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Hydrides of Boron. VIII.

The Structure of the Diammoniate of Diborane and its

Relation to the Structure of Diborane

By H. I. SCHLESINGER AND ANTON B. Burc

The structure of diborane (B,Hg) is a problem
of very general interest because it raises the im-
portant question of the occurrence, in simple
compounds, of covalent bonds involving less than
a pair of electrons.! Such bonds are not required
by the structure advocated by Wiberg—a struc-
ture in which the two boron atoms are considered
to be joined by a double bond, while two hydrogen
nuclei are held by some unusual kind of electro-
static linkage.? The considerable amount of
credence which this idea has received, as well as
the importance of the question involved, has led
us to consider very carefully the evidence relating
to its validity.

Of the numerous arguments employed by
Wiberg, the most frequently cited is the one
concerning the so-called “diammoniate of di-
borane” (B,Hs-2NHj),* which he considers to be
the diammonium salt of the potential acid (di-
borane) formulated as (H *)o(H,B=BH,)=.* The
evidence advanced for this interpretation does
not, however, uniquely demand the conclusions
drawn,® and there are many facts which are
difficult to reconcile with such a formulation.

(1) The various suggestions for structures having such electron
deficiencies, range from the use of a non-polar bond involving no
electrons specifically, through several applications of the single
electron bond, to the idea of a /7 electron pair bond, considered by
S. H. Bauer, THis JournaL, 89, 1100 (1937), The molecular
orbital treatment of the problem by Mulliken, J. Chem. Phys., 8,
635 (1935), also may be placed in this class.
(2) E. Wiberg, Z. anorg. allgem. Chem., 178, 210 (1926); Ber., 69,
2816 (1936), and other papers cited in the latter publication.
(3) Prepared by A. Stock and E. Kusz, ibid., 56B, 807 (1923);
A. Stock and E. Pohland, ibid., 9B, 2213 (1926).
(4) Although Wiberg does not rely upon this argument alone,
for the support of his theory, all of his other arguments are easily
met by alternative explanations of the facts. For example, he
explains the reaction of sodium (amalgam) with diborane as an
addition to the assumed double bond. This reaction may equally
well be interpreted as the result of the tendency of the electronically
H H

unsaturated molecule H : B : B : H to gain electrons; in either case
HH

the result would be the saturated compound Na:BsHa.

(5) For example, the experiments by Stock, Wiberg, Martini and
Nicklas [Ber., 65, 1711 (1932)] have been used to justify Wiberg's
formulation of the diammoniate. It is true that the production of
hydrogen before any nitrogen is liberated during the electrolysis of
liquid ammonia solutions of this compound, suggests the presence
of ammonium ions in such solutions. Nevertheless, the possibility
that at least a part of the production of hydrogen is due to the
cathodic reduction of ammonia (during which anodic oxidation of
the boron hydride occurs instead of liberation of nitrogen) renders
it impossible to estimate the quantity of ammonium ien furnished
by the original salt.

Thus a solution of a true diammonium salt in
liquid ammonia, would be expected to produce a
greater lowering of the vapor tension and a
greater electrical conductivity than were actually
observed.®® These and other logical difficulties
show the need of more experimental evidence
bearing on the subject.

Some years ago, we undertook a further test of
‘Wiberg’s interpretation, through a study of the
action of sodium upon a solution of the diammoni-
ate of diborane in liquid ammonia. One mole of
a true diammonium salt should react with two
gram atoms of sodium to liberate two equivalents
of hydrogen. Actually we found that the diam-
moniate, prepared at the lowest feasible tempera-
ture (—120°) and allowed to react with excess
sodium in liquid ammonia just above its freezing
point (—77°), produced only one equivalent of
hydrogen per mole of diborane used. The reac-
tion appeared to be quite complete at this point,
which was reached in twenty to thirty minutes.
In experiments in which the quantity of sodium
was just one equivalent per mole of diborane, a
stable salt having the empirical formula NaB;HsN
could be obtained by subliming away the ammonia
after the reaction was complete.

These results appear at first glance to favor the

HH
structure H*| H:B:B:H |-, proposed for di-
H
borane by Béeseken? and by Wahl,? for a mole-
cule so constituted might bind one molecule of
ammonia by coérdination with the unsatisfied
boron atom, and the other by the formation of
the ammonium ion whose presence is indicated
by the reaction with sodium.

There are, however, several objections to this
interpretation. A minor logical difficulty, al-
though not an insuperable one, is the fact that
four hydrogen atoms are replaced readily by
alkyl groups as the result of interaction of di-
borane and boron alkyls;® no further substitution

(6) A. Stock and E. Pohland, #bid., 58, 657 (1925).

(7) J. Bobeseken, Verslag Akad. Wetenschappen Amsterdam, 381,
591 (1922),

(8) W. A, Wahl, Z, anorg. allgem. Chem., 146, 230 (1925).

(9) H. 1. Schlesinger and A. 0. Walker, THIS JoURNAL, §7, 621
(1935); see also Schlesinger, Horvitz and Burg, {bid., 88, 407 (1936),
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occurs, however great the excess of boron alkyl.
This behavior is not forecast, nor even explained,
by the structure suggested by Boeseken and by
Wahl. A more serious objection has arisen from
a further study of the reaction of the diammoniate
with sodium in liquid ammonia. If the tempera-
ture is allowed to rise, a very slow secondary
reaction leads to the evolution of additional
hydrogen. It is significant, however, that the
total quantity of hydrogen obtained never ex-
ceeds 1.4 equivalents per mole of diborane.!® Itis
still more important that the exposure of the
liquid ammonia solution to temperatures near
—40°, before any sodium has been added, leads
to the almost immediate production of 1.25
equivalents of hydrogen by reaction with sodium
at —77°. This means that the evolution of
hydrogen beyond one equivalent is an indirect
result of a secondary reaction of ammonia with
the diammoniate. Such a secondary reaction is
difficult to explain by any formulation of the di-
ammoniate based upon the Wiberg idea of di-
borane, or upon the structure proposed by
Boeseken and by Wahl. On the other hand, it is
accounted for easily by the formulation of the
diammoniate to be proposed later in the present
paper.

