procedure.-The apparabs and procedure
used to make the consumption rate measurements was the
same as that described previously.1 All SY:ltems were made
in such proportions as to be exactly stoichiometric to CO"
HlO and N,. No additional fuel was added to the systems
containing RNa, because it was not considered to take part
in the combustion reactions. This assumption was sup­
ported hy the fact that X-ray diffraction studies showed that
the RNO, remaining in the bottom of the combustion tuhe
was unchanged by the combustion of the mixture. No sur­
face corrections were applied to any of the burning rate
measurements. This was somewhat unfo,tunate, because
it was found near the end of the study that some of the
systems burned with an unusually deep meniscus. Conse­
quently. their consumption rates are not directly compar­
able with systems that burned with a normaJ meni~cus shape.
Fortuitously the effects under investigation did not depend
on the absolute value of the consumption rate; hence, the
absence of surface corrections is not critical. In generaL
the consumption rate at any particular pressure is not
particularly important; however, the consumption rate
curve is of primary importance. Although no consumption
rate curves are shown they will be discussed frequently and
should be interpreted as the graph that results when the log
of the consumption-rate is plotted against the log of the
pressure. Thus, ii the consumption rate curve is said to be
lu,ear it means that the data will give a straight line on this
log-log plot.

Results and Discussion
The pressure range covered for the various sys­

tems given in the following tables was determined
by two features. The lowest pressure reported was
at or near the lowest pressure at which ignition and
sustained combustion could be obtained. The
hill;hest pressure for a ~iven system was the pressure
at" which the system went into turbulent combus­
tion. This means that only the "'mooth burning
portion of the consumption rate curves was consid­
ered. Consumption rate data obtained on the vari­
ous systems studied are given in Tables I-TV.

An hypothetical mechanism was proposed previ­
ously which can be used to def'.cribe the low pressure
step in terms of reactions af'.sumed to be occurring
",ithin the liquid phase preheat zone. l The essen­
tial features of the mechanism are recapitulated
briefly as
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strength the pH is varied by adding differing
amounts of lll;utral glycine to 0.1 N lIel; at con­
stant pH the ionic strength is varied by altering
both the amount of glycine and Hel in the system.
Hence it appe'l.rs that the total glycin~ con.centra­
tion (i.e., cationic form + neutral glycme) IS a de­
termining factor in the variation of mobility and
the refractive increments across the false bound­
aries. Anothu interesting fact is that with few
exceptions whenever the refractive ~ncrementsacr?ss
the faskr des~ending boundary mcrease, the In­

crements acro~s the slower ascending boundary de­
crease. Moreover if mobilities are calculated from
the first moment of the entire gradient curve the
values for serum albumin from either side of the
channel seem -:'0 agree ",ith those in other buffers
where only single boundaries were observed. This
is found also with polY-lrlysine.

It may be ILore appropriate to describe the sys­
tp.m in terms of the theory of moving boundary sys­
tems for weak electrolytes formulated by Alberty2o,21

and Svensson. 19 The permissible number of bound­
aries in such gvstems!! is .IV - 2 where N is the
number of co~stituents contained in the system.
If relative lOL mobilities are assumed constant
throughout the system one of the boundaries will be
stationary. For protein dissolved in glycine hy­
drochloride there are five constituents: protein,
glycine, CI, H, OH, hence two moving boundaries
are possible. 'The mobility of a false buiIer bound­
ary would be expected to be determined by the
constituent concentrations of the ions,34 although
Svensson 10 fou-1d that the mobility of the false
barbiturate-chloride boundary was unaffected by
the addition of free barbituric acid. For the amino
acid hydrochloride systems in this work it ap­
pears that changes in the glycine concen~rati.on

cause a marker. change in the electrophoretIc pat­
terns. The da+,a of Table II can be qualitatively
explained in terms of the constituent mobilities of
hydrogen and g.ycine, both of which decrease as ~he

pH is raised, be mobility of the fast ~~~cendmg
boundary lying between these two mobIlItIes. At
constant pH with increasing ionic strength (Table
III) the hydrogen and glycine constituent mobilities
decrease. Increase of ionic strength by the addi­
tion of N aCI at constant pH causes smaller changes
in the hydroge~1 constituent mubility (Table IV)
and does not change the electrophoretic patterns
as much as increase of ionic strength by glycine hy­
drochloride alone (compare 0.1 and 0.2 ionic
strengths in Tables III and IV). At constant ionic
strength and pH and with varying amounts of gly­
cine (Table V) the glycine constituent mobility is

(~~) F.. R. Dismuk•• and R. A, Alberty. J, Am. C~"m, Soc" 76, 191
(1951).

