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for cis-2-butene'” and for two of the methyl rota-
tions in 2-methyl-2-butene. !

The contributions of anharmonicity to the ther-
modynamic functions were treated by the empirical
method of McCullough, ef a/.'® The two empirical
constants Z = 1.17 cal. deg.7! mole™! and » =
1250 ecm.~! were selected to give a satisfactory fit
to the calorimetric values of the heat capacity over
the whole experimental temperature range. Use of
Pennington and Kobe’'s tables® simplified the nu-
merical calculations. The calculated contributious
were insignificant at the lowest temperatures and
amounted to 0.29, of the free energy functio,
1.39, of the heat content function, 0.5%, of the en-
tropy and 2.19, of the heat capacity at 1500°K.

Thermodynamic Functions.—The vibrational as-
signment and molecular-structure paraimeters giveu
in the two previous sections were used to compute
the functions (F° — Hy)/T,(I1° — HS)/T,1I° — I3,
S° and Cj for 2,3-dimethyl-2-butene for selected
temperatures up to 1500°K. These functions are
tabulated in Table X. Some values in Table X are
given to more decimal places than is justified by
their absolute accuracy in order to retain internal

(17) J. E. Kilpatrick and K.
Standards, 87, 163 (1946).

(18) D. W, Scott, G. Waddington, J. C. Smith andd H. M. Huffman,
THis JOURNAL, T1, 2767 (1949).

(19) J. P. McCullongh, H. L. Finke, W. N. Hubbard, W. D. Good,
R. E. Pennington, J. I'. Messerly and G. Waddington, 7b¢d., 76, 2661
1954).

(‘.’O: R. E. Pennington and K. A, Kobe, J. Chew, Phys., 22, 1442
11854).
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consistency within the table. The satisfactory fit
obtained with the calorimetric data may be judged
by the comparisons of observed and calculated val-
ues of $% and Cj in Tables VII and VI.

TABLE X
THE MoLAL THERMODYNAMIC FUNCTIONS OF 2,3-DIMETHYL-
2-BUTENE
(F> — (H° —
H3)/T, H)/ T, . e, ce,
cal. cal. H° — Hy, cal. cal.

T, °K. deg. -t deg. ¢ keal deg. -t deg. -t
273.16  — 65.59 19.04 5.200 81.63 27.71
208 16 — 67.30 19.85 5.918 87.15  29.54
300 — 6742  19.91 5.972 87.33  29.68
100 — 73.62 23.33 9.331 96.95 37.48
500 — 79.20 26.93 13.46 106.13 45.04
(00 - 8443 30,54 18.32 114.96 51.78
700 — 89.38 34.01 23.81 123.39  57.67
800 — 04,14 37.30 29.84 131.44 62.78
900 — 08,71 40.39  360.35 139.09 67.25
1000 --103.11  43.28  43.28 146.39  71.14
1100 —-107.37  45.96  50.56 153.33  74.55
1200 —111 .48 48.47 58.16 159.95  77.51
1300 —115.40 50.80 66, 04 166.26 80.08
1400 —119.30 52.97 74.16 172.27 2 33
1500 —123.03  54.99 82.49 178.02 81.31
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Observations on the Addition Compound of Silicon Tetrafluoride and Ammonia

By DoNnaLp B. MILLER AND HARRY H. SISLER
RECEIVED Mav 18, 1955

The addition comnpound SiF,-2NH; lias been prepared in a liighly purified form.

Its X-ray diffraction pattern has meas-

ured, as well as its dissociation pressure over the range of 351.9 to 422.4°K. Observations concerning the susceptibility of
this substance to ammonolysis and hydrolysis llave been made.

The preparation of a diammoniate of silicon tet-
rafluoride was first reported nearly a century and
a half ago! and has been discussed in a few publica-
tions®® since that time. However, the properties
of the substance have not been well-defined. Tt
became necessary, in connection with our research
program, to prepare this material and to study some
of its properties. We are hereby reporting somie
of the resulting observations. These fall under the
following classifications: (a) susceptibility to hy-
drolysis, (b) resistance to ammonolysis, (¢) vapor
pressure easurements, and (d) X-ray diffraction
pattern.

Preparation and Analysis.—The complex was prepared
(method 1) by passing silicon tetrafluoride (prepared by
treating a mixture of sodium fluosilicate and silica with con-

centrated sulfuric acid, and dried by passing through con-
centrated sulfuric acid, glass wool, phosphorus(V) oxide,

(1) J. Davy, Phil. Trans., 103, 353 (1812).

(2) W. Mixter, Am. Chem. J., 2, 153 (1881).

(3) J. Giterut, F. Sowa and J. Nienland, Tms Jourxar, 58, 786
(1936).

and a trap cooled witlt Dry Ice) into a cliamber containing
an excess of gaseous ammonia. The comnplex settled out in
tlie chamber as a fluffy, white powder.