The reaction of sodium with the diammoniate
thus makes clear the need for a new approach
toward the solution of the problem of its struc-
ture. The basis for such an approach has been
given by our recent work on borine carbonyl
(BH,CO) and borine trimethylammine.!! The
direct formation of the latter compound, by the
action of trimethylamine upon diborane at tem-
peratures as low as —110°, suggests that the
product of the action of ammonia at similar tem-
peratures also may be a complex compound of
borine. Another clue to the problem is found in
the fact that borine trimethylammine, dissolved
in liquid ammonia, does not react with sodium.
This observation suggests that the hydrogen
produced by the action of sodium upon the di-
ammoniate of diborane, comes not from the BH;
group now assumed to be present in that com-
pound, but rather from ammonia involved in the
original reaction with diborane. By the same
argument, the ionization of the hypothetical bo-

(10) If the time is greatly extended, and the temperature allowed
to rise above —40°, more hydrogen is obtained, but at such a rate
that its formation may be attributed mainly to amide formation and
to ammonolysis.

(11) Anton B. Burg and H. I. Schlesinger, Tuis JourNaL, 89,
780 (1037).
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rine ammine, BHy NHjs, should occur as indicated
H H

by the formula H* I:HBle' , and in lig-
HH
uid ammonia solutions should lead to the forma-
HH
tion of the salt NH,* I:H BN :jl'.
HH
It is quite evident, however, that B;Hg2NHj,
the final product of the low-temperature reaction
of diborane with ammonia, can be neither borine
ammine nor the ammonium salt postulated above.
The latter is excluded by the percentage com-
position of the diammoniate; the former by its
reaction with sodium, in which only one-half
gram equivalent of hydrogen is liberated per

gram atom of boron. Nevertheless, further con-
HH

sideration of the structure NH,* I:H :B:N :jl',
HH
leads to a formulation of the diammoniate con-
sistent in every respect with its reaction with
sodium and with all of its other known properties.
Thus it is noticed that the negative ion of this salt
contains a coérdinatively unsaturated nitrogen

H
atom, to which the borine molecule (BH)

H
could add itself, and produce the final result
HHH 12
NH* I:H:B.‘N‘B.:Hjl—' According to this for-
HHH

mula, the “diammoniate of diborane”’ is a mono-am-
montum salt having o B-N-B skeleton, rather than a
direct derivative of diborane.'?

A direct proof of this structure through a study
of borine ammine or of its ammonium salt is not
feasible, for all attempts to prepare these com-
pounds have failed,!* evidently because they
either are unstable or undergo secondary reac-
tions. However, very convincing indirect evi-
dence supporting the proposed structure for the
diammoniate, has been obtained from two en-
tirely distinct types of experiment.

{12) Such a reaction could occur in any mixture in which the
activity of the ammonia is low and in which much of the diborane
therefore would not react immediately with the ammonia, The
borine molecules needed to form the final product thus would be
available from the excess of diborane,

{13) In the present paper we shall nevertheless continue to use
the term diammoniate of diborane,” or more simply, ''the di-
ammoniate,” as a convenient, empirically derived name for the
compound.

(14) In addition to the reaction of ammonia with diborane itself,
and with borine carbonyl (as described in the preceding paper of
this series), these attempts have included the action of ammonia
upon two hitherto undescribed, very unstable compounds formed
by the low-temperature addition of diborane to two volumes of
phosphine and of methyl ether, respectively.
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The first of these involves the use of the very
unstable compound formed by the reaction of di-
borane with methyl ether at low temperatures.
Although this substance, of as yet unknown
molecular weight, might be formulated either as
B2H5'2<CH3)2O or as BHs'(CH3)20, analogy with
borine trimethylammine favors the latter formula.
As an unstable borine derivative, it might react
with liquid ammonia to give borine ammine and
from that, the salt NH,BH;NH,. When the
etherate actually is left for some time in liquid
ammonia, and the resulting solution tested by
sodium, the yield of hydrogen is considerably less
than that expected from the salt NH,BH;NH,.
On the other hand, if sodium is dissolved in liquid
ammonia simultaneously with the etherate, the
predicted quantity of hydrogen (0.5 H: per B)
is obtained. At the end of the process, the
original quantity of methyl ether can be recovered
from the solution. Furthermore, the rate of
evolution of hydrogen follows the first order
equation, just as expected if the rate determining
process (presumably the displacement of methyl
ether from the etherate by ammonia) involves the
solvent and proceeds in one step. Finally, the
analysis of the residue, after the solvent ammonia
has been removed as thoroughly as possible,
shows the presence of one atom of nitrogen per
atom of boron, in agreement with the formula
NaBH;NH,. It thus appears that the removal
of the ammonium ion as rapidly as it is formed in
the solution makes possible the indirect demon-
stration of the presence of the (BH;NH;)~ ion.!s
The major assumptions of the theory leading to

(15) The following equations, representing hypothetical but very

probable reactions, show how the removal of ammonium ions might
stabilize the (BHiNH;) - ion.

HH
) 2[H:i3':i\'1:jl-

HHH
H:B:N:B:H |~ + 2Na* + NH,~
HHH
Ia renction (1), the formation of slightly ionized ammonia favors the
production of (BHy)aNHi -~ ions, whereas in reaction (2), the forma-
tion of the amide ion favors the reverse reaction. The actual com-
pletion of (1) when the concentration of ammonia is low, is suggested
by the reaction of the etherate with gaseous ammonia, to form the

diammoniate of diboraue, as described in the experimeatal part,
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the new formulation of the diammoniate of di-
borane, are thus substantiated.