(::11) The congti.t\lCT~t IJlobil ity COT R. constituent R is defined n~U' ~\

11 In

~R = I: 11iC, i I: c;
i~I I i~l

where Ci represents nr.€: of thp. n ~1lP.'~ie~ in :::!olntinll whir:h compri~e the
R constituent.

n

I: C,
i=1

thlP::J'cforp. reprf'!9p.nt!'i ilR ~on~tituCDt~oncentrntion.

the same at all glycine concentrations but as the
glycine concentr.a.tion, is increased the hydro.gen
constituent mobihty C.ecreases but not as rapidly
as in Table II or III.

After electrophoresis of bovine serum albumin at
pH 2.35 in glycine hydrochloride of 0.05 ionic
strength the boundaries were sufficiently sep'arated
to withdraw the phase~ between the boundanes and
measure their pH values. The results, being the
mean of two independent experiments, were as
follows, the nomenclature of the phases being that
of Longsworth2~

Descending: o(buffer):: 'Y ---.. {J --+a(butTcr, protein)
pH 2.35 2.30 2.25 2.38

Asrending: ,,(buffer, protein)::8 -- 'Y ---.. 0 (buffer)
pH 2,38 2.45 2,57 2.35

In these experiments the apparent mobilities of the
descending boundaries were 8.6 and 20.1 X 1O-~

cm. 2 volt -I sec. -1, the faster boundary being 12.5%
of the total refrac'tive increment; the apparent mo­
bilities of the ascending boundaries were 10.2 and
15.6 X 10-5 cm.2 volt- 1 sec. -I. the slower boundary
being 5!)% of the total refractive increment. Cor­
responding to the large changes in pH value across
the moving boundaries there must be considerable
changes in the ratio of the cation.ic to the zwitt~r~­
onic forms of glycine ~d hence In the conductiVI­
ties of the various phase..c:;. The conductivity of the
a-phase in the descend:ng limb would be expected
to be less than that of the l3-phase, and this would
be expected to cause increased spreading of the 0!.,{3­
boundary. The J3,l'-boundary in the descending
li.mb would, on the other hand, be sharpened by the
conductivity effect and this is in agreement with
experiment. In the ascending limb the 'Y ,!i-bound­
ary would be expected to be sharp and the ,'3,1'­
boundary more diffuse, as observed experimentally.
The effect of pH on the shape of the boundaries is
opposed to the conductivity effect, l.lUt wo~ld. be
small since there is no great change In the 101lIza­
tion of the protein ill this region.

Dismukes and Alberty 33 studied the electrophore­
sis of aspartic acid in a sodium acetate buffer and
under certain conditions found two moving bound­
aries in addition to the stationary boundary. The
conditions were derived under which only one mov­
ing boundary was obtained, that is when all ions
were diluted to the same extent across the station­
ary boundaries. They predicted that a second
moving boundary would be formed if the hydrogen
ion was not diluted to the same extent as other ions
across the stationary boundaries. They found
experimentally that tw·:> boundaries appeared as
expected when the calculated difference in flow of
hydrogen ions was large. Although it has not
been possible to demonstrate this in the glycine
hydrochloride--protein system or to define precisely
the starting conditions under which more than one
moving boundary is forrr,ed, the system seems to be
best treated by weak electrolyte moving boundary
theory.

Glycine has been recommended as a standard
electrophoresis buffer32

•35 in the pH range 2-3, but

(~S) n. L. Miller and ll_ H, Oc1d~r, Arch, Bi.chem., 29. 420 (lg50).
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Fig. I.-Decomposition of decaborane, 175-250°: compar­
ison of h~drogen evolutions after one hour.

of decaborane, I Stock reported that the latter was
not appreciably decomposed after long heating at
200° but that it did decompose extensively, to
hydrogen and non-volatile solids of approximate
composition BHo.6, after long heating at 250°.
We were therefore surprised to find, during experi­
ments on the preparation of non-volatile boron
hydride solids, that decaborane is far less ther­
mally stable than was implied by Stock's observa­
tions. This led to the present study, in which
decaborane sarLples were decomposed in evacuated
glass ~JUl~s over a wide temperature range, taking
quantitative data on the disappearance of deca­
borane and the formation of products.

