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0.3 e.u., the entropy of hydration may be calcu-
lated. An entropy change of —6.35 e.u. must be
included in the calculation to correct for the volume
change in transferring the ion from the gas phase to
the solvent. Consequently, the entropy of hydra-
tion, — AShya., at 298.16°K.. is 11 e.u. This entropy
value falls between the — ASyyq, value for Na+ of
14.6 e.u. and that for K+ of 6.1 e.n.’® The NH,*
ion has a crystallographic radius of about 1.45 A
which is quite close to the radius of Rb+ of 1.48 A.
If NH,* were to fall on the same line as the alkali
metal ions in a plot of ASyy4. versus effective ra-
dius,!! then its entropy of hydration would be
about 4 e.r.!%!

Tt is of interest to consider why the entropy of
hydration of NH4* is 7 e.u. miore negative than
that of a monatomic ion of the same size with a
spherically symmetrical charge distribution of the
same magnitude. Two effects are probably re-
sponsible. First, the charge distribution of the
ammonium ion is concentrated at the four hydrogen
atoms; consequently, a fixed NH,* ion would lower
the entropy of the surrounding water molecules
through ion—dipole interactions more than would a
uniformly charged ion. Since the NH,* should be
able to rotate appreciably in the solvent, this ef-
fect would be somewhat nullified. Secondly, even
if the NH,* were discharged so as to form a hypo-
thetical NH4 molecule in water, hydrogen bonding
of the type N-H . - - O would occur. Hydrogen
bonding is usually due to a partial charge separa-
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tion X-H - - - Y resulting in dipole—-dipole interac-
tions (resonance contributions to hydrogen bonding
may make a small contribution).'* Consequently,
the two effects are not readily separable, since they
are both due to electrostatic interactions leading to
a weak N-H - - - O bond. In summary, it may be
concluded that electrostatic interactions resulting
from hydrogen bonding and from the non-uniform
charge distribution of NH,* are both responsible for
the more negative entropy of hydration of NH+
compared to a monatomic ion of uniform charge
distribution (plus one charge) and of the same ra-
dius.

The lattice energies of NH,Cl, NH.Br and NH,I
in the CsCl type lattice have been calculated by the
Born-Mayer method to be 161.6, 154.0 and 145.5
keal./mole, respectively.!? A more detailed calcu-
lation!* results in a lattice energy of 171.4 kcal./
mole for NH4Cl. Combining this higher lattice
energy for NH,Cl, 171 kcal./mole, with the heat of
formation of NH,Cl in the CsCl type lattice’ and
the heat of formation of Cl—(g),” the heat of
formation of NH,*(g) resulting is 154 kcal./
mole. If this heat of formation of the am-
monium ion of 154 kcal./mole is used, along with
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the heats of formation of NH;(g)” and H+(g),” then
the heat of the protonation reaction, NH,(g) -+
H+(g) — NH,*(g) at 298.16°K. is —202 kcal./
mole. From the heat and entropy of the protona-
tion reaction, the free energy of the protonation re-
action is —194 kcal./mole. Consequently, the
protonation reaction is a highly spontaneous proc-
ess.

Since the heats of formation of the gaseous and
aqueous ammonium ion are 1534 and —31.7 keal./
mole,” the heat of hydration of the ammonium
ion is 79 kecal./mole. This value of the heat
of hydration for NH4* is about the same as for
the K+ ion,!'! The augmented electrostatic en-
ergy within the hydration sphere, which is due to
the same causes as discussed above for the entropy
of hydration, is probably responsible for this high
heat of hydration of NH,*.
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Among the more interesting of the boron-nitro-
gen compounds are the borazenes. The structure
and properties of these compounds have been well
characterized and have been compared with those
of benzene and its alkyl derivatives,

Hitherto there has been no report of a “saturated
borazene’ of the formula [RoNBR;]; in which R is
either hydrogen or a methyl radical, which would
be structurally similar to cyclohexane or its methyl
derivatives. The compound (CHj;);NBH,is known
to exist as a dimer at room temperature and as a
monomer at higher temperatures, while HiNBH,
is reported as a high polymer.? However, recent
observations in this Laboratory indicate that HCHj;-
NBH,; is trimeric and is in all probability a six-
membered ring composed of alternating boron and
nitrogen atoms,

The new compound, trimeric N-methylaminobo-
rane, was first isolated in low yield from the decom-
position products obtained in the pyrolysis of O,N-
dimethylhydroxylamine-borane.®? It can be pre-
pared more conveniently and in yields of 80 to 907,
by heating methylamine-borane at 100°

10
3CH;NH.,BH; ——> 3H2 + (CHsNHBHg); (1)

The identity of the compound was proved by
chemical analysis, molecular weight determinations
and its decomposition at 200° into hydrogen and
1,3,5-trimethylborazene.

Although this compound does not display the ex-
treme stability toward heat and hydrolysis which

(1) Contribution from the Department of Chemistry of the Uni-
versity of Michigan.

(2) A. B. Burg and C. L. Randolph, Jr., THIS JOURNAL, 78, 953
(1951); E. Wiberg, A. Bolz and P. Buckheit, Z. anorg. Chem., 286,
285 (1948); H. I. Schlesinger, e al., Univ. of Chicago, Signal Corps
Contract W3434-SC-174 Final Report (1948-1949).

(3) A study of the reaction of hydroxylamine amd the five possible
methyl substituted hydroxylamines with diborane is being condiicted
it this T,aboratory and will be published in the near future,



3482

has been reported by Burg and his co-workers, * for
the trimeric P-dimethylphosphinoborane and the
trimeric As-dimethylarsinoborane it is very stable
for a boron-nitrogen compound containing two
active hydrogens per boron. It is unaffected after
weeks in contact with moist air and is hydrolyzed
only very slowly by cold water.