The second indirect line of evidence deals with
the hitherto undescribed volatile compound
B;H;N, a substance which is formed in good
yields when diborane is passed over its diammoni-
ate at 80°.1¢ The conditions for the formation of
this compound suggest that its structural skeleton
is similar to that of the diammoniate of diborane.
Unlike the diammoniate, the compound is suffi-
ciently volatile for investigation by the method of
electron diffraction in the gas phase; accordingly
a pure sample of it was sent to Dr. Simon H.
Bauer, then working by that technique at the
California Institute of Technology. The results
which he obtained are consistent only with
structures involving the B-N-B skeleton,!” and
are therefore a striking confirmation of the views
expressed in this paper.

Finally we may point out that the structure
here proposed for the diammoniate accounts
satisfactorily for all aspects of its reaction with
liquid ammonia solutions of sodium. As a mono-
ammonium salt, the diammoniate yields one
equivalent of hydrogen by a relatively rapid reac-
tion; production of additional hydrogen is ex-
plained by the reversible reaction

NH,* HBNBH ~ + 2NH; <__—"'>
HHH ’

‘ HH
2NH," H:B:I\_T: =15
HH

In the absence of sodium, this equilibrium seems
to lie toward the left. Sodium, however, destroys
the ammonium ion, displacing the equilibrium to
the right at a rate which steadily decreases as the
reaction proceeds, until observation of its further
progress no longer is feasible.!8

The theory leading to the formulation
of the diammoniate of diborane as the salt

(16) Unpublished work of H. I. Schlesinger, D. M. Ritter and
A. B, Burg. It is expected that the details of this work at present
available only in thesis form (Ritter), will be published in the near
future.

(17) This conclusion was given to us by a private communication
from Dr. Bauer, whose detailed report is now in the course of pub-
lication,

(18) It is yet too soon to decide whether the equation here given
is alone sufficient to describe the system. It is possible that the
equilibrium is appreciably modified by such extensions of the reverse
reaction as
NHBH;NH; + NH‘,(BHa)zNHz —"_8__

(NH,),(BH;):NH + 2NH,
and
NHBH;NH; + (NHl)z(BHa)sNH ___.)‘_—
(NH)s(BHy):N + 2NH,
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HEHH

NH,* | H:B:N:B: H |” isin better agreement with
HHH

the previously known facts concerning this sub-
stance, and with the new reactions here described,
than are any of the ideas suggesting that it contains
somme type of boron to boron linkage. Thus the
new interpretation explains the stability of the di-
ammoniate, for compounds containing B-N link-
ages generally are more stable than those involving
"B-B bonds; it shows why the diammoniate be-
haves as a mono- rather than a diammonium salt;
it accounts for all of the facts concerning the action
of liquid ammonia and sodium upon the diammoni-
ate as well as on the methyl etherate of diborane;
it predicts the existence of a B-N-B skeleton in
the compound B:H;N, and makes it easy to under-
N--B
N
(found in the compound B;N;H;), by the heating
of the diammoniate of diborane.!®

Whether or not one considers the indirect
evidence sufficiently cogent for the acceptance of
the structural formula here proposed, the argu-
ments presented make it evident that the struc-
ture of the ‘‘diammoniate of diborane’”’ cannot
properly be used for the support of hypothetical
structures of diborane, since the present work has
shown that ihe diammoniate is not necessarily a
direct derivative of diborane. The tendency of
diborane to yield the transitory molecules of
borine, the chemical evidence of its unsaturation,
and the electron diffraction pattern which it pro-
duces,?® all seem best in accord with formulas
containing bonds involving less than two elec-
trons.

stand the formation of the structure B

Experimental Part

Apparatus and Technique.—The technical requirements
of the present work were met by adaptations of the high
vacuum methods described by Stock.?! The technique of
obtaining and using small, accurately weighed samples

(19) Other properties of the diammoniate of diborane have been
recorded, but these do not appear to be uniquely related to any
particular hypothesis concerning its structure. Thus its reaction
with hydrogen chloride at —80°, quickly evolves two moles of
hydrogen per mole of diborane originally used; further reaction is
extremely slow. Wiberg assumes that the first step in this reaction
is the addition of hydrogen chloride to the assumed double bond.
But borine trimethylammine, in which there cannot be any double
bond, reacts with hydrogen chloride in perfectly analogous fashion
(unpublished results). The assumption of a double bond between
boron atoms therefore is not necessary for an explanation of the
behavior of the diammoniate toward hydrogen chloride.

(20) S. H. Bauer, Tuis Journat, 59, 1096 (1937).

(21) Stock, "Hydrides of Boron and Silicon,’ Cornell University
Press, 1933; DBer., 544, 142 (1921). See also the first, second, and
fourth papers of the present series, and Burg, THIS JOURNAL, 66,
499 (1934).

STRUCTURE OF THE DIAMMONIATE OF DIBORANE

293

of pure sodium for the reactions discussed in the preceding
sections, deserves more detailed description.

Capsules containing sodium are made by drawing the
molten metal into a length of 3-mm. glass tubing, and
cutting out short pieces just before use. Such a capsule
is put into a carefully dried and weighed tube of the de-
sign indicated in Fig. 1. The capillary portion of this
tube is 1 mm. in diameter; the bulb at its lower end is 3
to 5 mm. wide, and very thin walled. After the intro-
duction of the capsule, the tube is connected immediately
to the high vacuum pump by means of a Picein joint, and
thoroughly evacuated. The sodium is melted by imniers-
ing the tube in an oil-bath at 200°; air is now admitted in
order to force the molten metal into the bulb. After
cooling, the tube is again evacuated; mnext the bulb is
immersed just to its neck in water and sealed off; for a
good seal, it is necessary to distil the excess sodium out
of the capillary, by careful use of the hand torch. The
bulb and the remainder of the tube are now cleaned, dried,
and weighed. The total weight, minus the original weight,
is the weight of the sodium in the bulb, within 0.2 mg.22

PUMP o /;\ B
e

20 em
4
-S
4O
Fig, 1. Fig. 2a. Fig. 2b.