A second miethod (metliod II) used for the preparation
involved the freezing out, at liquid air temperatures, of a
sample of silicon tetrafluoride, and then freezing out on top
of thiis an excess of aminonia. The cooling batli was then
renmoved and the mnixture allowed to warin up and the excess
amnmottia to evaporate.,

The products were aunalyzed for ainmonia by distillation
with sodiun iy droxide into a 4% boric acid solution followed
by titration with standard HCI solu. Fluorine and silicon
deterininations were made on tlie same sainple of complex.
Tlie sample was added to water and any silicic acid which
formed was filtered off and retained. Fluorine was then
determined in the filtrate as lead fluorochiloride.®* The
filtrate obtained upon removal of tlie lead fluochloride was
evaporated to dryvness, taken up in concentrated HCI, and
the silicic acid filtered off. This was combined with the
previously obtained material and iguited and weighed.

The typical product prepared by method I gave the fol-
lowing analytical results: Found: NH;, 23.0, 22.8; Si,
20.8, 20.9, 21.9, 20.8; F, 55.6, 56.4, 56.1, 55.7. Caled.
for SiF4-2NH;: NH;, 24.7; Si, 20.3; F, 55.0. The ammo-
nia analysis is, therefore, low. Ou standing witlt 1o special

(4) R. Belcher and J. Tutlow, 7'he Anolyst, T6, H43 (1951).
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precautions against atmosphere, the product gradually loses
ammonia, and after a period of one year the ammonia
content had decreased to about 18%,.

Method of X-Ray Measurements.—Since the ammonia
content of the sample prepared by the first method was
somewhat lower than theoretical for SiFy2NHj, it was de-
cided to examine this product by means of X-ray diffraction.
For this purpose samples were ground so as to pass through
a 325-mesh screen and were placed in Pyrex capillaries. A
114.8 mm, Debye-Scherrer camera using CoKq radiation
in conjunction with an iron filter was used. A Phillips
Metallix Model 5100 X-ray diffraction unit was employed
and tlie films were measured on a Norelco illuminator and a
measuring device capable of an accuracy of £0.05 mm,
The relative intensities of the lines were estimated visually.

The diffraction pattern of (NH):SiFe NHF was iden-
tified by the pattern listed by ASTMS5 Card File. The
pattern for ammonium fluosilicate was identified both by
comparison witlh the ASTM data and by comparison with
an X-ray pattern determined on our equipment on a known
sample of ammonium fluosilicate.

Heterogeneity of Product Prepared by Method I.—It
was found that the product prepared by method I partially
sublimed at 60-65° in vacuo to yield a sublimate A, with an
ammonia content of 24.2% and an unsublimed residue with
an ammonia analysis of 17,.8%,. The residue when heated
to 120-130° in vacuo yielded a further sublimate B of nearly
the same ammonia content (17.9%). The small amount of
residue was entirely nonvolatile even at the maximum tem-
perature of a Méker burner.

Sublimate B was identified by its X-ray pattern as ammo-
nium fluosilicate. Sublimate A gave an X-ray pattern
which contained no lines attributable to (NH,),SiFs, NHF,
(NH,).SiFs NH4F or any other conceivable possible product
for which X-ray patterns have been determined. Further,
the ammonia analysis of sublimate A agrees well with the
formula SiF¢2NH;. Sublimate A, was therefore, assumed
to be pure SiF,2NH;. The lines found in the X-ray pattern
of this substance are reported in Table I.

TABLE I
X-Ravy PowpER DIFFRACTION PATTERN FOR SiF4-2NH;

d, A I/ d, A I/Io d, A. 1/1
4.995 80 2.484 50 1.716 8
4.767 8 2.402 40 1.884 8
4.450 100 2.338 30 1.670 10
4.295 8 2.063 20 1.609 10
3.881 60 2.006 35 1.583 20
3.614 30 1.935 20 1.495 5
3.165 50 1.878 20 1.416 7
3.031 30 1.814 10 1.294 20
2.608 50 1.756 10

Hydrolysis of SiF+2NH;.—The observations made in
connection with the sublimation of the product of method I
suggested that an investigation of the hydrolysis of SiFs-
2NH; and of its volatility should be carried out. A sample
of sublimate A (SiF+2NHj;) was, therefore, added to a large
excess of water and the precipitate of silica which formed
was removed by filtration. The filtrate was then evapo-
rated todrynessat from 20to 40°. The resulting solid residue
which had an ammonia content of 23.59, was examined by
X-ray diffraction and found to consist predominantly of the
double salt {NH,),SiFe NHF along with some ( NH,).SiF.

We may consider that the ammonolysis of the complex
proceeds by such reactions as thiose indicated by the equa-
tions

(NH,),SiFg + 2NH.F + Si0; (1)

When the silica is removed and the solution evaporated
some of the ammonium fluosilicate crystallizes with the
ammonium fluoride to form the double salt.