Experimental
Purification of Decaborane.-Since small amounts of im­

p.urities might possibly affect the rates of decaborane pyroly­
s~s, the latter (obt..tined from the American Potash Corpora­
tion) was very carefully purified. It \yas recrystallized from
methylene chloride, followed by two successive vacuum sub­
limations. The purified decaborane melted sharply at
99.5°. Mass spectrometric analysis indicated the absence
of. even traces of volatile impurities. Infrared analysis
failed to detect i=npurities. An ultimate method of ele­
mental analysis2 gave a value of 11.53% hydrogen com­
pared to a theoreti ~al value of 11.54%.

pyrol{'ses.-The decaborane samples, in Pyrex bulbs
fitted With break seals, were sealed onto a high vacuum ap­
paratus and thoroughly evacuated. Thev were subse­
q~en.tly seal;d and placed in a thermostated oven kept
Wlt~Ul ±0.2 . Ze~o time for the pyrolysis was after a short
peno~ to a!low the oven to rereach the reaction temperature
after Ulsertmg the reactor, usually about ten minutes. Upon
removal from the ')ven the reactions were quenched by im­
mersal of the reactors in cold water.
An~lyses.-The hydr?gen evolved was determined by

resealm.g thl? b~lb 7.? a high vacuum apparatus, freezing the
b':llb With lIqUid ntrogen, and transferring the hydrogen,
With a Toepler pump, to a calibrated volume whose pressure
could be measured. After removal of the evolved hydro­
gen, the liquid nitngen-bath was removed and the condens­
able contents of the bulb were transferre:i to another bulb
for ~ass spectrometric analysis. In some runs, the entire
reactIOn contents were examined mass spectrometrically
without prior remo'ral of the hydrogen.

After removal of the hydrogen and condensable material,

(1) A. Stock and E. Pohland. Ber .. 62, 90 (1929).
(2) E. L. Simons, E. W. Balis and H. A. Liebhafsky, Anal. Chem.,

26, 635 (1953).

the bulb was taken off the high vacuum apparatus and
smashed. Its contents were analyzed for unreacted deca­
borane by extraction with ethyl acetate, and then ultra­
violet spectrophotometric analysis <;If the ethyl acetate solu­
tion, using the wave length, 2650 A. Since it was difficult
to separate the non-volatile boron hydride solids from bits of
glass, the compositions of these solids were calculated from
the decaborane and hydrogen data.

Results
The results are summarized in Table 1. They

show that decaborane is far more susceptible to
thermal decomposition than is implied by the
few semi-quantitaoive observations made pre­
viously. I Most of the present pyrolyses were car­
ried out under conditions chosen so that the en­
tire sample was in the gas phase within minutes
after exposure to tte reaction temperature. These
resulted in the formation of amorphous polymers
evenly coated on tte walls of the reactors. In one
case conditions were chosen for a liquid phase re­
action in which an appreciable hydrogen at­
mosphere would ferm (5.9 atm. after 15 hours).
This reaction was faster than the corresponding
gas phase reaction and resulted in a glassy poly­
mer, formed in a lump where the decaborane was
introduced.

TABLE I
Moles H,
evolved
per mcle Decom-

Time, Temp., decaborane position, Empirical formula
hr. °C. at start % 01 polymer

]0 175 0 0 No polymer formed
10 200 0.0625 3.13b

....••.•

10 208 . 106 5 .3<t .. . .. ..
1° 217 .432 21.6b

..

1° 225 .901 45.4 (BH1.OO)x
1° 250 3.10 100 (BH.78 )X

8° 200 0.687 30.7 (BH. 95)X

19° 200 1.65 66.1 (BH. 90h
15c 200 1.826 89.6 (BH. 99 )z

° 1.000 gram of BIOHJ, in 1 liter bulbs; gas phase reactions.
I, Based on B IOH 14 _ 10/x(BH). + 2H2 • c 0.125 gram
B,oH14 in 12.5-cc. bulb; a liquid phase reaction.

In every pyrolysis, hydrogen and non-volatile
boron hydrides were the principal products. How­
ever trace quantities 0:' pentaborane-9 were also
products, even in the pyrolysis at 225°. The latter
was the only other product found by mass spec­
trometric analysis.
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yses. The mass spectrometric analyses were per­
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Fred Mohler.
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The equations governing the distribution of
mass l may be given a particularly simple and

(1) R. J. Goldberg, TBl8 JOURNAL, 67, 194 (1953).
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