The design of the reaction tube used for work with
sodium in liquid ammonia is shown in Fig. 2a. It is con-
nected at V to a mercury float valve attached to the
vacuum apparatus. The material whose behavior toward
sodium is to be investigated, is prepared in the lower part
of this tube. The 2 to 3 cc. of solvent ammonia is intro-
duced before or after the introduction of sodium; in either
case, the contents of the reaction tube are held at —196°
during the latter process. The cooled tube is filled with
dry hydrogen, and the lower end of the slanting portion
BE is opened. The hydrogen streams down the slant,
preventing access of air or moisture, which cannot rise
against the lighter gas. The bulb containing the sodium
is placed in the special breaking tool?® (Fig. 2b) and in-

(22) As shown by experiments in which all of the sodium reacted
to produce hydrogen.

(23) This instrument consists of a small metal block, with a hole
to receive the capillary stem of the bulb, and a long metal handle

provided with spot-welded wire loops to guide the glass rod which
acts as a holder and breaker of the sodium bulb.
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serted to the point B, where it is crushed and then al-
lowed to drop upon the frozen material at the bottom of
the reaction tube. After withdrawal of the breaking
tool, the open end of the tube is melted and drawn to a
capillary; the hydrogen stream is stopped after a few
minutes, and the rounded end is restored by sealing off
the capillary. After thorough evacuation, the tube is
warmed to a temperature just above the melting point of
ammonia, in order to start the reaction. The course of
any such reaction can be followed by pumping off and
measuring the hydrogen at intervals; the solution is held
at —196° during the pumping.

Blank tests of tlie technique here described, showed
that the quantity of hydrogen which might be attributed
to the introduction of water never exceeded 0.03 cc.
Such blank tests also permitted us to estimate what part
~ of the hydrogen obtained from a reaction mixture might

have been due to the reaction between sodium and
ammonia, and to judge the extent of side reactions.
The value of the method itself, for the determination of
ammonium ions, was investigated by an experiment with
hydrogen sulfide.?s

The Reaction of Diborane with Ammonia at
—120°,—Diborane was allowed to react with an
excess of solid ammonia in the manner described
by Stock and Pohland.? The sodium-dried am-
monia was condensed as a thin layer upon the
walls of the reaction tube, and the diborane was
condensed upon it. The temperature was then
set at —130° (alcohol-ether bath) and allowed to
rise during four hours to —110°. The diborane
was wholly absorbed at temperatures belween
—123 and —118° in all cases in which the ratio of
ammonia to diborane was greater than 4:1.
When the ratio was smaller, completion of the
reaction required temperatures as high as —85°.
The excess of ammonia could be sublimed off at
temperatures below —80°, leaving a residue of the
formula B;Hg2NH;, as shown by the data pre-
sented in Table I.

TABLE I
THE Low-TEMPERATURE AMMONIATION OF DIBORANE
Volume of
Ammonia Empirical formula
Diborane, Ammonia, regained, of the
cc. cc. cc. residue
20.3 59.4 18.6 B,H¢2.01NH;
20.8 74.0 32.1 B.H¢2.01NH;
19.5 109.6 70.5 B.H¢2.00NH;
18.6 214.0 176.6 B:Hy2.01NH;,
21.2 124.8 81.4 B:H¢2.04NH;

(24) All gas volumes in this paper refer to standard conditions,

(25) A 21.8-cc. sample of pure hydrogen sulfide was dissolved in
dry liquid ammonia and treated with 50 mg. of sodium at —45°.
The reaction produced 10.8 cc. of hydrogen during the first five
minutes, and a further 0.3 cc. during the following ten hours. This
result is in full agreement with the entirely different evidence, due
to Scheflan and McCrosky, THiS JOURNAL, 84, 193 (1932), that
hydrogen sulfide forms mainly NHSH in liquid ammonia, with
but little tendency to form secondary ammonium ions,
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It appeared possible that a tetrammoniate
might exist, but the evidence was not clear: in
those experiments in which the ammonia had been
in excess of four moles per mole of diborane, it
became suddenly more difficult to remove when
the four-mole point was reached, but the process
always could be completed within five or six hours.

The Reaction of the Diammoniate with
Sodium.—Several samples of the material pre-
pared as described above, were treated with so-,
dium in liquid ammonia just above its melting
point (—77°) for fifteen to thirty minutes. The
quantities of hydrogen so formed are given in
Table II. Afier each experiment, there remained
a blue color, indicating an excess of sodium at the
end of the process. Only negligible quantities of
hydrogen were evolved when the reaction mix-
tures were kept at the same temperature for an
hour or two longer.

TasBLE II
TrE ReEAcTION oF B:H¢2NH; witH SopiuMm
< Ratio of
&  Diborane, Sodium, Temp., Time, Hydrogen, H-atoms
= cc. mg. °C. min, cc. to B:Hs
1 22.6 excess —77 30 11.9 1.05
2 20.3 - excess —77 20 9.95 0.98
3 20.8 22.8 77 30 10.2 .98
4 19.5 21.0 =77 30 9.65 .99
5 37.8 85.2 ~75 15 19.1 1.01
6 42.6 58.9 —~64 30 21.6 1.01

The Preparation of the Salt NaB,H;N.—From
the products of experiments 3 and 4 (Table II),
the solvent ammonia was removed by distillation,
followed by pumping at room temperature. In
later experiments, in which the sodium was
equivalent to the diborane, the solvent ammonia
was removed by sublimation at temperatures
below —80°, leaving an extremely light, porous
solid showing a considerable tendency to adsorb
ammonia. In all cases, the last traces of free
ammonia were removed by pumping at —40°;
the residues gave off no more ammonia in vacuo,
even when warmed to 70°, a temperature which
seemed to have no effect of any kind.2® Analysis
of these residues showed one atom of nitrogen per
pair of boron atoms.