The fact that on standing in air the product of method
I slowly loses ammonia to form a mixture of SiF¢2NHj,

(5) Alphabetical and Numerical Indexes of X-Ray Diffraction Pat-

terns. American Society for Testing Materials, 1953, p. 12.
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(NH,):SiF¢ and SiO, was interpreted as indicating that hy-
drolysis of SiF42NH; by atmospheric moisture proceeds in ac-
cordance with equation 2 and that equation 1 is unimportant
in this process.

Experiments in which SiF;2NH; was placed in an excess
of liquid ammonia at 100° for a period of 7 days indicated
the SiF42NH; does not undergo any ammonolysis under
these conditions. In fact preliminary experiments at 300°
also gives no indication of ammonolysis.

Dissociation Pressure of SiF,2NH;.—Measurements of
the dissociation pressures of SiF¢2NH; in the temperatwe
range of 80 to 150° were made using a thermostated sample
chamber connected to a mercury filled manometer, The
sample chamber was submerged in an oil-bath. The system
was arranged so that the gas over the sample could be pumped
out at will. At tlie beginning of a run, the systen1, while
being maintained at constant pressure, was alternately
pumped on and allowed to come to equilibrium until the
pressure recorded returned to a constant value after each
cycle, thus assuring that foreign gases had been removed
from the system. The pressure was then recorded and the
temperature raised to a new value, and so on. When the
maximum temperature in such a series of readings was
reached, the system was once again pumped out so that a
new sample of vapor was present in the chamber, and a new
series of readings taken as the temperature was lowered
stepwise. Dissociation pressure data were taken on two
different runs, using samples of SiF+2NH,; prepared in
different sublimations. The data, recorded in Table II,

TaABLE II
Di1sSsSOCIATION PRESSURE OF SiFy2NH;

T, °K. P, mm. Trial® T, °K. P, mm. Trial®
351.9 1.9 2D 402.7 48.3 1U
354.2 2.0 1D 403.0 49.1 10
363.2 4.3 1D 403.7 49,7 1U
363.6 4.3 2D 405.2 54.9 2D
364.2 5.0 1U 407.9 64.4 1D
370.4 6.6 2D 412.3 82.2 1U
371.7 7.5 1D 412.5 82.1 2D
383.2 15.7 1U 412.7 82.7 1U
390.2 22.7 2D 413.0 86.3 2U
391.7 25.1 1D 416.0 103.& 1D
395.5 33.5 10 421.9 136.9 10
397.9 38.0 1U 422 .4 140.3 1D
399.0 39.2 2U

21 and 2 refer to the two different samples used. D re-
fers to readings taken on the down part of the cycle; U refers
to readings taken on the up part of the cycle.

are quite consistent.
in Fig. 1.

Values of In P vs. 1000/ T are plotted
These points fall on a straight line, the slope of

5

23 24 25 26 27 28 29
1000
T

Fig. 1.—Logarithms of dissociation pressure of the com-
plex plotted against reciprocal of the absolute tempera-
ture.
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which was used to obtain the value
din P) _
d(1/7T)
From this the value of AH for the process
SiF;-2NH;(s) —> SiF(g) + 2NH;(g)
was calculated using the equation
d(in P) _ —aH
d1/T) R
The value obtained was 18.2 kcal./mole.
The data in Table IT can be expressed by tlie equation

8050
T —219
wliere P is in mm. and T is in °K. Extrapolation indicates
that the dissociation pressure would becoine equal to 760

mm. at about 185°.
From the dissociation pressures at various teinperatures

—9.18 X 10¢

In P = 2506 —
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the equilibrium constants were calculated using the ex-
pression
K = (2/3 P)¥(1/3 P) = 4/27 P*

Expressing P in atmospheres rather than mm., we derive
the expression

- = 24,150
In Kawm = 53.37 =310
where 7 is the absolute temperature. Then using the re-

lation AF° = — RT In K, and expressing AF° in kcal,/mole
we obtain the following expression for the AF° for the dis-
sociation as a function of temperature

AF0p = —0.,10017 + ;l_?%%
whence

AF%s = 20.2 kcal./mole  (25°)
and

AF}s = 1.85 keal./mole  (185°)
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Hydrazides of Sulfuric Acid and their Derivatives. 1.

Hydrazinosulfuric Acid

By L. I, AUDRIETII AND SHERWOOD F. WesT!?
RECEIVED MAy 25, 1955

Hydrazinosulfuric acid (HSA) was prepared by tlie sulfonation of livdrazine with N-pyridiniumsulfouic acid.

monobasic acid (pk, = 3.85).
than sulfamic acid under comparable conditions.
to hydrazine hydrogen sulfute inn 5.5 hours at 45°.
monium type zwitterion.