The pyrolysis of methylamine-borane has been
studied by a number of previous investigators® but
this initial pyrolysis product never has been char-
acterized.

Experimental

A. Preparation of Trimeric N-Methylaminoborane. —
It a typical preparation, 3 mmoles of diborane was cou-
densed with lquid uitrogen, together with a small excess of
anliydrous methylamine (7 inillimoles). Tlie mixture was
then allowed to warm up to room temperature over a period
of about three hours. A small amount of hydrogen was
produced in this preparation of methylamine borine. Air
was then admitted to the svstem and the tube was removed
from the vacuum line, stoppered with a calcium sulfate
drying tube, and heated on a steam-bath for two hours.
Tle liquid in the tube changed innto a crystalline mass after
tlie first hour of heating. This white solid was then placed
in a clean tube, which was replaced on the vacuum line.
A beaker of boiling water was placed around the bottom of
the tube and the trimmeric N-methylamino-borane sublimed
under high vacuum. The prodnct collected as a ring of fine
needles on the walls of the tube just above the surface of the
bath., The tube was removed from tlie line and broken on
caclt side of the ring. The long white needles were tlien
scraped from the walls; vield abont 0.22 g. or 85%,.

The analysis of the product is snmmarized in Table I.

Tantr I
Anal. for /{CHyNHBH?);, ¢ Obsd. Caled,
Carbon 28.00 28.00
Hydrogen 14.02 14.10
‘Active” hydrogen 4.35 4.70
Boron 25.0 25.23
Nitrogen 32.78 32.66

B. Molecular Weight Determinations.—The molecular
weight of the solid was estimated from the freezing point
depressions of benzene and nitrobenzene solutions using a
standard Beckmann apparatus. The results indicated
molecular weights of 121 and 141 for two trials in benzene
and 134 for nitrobenzene.

The molecular weight was also determined hy the vapor
pressure Jowering of liquid ammouia solutions. Tlie appara-
tus designed by D. R. Schultz® was modified by using a large
sluslt bath of ethylene chloride as the constant temperature
medium. A molecular weight of 127 was obtained.

A trimer of CH;NHBH; has a calenlated molecular weight
of 128.7.

C. Decomposition into 1,3,5-Trimethylborazene.—A
quantity, 0.2364 g., of (CH;NHBH;); was placed in an evac-
nated sealed tube and heated at 200° for four hours. Upon
opening the tube, 5.96 mmoles of hydrogen, identified by a
molecular weight of 2.1, was found. This givesaratio of hy-
drogen per mole of starting material of 3.24. The 1,3,5-
trimethylborazenc was purified by vacuum condensation, tlie
portion collecting in a trap at —45° being retained. A 74%
vield was obtained based on the equation

200°
{(CH;NHBH,); —> 3H, -+ (CH;NBH): (2)

The 1,3,5-trimethylborazene produced was characterized
by vapor pressure measurements over the temperature range
50 to 75°, and by vapor phase molecular weight measure-
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ments based on vapor density (obsd. = 126; theor. =
122.5). The melting point of the solid was 0 to —1° a
compared to —9° reported by Wiberg, Bolz and Buckheit?
and —7 to —8° reported by Schaeffer and Anderson.? It is
believed that the higher value of 0 to —1° indicates greater
purity of the sample studied and does not negate the char-
acterization of the borazene.

D. Properties of Trimeric N-Methylaminoborane.
The compound may be recrystallized from methyl or ethyl
alcohol as long white fibrous needles., An analysis for
boromn and “‘active’” liydrogen on this recrystallized material
demonstrated that the composition was unchanged. Iu
addition to the above solvents, the compound is very soluble
in acetone and liquid ammonia. It is moderately soluble in
benzene, ether and chloroform and is insoluble in carbon
tetrachloride, petroleum ether and water. The insolubility
it water may be primarily a wetting problem.

The density of the compound is 0.90 g./ml. as determined
by centrifuging a few crystals in a series of mixtures of carbon
tetrachloride and kerosene. The crystals would remain
suspended in the mixture with a density of 0.90 g./ml.

A sample of the solid was allowed to stand exposed to the
moist air of the laboratory for three weeks, during which
time no noticeable hydrolysis occurred. A portion placed
in cold water will float for hours but will disappear after
about a day. A 209, solution of hydrochloric acid must be
heated to boiling to bring about rapid hydrolysis.

E. X-RayPower Diffraction Data for Trimeric N-Methyl-
aminoborane.—In Table II are listed the interplanar spac-
ings (d values) and the relative line intensities found to be
characteristic of the compound. The powder patterns were
taken with copper K« radiation in a cylindrical camera of
57.3 mm. diameter. The low absorbing glass capillaries
used to hold the sample had a diameter of 0.2 mm. and a
wall thickness of 0.01 mm.

TaBLE T
d I d 1 d I
7.1 VS 2.68 VW 1.20 VW
4.26 VS 2,29 W 1.88 VW
+4.00 MS 2.27T W 1.77 VW
3.45M 2,19 W 1.70 VW
3.06 VW
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The literature referring to the phase relationships
in the svstem Ba(NQ;);~KNO; is contradictory.
Harkins and Clark? characterized the system as
being of a simple eutectic type on the basis of an
investigation at liquidus temperatures. Ricci® in
replotting their data demonstrated indications for
the presence of the binary compounds 2Ba(NOy).-

(1) This work was performed under Contract No. DA1-28-017-501-
ORD-(P)-1247, Project Wo. TU2-2M, Dept. of Army Project No.

517-06-002. The support and permission to publislt are gratefully
acknowledged.
(2) W. D. Harkins and G. L. Clurk. Twis JournNar, 37, 1816

(19153).
(3) J. B. Ricci, ibid., 89, 1763 (1037).