The analyses were made by distilling concentrated hy-
drochloric acid upon each residue, pumping off the result-
ing hydrogen, neutralizing the hydrochloric acid by sodium
hydroxide, and distilling the ammonia and water into a

bulb for titration. The actual data are presented in Table
III. The deviations from the simple ratio of two boron

(26) At higher temperatures, hydrogen began to be evolved
slowly.
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atoms to one nitrogen, are to be attributed to errors due
to the small scale of the work.

TABLE III
ANALYSES OF THE RESIDUAL SopiuM SALTS
Experiment 3 4 (later)
20.8 19.5 21.6

21.5 20.8 19.8
1.94 1.88 2.18

Diborane originally used, cc.
Ammonia, cc. of gas
Ratioof Bto N

The Secondary Reaction,—Of the experiments
listed in Table II, the last two were continued in
order to determine the effect of longer times and
higher temperatures. The details for experiment
5, which was carried farther than experiment 6,
are given in Table IV.
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composition pressures in the system BoH¢2NH~-NH;
at —40°. The pressures involved were low enough to
allow the use of the mercury float valve as the manometer.
In order to aid the approach toward equilibrium, a small
drop of mercury was allowed to flow into the bottom of
the tube containing the sample; by shaking the tube,
the mercury could be made to act as a pestle for
breaking up the crystals. The essential results of this
experiment, which involved 21.2 cc. of diborane (fifth
experiment of Table I), are given in Table VI. The pres-
sure changes abruptly as the ratio of ammonia to diborane
is decreased to 3.34; a less sharp change occurs in the
range 2.6 to 2.3. If the action of ammonia upon the
diammoniate were a simple addition, the pressure changes
would occur only when the ratio is simple; actually it
appears that the original diammoniate has undergone a
partial conversion to a radically different material, whose

TABLE IV
ExXTENSION OF EXPERIMENT 5 oF TABLE II
Temperature, ° C. —-75 70 —65 —~60 —60 —60 —59 —~59
Total time, hrs, 0.25 0.860 1.5 5.5 25 47 72 120
Total vol. of hydrogen, cc. 19.1 19.6 20.7 21.0 22.2 22.8 23.2 23.4
Ratio H to ByHg 1.01 1.04 1.10 1.11 1.17 1.21 1.23 1.24

At the end of the five days which this experi-
ment required, the reaction had become so slow
that any further evolution of hydrogen might be
attributed largely to the direct action of sodium
upon the solvent ammonia. The apparent ap-
proach toward a limit far short of a second
equivalent of hydrogen per mole of diborane,
could not be explained as the behavior of a di-
ammonium salt undergoing secondary ionization;
on the contrary, it seemed far more reasonable to
attribute the excess hydrogen to some further re-
action of the salt with ammonia, by which the ap-
propriate number of ammonium ions were formed.

In order to test this suggestion further, a sample
of the diammoniate made from 18.6 cc. of diborane
(fourth experiment of Table I) was dissolved in 3
cc. of liquid ammonia and allowed to remain for
some twenty hours at —40°. The product re-
acted with sodium in the manner indicated by the
data of Table V. The reaction was discontinued
after thirty hours, because it was recognized that
any further results would be complicated by the
possibility of amide formation. The rapid pro-
duction of 1.25 equivalents of hydrogen at —75°
showed that the long treatment with ammonia at
—40° had resulted in the formation of an extra
quarter equivalent of ammonium ions, by a reac-
tion which certainly was too slow to be explained
as a simple secondary ionization.

Further evidence of a secondary reaction of the diam-
moniate with ammonia, came from a study of the de-

ammoniates exhibit decomposition pressures different
from those of the ammoniates of the original material.

TABLE V
SopIUM REACTION OF THE SECONDARY AMMONIATE
Temperature, °C, —74 —-75 —67 —-50 —40 -39

Total time, hrs.  0.17 0.42 0.57 1.57 9.5 30
Total hydrogen,

cc. 11.3 11.7 11.8 12.0 12.5 13.0
35 1.4

Ratio Hto B;Hs 1.22 1.26 1.27 1.29 1.3/ 0
TaABLE VI
PRESSURES IN THE SysTEM B;H¢2NH;-NH; at —40°
Ammonia
in the
condensed Ratio
Temp., prhase, of NH; Pressure,
°C. cc. gas  to BoHs mm. Remarks
-39 77.3 3.64 40 Completely lig.
—39 74.9 3.54 35
—40 71.5 3.38 33
—40 70.7 3.34 27.5 Crystals appear
—40 68.3 3.22 27
—40 64.3 3.03 27
—40 62.2 2.94 26
—40 59.5 2.80 25 Completely solid
—40 58.4 2.75 24
-39 56.2 2.65 22
-39 54.6 2.58 21.5 Pressure read after
—40 53.8 2.54 18 5 hrs.
—40 52.3 2.46 15
—40 51.9 2.44 13
~38 50.8 2.40 9
—40 48.8 2.30 6
-39 47.9 2.26 4
-39 47.2 2.22 2.5
—40 44.5 2.10 2

Still other evidence supports the conclusion that am-
monia attacks the original diammoniate of diborane to
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produce a fundamental change. The diammoniate formed
at —120° is easily freed from ammonia at —80°, but it
requires eight hours at —37° to remove a 5%, escess of
ammonia from a mixture which has been kept at —40 to
—50° for some time before the attempt. Furthermore,
the removal of excess ammonia from the original diam-
moniate ceases sharply when the composition B,Hsg
2NH,; is attained, but the altered material continues
to yleld small additional quantities of ammonia at 0°,
and this change is accompanied by the evolution of a
trace of material less volatile than ammonia.?” Finally,
the altered material evolves hydrogen rather rapidly at
room temperature, in contrast to the relatively inert
character of the original diammoniate.