Introduction

Although the chemistry of the aquo ainmonosul-
furic acids, such as sulfamic acid and sulfamide, has
been the subject of considerable study,® compara-
tively little is known about the analogous hydrazine
compounds.* Theoretically, it should be possible
to synthesize a whole series of conipounds which are
related to hydrazine as the parent substance in
nmch the same way that the better known aquo
ammono derivatives of sulfuric acid have been char-
acterized and related to each other. However, only
two of these compounds, hydrazinosulfuric acid (1),
H,NNHSO;H, and hydrazi-disulfuric acid, [-NH-
S0,H ),° have been described adequately. Sulfainyl
hydrazide (N-aminosulfamide), SO.NH,(N,H;), has
beenn described as a very unstable intermediate,
whereas sulfuryl dihydrazide, SO«(N.Hy)., appears
to be relatively stable.® N-Substituted deriva-
tives of I are better knowu than the free acid.

The preseut investigation has concerned itself
with the stability of aqueous solutions of hydrazino-
sulfuric acid and its structure it the solid state. It
has been found that hydrazinosulfuric acid is niuch
more susceptible to hydrolysis than sulfamic acid

(1) Abstracted from the doctoral dissertation preseunted to the
Gradnate College of the University of Ilinois, 1955.

(2) Western Cartridge Company (Division of Olin Mathieson
Chemical Corporation) Fellow in Chlemistry, University of Illinois,
19531954,

¢3) For a comprehensive review of sulfamic acid, sulfamide aud
related aquu mmnmonosulfuric acids see: L. F. Audrieth, M. Sveda.
II. H. Sisler and M. Jusetta Butler, Chem. Revs., 26, 49 (1940).

(4) L. F. Awdrieth and B. A. Ogg, "“"The Chemistry of Hydrazume,'"
John Wiley and Sons, New York, N. Y., 1951, pp. 220-222,

(5) E. Konrad and 1.. Pellens, Ber., 89B, 135 (1926).

(G) 17, Epliraine wied 12 Lasocki, 7bid., 44, 395 (1011),

Itis a

A quantitative study of tlie hydrolysis of thie acid at 45" has revealed that HSA is less stable
A 0.3036 M solution of hydrazinosulfuric acid livdrolyzes completely
The infrared spectruni of solid HSA iudicates the presence of an am-

and that, like the latter substance,” it exists in the
solid state as a zwitterion complex.

Experimental

Preparation of Hydrazinosulfuric Acid.—Tlie Bammngar-
ten procedure® entailing sulfonation of livdrazine with
freslily prepared pyridine—sulfur trioxide® was modified only
with respect to recovery of the crystalline acid from an aque-
ous solution of the barium salt, Ba(SO;N.H;).H,O. To
10.0 g. (0.027 mole) of the barium salt monohydrate dis-
solved in 200 ml. of water, 2.83 g. (0.028 mole) of sulfuric
acid (96.69;) was added dropwise with rapid stirring.
TIinmediately after removal of the bariun sulfate by filtra-
tion, addition of ethianol and etlier to tlie filtrate precipi-
tated 4.50 g. of white, crvstalline hivdrazinosulfuric ucid
corresponding to a yield of 75.89, based on tlie weiglit of th:
barium salt; m.p. 217-217.5° (lit. 217°).10

Anal. Caled. for NoH;SO;H: N, 25.00.
25.00.

Acid Strength.—Figure 1 depicts tlie curve obtained for
the titration of liydrazinosulfuric acid with sodium ly-
ilroxide. The pH of a 0.00745 M solution of tlie acid was
found to be 3.02. This leads to a value for K, = 1.40
X 10~*or pK, = 3.83.

Stability in Aqueous Solution.—Earlier workers!® liad re-
ported (a) that hydrazinosulfuric acid is stable in aqueous
solution forming sulfuric acid very slowly, (b) that mineral
acids cause slow decomposition in the cold, and (¢) that
Itydrazine and sulfuric acid are formed rapidly on heating.
It becante apparent during tlie course of the present inves-
tigation that liydrolysis is extensive both at elevated teni-
peratures and in the presence of acids in the cold.

From the data of Souuner and Weise,* who determined
the hydrogen ion concentrations of solutions of hydrazine

Found: N,

(7) IF. A. Kanda and A. J. King, Tuis Jour~ar, 73, 2315 (1951).

{8) P. Baumgarten, Ber., 59, 1976 (1926).

(1) H. H. Sisler and L. F. Audrieth, ""Inorganic Syntheses,”” Vol 1T,
MeGraw—Hill Book Co., New York, N. Y., 1946, p. 173.

(10) W, Tranbe «anil A, Vorkerodt, Ber., 47, 938 (1914).

(11) 17, Somuner aud K. Weise, 7. annorg. ollgeo. Chem,, 94, R
{1916).