That the altered material is responsible for the evolu-
tion of hydrogen in excess of one equivalent, in the re-
action with sodium, is shown by an actual experiment
in which the residue after extensive deammoniation (ma-
terial resulting from an extension of the experiment
recorded in Table VI) was treated with liqguid ammonia
and sodium at —77°. The rate and quantity of hydrogen
production by the deammoniated, altered material were
almost precisely parallel to the data recorded in Table V.

The Action of Trimethylamine upon the Di-
ammoniate of Diborane.—In our explanation of
the action of ammonia upon the diammoniate of
diborane,?? it is assumed that ammonia seizes a
BH; group, thus removing it from its combination
in the diammoniate. Experimental evidence
that such a transfer of a BH; group can occur at
temperatures comparable to those at which the
diammoniate is-attacked by ammonia, is found
in the action of trimethylamine upon the diam-
moniate, described as follows.

The diammoniate was formed in the uspal manner from
19.05 cc. of diborane. After complete removal of the
excess ammonia, the solid was treated with 87.2 cc. of
pure trimethylamine, at gradually rising temperature.
Although the first evidence of reaction (an increase of the
vapor tension over that of pure trimethylamine) appeared
at —35°, the reaction tube was warmed to room tempera-
ture in order to allow extensive reaction within a reason-
able time. The reaction evidently was practically com-
plete after twelve hours at room temperature, for very
little change occurred when the repurified trimethylamine
was allowed to act for twenty hours longer. The volatile
products were 10.8 cc. of hydrogen, 30.8 cc. of ammonia,
and 10.0 cc. (gas at S. C.) of a slightly volatile solid;
there remained 55.2 cc. of trimethylamine. The solid
showed a melting point slightly higher than 90° and a
vapor tension of 80 mm. at 99°; these values would be
expected for a slightly impure sample of borine trimethyl-
ammine (m. p. 94°; v. t. 84 mm. at 99°). Its identity

{27) The nature of this volatile material has not been determined.
It might be the hypothetical BHaNHs, but it is equally passible
that it is B2H;N, whose formation would involve the production of
a quantity of hydrogen equal to that actuaily observed (0.25 ec.).

(28) This explanation appears near the end of the introdyctory
discussion, where it is used to account for the secondary production
of hydrogen from the liquid ammonia-sodium reaction.
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with that substance is scarcely to be questioned, for the
shapes of individual crystals, as well as the aggregational
habits of the crystal masses, corresponded very well.
The yield of this product, representing only 269, of the
borine groups assumed to be present in the diammoniate,
evidently was greatly impaired by the side reaction (pre-
sumably ammonolysis) which produced the hydrogen.

An attempt to obtain a cleaner reaction of the same
sort, by treating the salt NaB,HsN with trimethylamine,
led only to very small yields of borine trimethylanimine,
possibly because the sodium salt is considerably less re-
active than the ammonium salt. Such a difference of re-
activity appeared when the rate of attack by dry hydrogen
chloride upon each substance was studied.

The Reaction of Diborane with Methyl
Ether.—The behavior of methyl ether toward
diborane is like that of ammonia or trimethyl-
amine, in that two moles of the ether react with
one of diborane, at temperatures below —80°.
Thus when 25.3 cc. of pure methyl ether and 9.15
cc. of diborane were condensed together at —108°,
and then warmed to —80°, there appeared at
once a new substance, solid and fairly stable even
at the higher temperature. In order to ensure
adequate contact between the gaseous reactants,
the temperature was varied several times between
—80and —196°; then the excess gas was removed
and found to be 7.0 ce. of praclically pure methyl
ether. The solid residue therefore contained 18.3
cc. of methyl ether and 9.15 cc. of diborane—a
ratio of two moles to one.

The Decomposition of the Etherate.—During
four or five hours at —78.5°, the product de-
veloped a final pressure of 18 mm. The vapor
was drawn off and fractionated (by passing the
diborane through a U-tube at —130°, in which
the methyl ether condensed completely): it con-
sisted of 0.65 cc. of diborane and 1.3 cc. of methyl
ether. The same proportions always were found
after the decomposition of any fraction of a sample
of the solid etherate. It is thus evident that the
formation of the etherate is easily and cleanly
reversible. The rate of decomposition at —78.5°
was studied by connecting the container to a
vacuum trap at —196°, and measuring the con-
densed gases at intervals. Throughout the proc-
ess of decomposing 719, of a sample derived from
15.2 cc. of diborane, the rate of destruction waried
between 1.4 and 1.69, per hour: the reaction
evidently is first order. The process was dis-
continued at that point, except that the residue
was allowed to remain for several hours at —78.5°,
in a closed system, where it finally registered the
previously observed decomposition pressure of 18
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mm. Some notion of the dependability of this
value is gained from the faect that an approach
from the other direction led to a value of 20 mm.
for the pressure of the residual gases.

The Reagction of the Etherate with Ammonia
and Sodium.—A measured sample of diborane
was allowed to react with an excess, measured
quantity of methyl ether at —80°, in a reaction
tube of the sort shown in Fig. 2a. The residual
gases were measured, in order to determine the
quantity of the etherate. Then a sample of
sodium-dried ammonia (some 3 cc. of liquid) was
condensed upon the etherate at —196°, and an
excess of pure sodium (more than two gram atoms
per mole of diborane involved) was introduced in

TaBLeE VII
REACTION OF THE ETHERATE WITH AMMONIA AND SODIUM
(a) Sample derived from 9.43 cc. of diborane; temperature

—-78.5°
Time, Total H., Ratio —lage
min, cc. C C/Co C/Cgo
0 0.00 18.85 1.000 0.000
4 .46 17.9 0.95 .020
13 .83 17.2 .913 .039
30 1.32 16.2 . 860 .065
60 1.92 15.0 .796 .099
210 3.85 11.15 .592 .228
306 4.86 9.13 .484 .315
475 6.05 6.75 .358 . 446
700* 7.00 4.85 . 257 .5690
950° 8.15 2.55 .185 .870
1190 8.60 1.05 .056 1.25
1400 9.20 0.45
1950 9.28 .29
(b) Sample derived frem 14 .8 ec. of diborane; temperature
—-76°
Time, Tetal H., Ratio —logn
min, ec, C C/Cs C/Ce
0 0.00 20.6 1.000 0.000
10 1.1 27.4 0.926 .033
40 2.4 24.8 .838 .077
70 3.4 22.8 770 .118
100 4.4 20.8 .702 .14
160 5.8 18.0 .608 .216
170 6.0 17.6 .594 .226
510 10.66 8.3 .281 .b51
870 11.23 7.1 .240 .620
700 12.1 5.4 .183 787
900* 12.¢ 3.8 .138 .893

¢ During the time interval preceding this measurement,
the temperature was lower than usual, on account of the
addition of some undercooled salid carbon dioxide. This
point therefore falls low on the graph.

® From this point on, the temperature rose very slowly
to —60° The corresponding points therefore tend to
fall above the line. In any ease, these paints should not
be considered important, because the value of the ratio
C/Cy could not be estimated accurately in this region.
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the manner previously described. The evacuated
tube was warmed to —75°, in order to melt the
ammonia, which at once dissolved both the ether-
ate and the sodium. The reaction was then
carried forward, in one case at —78.5° (by direct
immersion in a mixture of solid carbon dioxide
with ether), and in the other, at —76° (main-
tained by holding a large test-tube, filled with
solid carbon dioxide and ether, in the bath sur-
rounding the reaction tube). At appropriate
intervals, the reaction was stopped by freezing
the solution, and the hydrogen was drawn off
through a trap and measured.

The data from two such experiments are given
in Table VII, which includes also the values calcu-.
lated for plotting the curves shown in Fig. 3.

0.900 2
0.800 //
0.700 /
0.600 4 4
2 0.500 Yo
8 L
3 ")
20400 ”/,/
| @
0.300 .
Vo,
0.200 AR
7
0.100 ff
0
0 200 400 600 800
Time, min.
Fig. 3.

The quantity C, appearing in this table, was
camputed by subtracting the doubled velume of
hydrogen from the doubled volume of diborane
involved in the original etherate. According to
the assumed equation (CH,),OBH; + NH; +
Na — Na+*BH3NH,~ + 0.5H,, the resulting value
is a direct measure of the quantity; and hence of
the concentration, of the etherate at the corre-
sponding point in the reaction.

At the end of each of these experiments, the
solvent ammonia was distilled away, and the
solid residue was freed from the last traces of un-
combined ammonia by long standing ## vacus at
gradually rising temperatures. The process
seemed to be complete after twenty-four hours at
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—40°, for only negligible additional quantities of
ammonia could be removed during another eight-
een hours at —15°. At the higher temperature
there was some tendency toward formation of
hydrogen. After the experiments on the absorp-
tion of diborane by these residues (described in
the following section), one of them, derived from
experiment (b) of Table VII, was analyzed for
ammonia nitrogen by the method described
previously for the salt NaB;HgN. The result was
28.9 cc. of ammonia, or 0.98 mole per gram atom
of boron. This result agrees with the formula
NaBH;NH; for such residues.

The displaced methyl ether was carried away
with the solvent ammonia, during the distillation
mentioned in the preceding paragraph. The
quantity of this methyl ether was determined by
absorbing the ammonia in dilute sulfuric acid;
the unabsorbed gas was freed from water vapor
by passage through a trap at —80°; its vapor
tension, 35 mm. at —78.5°, showed it to be pure
methyl ether. The quantity of the ether thus
regained after the experiment involving 14.8 cc.
of diborane was 29.2 cc. This result, together
with the analysis for ammonia nitrogen and the
quantity of hydrogen produced, completes the
experimental check of the equation (CH;):OBH;
+ NH; + Na—> Na*BH:NH;~ + 0.5H..

The Absorption of Diborane by NaBH;NH..—
. It was assumed in the introductory discussion

that the BH;NH,~ ion would absorb a borine
molecule (derived from diborane) rather easily to
form the stable complex ion (BH;);NH.~. It is
therefore significant that the salt NaBH;NH,
actually does absorb diborane, presumably to
form NaBH;NH.. The experiments are de-
scribed below.

The residues derived from the reaction of the etherate
with ammonia and sodiun: (after thorough removal of the
excess ammonia, as described above), were treated with
diborane, first at temperatures below —80°, which led to
no reaction, and then at room temperature. The sample
which originally involved 14.8 cc. of diborane, and whose
later analysis showed that it contained 28.9 cc. of ammonia
nitrogen, absorbed 9.9 cc. of diborane (from a 19.0-cc.
sample) in the course of forty-two hours, after which
further absorption was negligible. The sample derived
from 9.43 cc. of diborane absorbed 5.6 cc. during twenty-
two hours at room temperature. In the latter case, it
was observed that the reaction began to occur appreciably
at —20° (3.4 cc. of diborane absorbed during nine hours).
In neither case, however, was it feasible to push the re-
action beyond two-thirds of the absorption required by
the equation 2NaBH:NH; + B;H; —> 2Na(BH;);NH..
From the manner in which the reaction slowed down, it is
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reasonable to attribute its incompleteness to the hetero-
geneous character of the process.??

Although this reaction is very much slower
than the assumed formation of the (BH;).NH,~
ion during the reaction of diborane with ammonia,
the conditions in the two cases are so different
that the contrast in the rates cannot be considered
significant.

The Action of Gaseous Ammonia upon Borine
Dimethyl Etherate.—As mentioned in footnote
15, borine dimethyl etherate reacts with gaseous
ammonia to produce the diammoniate of di-
borane. The experimental conditions and results
are given below. It is to be noted that the dis-
placement of dimethyl ether by ammonia occurs
at a rate much greater than that of the spontane-
ous decomposition of the etherate. It thus ap-
pears that the ammonia attacks the etherate
directly.

In one experiment, a sample prepared from 16.9 cc. of
diborane and 33.8 cc. of methyl ether, was treated first
with 16.6 cc. of pure ammonia, whose action was allowed
to begin at —100° After two and one-half hours, dur-
ing which the temtperature rose to —87°, the gaseous ma-
terial was drawn off and found to consist of 17 cc. of
methyl ether, containing a faint trace of diborane. A
further 15.3 cc. of ammonia was added, and the mixture
was left at —80° for twelve hours. From the composi-
tion of the volatile material then removed at that tempera-
ture, the solid residue was estimated to consist of slightly
more than 15.5 cc. of diborame with 31 cc. of ammonia.
This solid was treated with 35 mg. of sodium in 3 cec.
of liquid ammonia at —77°; it thus produced 8.1 cc. of
hydrogen in fifteen minutes, and a total of 8.6 cc. in an
hour. This means a total of 1.1 equivalents of hydrogen
per mole of diborane estimated to be involved. Although
this result was not very clear cut, it was evident that the
methyl ether had been displaced completely by the am-
monia, during a time which would not have been sufficient
for the decomposition of more than 20% of the etherate to
form diborane, and that the product was very nearly
identical with the diammoniate of diborane.

A second experiment yielded a better quantitative check
with this conclusion. Here the quantity of diborane was
7.8 cc., and of methyl ether, 22.4 cc. The excess of methyl
ether was allowed to remain in the reaction tube (to in-
hibit decomposition of the etherate) during the addition
of 15.6 cc. of ammonia in portions not larger than 1.5 cc.
In spite of the presence of excess methyl ether, the displace-

(29) In order to interpret correctly the absorption of diborane by
these residues, it was of course necessary to determine whether the
finely divided sodium which they contained might have been the
absorbing agent. Accordingly, a sample of pure sodium was dis-
solved in liquid ammonia, which was next sublimed away at tem-
peratures below —80°, and finally removed completely by pumping
at room temperature. The resulting finely divided sodium showed
not the slightest tendency to absorb diborane at room temperature.
A similar negative result was obtained with the use of sodium which
had been deposited by distilling the ammonia away (instead of
subliming it).
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ment was completed in forty hours at —80°. The entire
original sample of methyl ether was then regained in pure
condition, leaving a solid having the same composition
as the diammoniate of diborane. Its identity with that
substance was now clearly recognized by its stability at
room temperature, its reaction with sodium in liquid am-
monia at —75° to produce 3.97 cc. (1.02 equivalents per
mole of diborane) of hydrogen during thirty minutes,
and even by the characteristic formation of an exceed-
ingly light and porous solid web when the ammonia was
sublimed away after the completion of the reaction with
sodium.
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Summary

The reaction of diborane with ammonia at low
temperatures is interpreted as an addition of
borine (BH;) to ammonia, followed by other reac-

tions leading to a final product having the struc-
HHH

ture NH,* [HBNBHjl' These ideas are
HHH
supported by the following new experimental
facts.
1. The product reacts with sodium in liquid
ammonia (at —77°) to produce one equivalent
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of hydrogen per mole of diborane involved; it
thus seems to contain one ammonium ion per pair
of boron atoms.

2. A slow secondary reaction of the product
with ammonia and sodium, yielding barely 409,
more hydrogen, is easily explained by assuming
that ammonia removes a BH; group from the
above structure, by a reversible reaction produc-
ing NH,BH;NH,. This explanation is supported
by the fact that trimethylamine reacts with the
“diammoniate of diborane” to give borine tri-
methylammine. Neither reaction is easily ex-
plained by other structures.

3. The reaction of the new compound (CHj)s-
OBH; with ammonia and sodium produces the
salt NaBH;NH;. The negative ion of this salt is
considered to be an intermediate step in the forma-
tion of the above structure.

4. The salt NaBH;NH; strongly absorbs di-
borane. This fact justifies the assumption that
the negative ion of the above structure is easily
formed by addition of BH; to the BH;NH;~ ion,
and is capable of stable existence.

5. The new compound B,H;N, having the
structural skeleton B-N-B, is easily prepared
from the “diammoniate of diborane.”
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The Solubilities of Red and Yellow Mercuric Oxides in Water, in Alkali, and in

Alkaline Salt Solutions.

The Acid and Basic Dissociation Constants of

Mercuric Hydroxide

By A. B. GARRETT AND ALFRED E. HIRSCHLER!

This investigation had its inception in an effort
to obtain data for mercuric oxide similar to those
obtained in this Laboratory for silver oxide? and
for cupric oxide,® to establish the amphoteric
character of mercuric oxide, to obtain informa-
tion concerning the nature of the mercury-bearing
ions in solution, to determine the dissociation con-
stants of mercuric hydroxide, and to calculate
therefrom the free energy changes in a number of
reactions involving mercuric oxide.

Solutions of mercuric oxide in alkali were
thought to be colloidal by Chatterji and Dhar.4

(1) Present address: The Sun Oil Laboratories, Norwood, N. J.
(2) Johnston, Cuta and Garrett, Tuis Journar, 55, 2311 (1933).
(3) McDowell and Johnston, ibid., 68, 2009 (1936).

(4) Chatterji and Dhar, Chem. News, 131, 253 (1920).

Fuseya,® however, measured the solubility of red
mercuric oxide in several concentrations of sodium
hydroxide ranging from 0.01 to 2 M, the results
indicated that a true chemical reaction was re-
sponsible for the solubility. Due to an obvious
error, the solubilities listed by Fuseya are 100
times too great.

There is a rather serious discrepancy in the work
of Fuseya, for the extrapolation of the alkali
solubility to zero alkali concentration leads to a
solubility value larger than the solubility of the
oxide in pure water. Fuseya explains this dis-
crepancy by supposing that the oxide is peptized
by dilute alkali to finer particles, which might be

(5) Fuseya, THiS JOURNAL, 42, 368 (1920).



