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From Ef cx- = —592 mv., E; = 612 mv., dy =
8.2 X 103 ua./M, cyanide = 0.1 M and fen- =
1.0, K, was calculated from equation 8 as 10%-%,
This can be considered good agreement with the X,
= 1046, obtained when mercuric cyanide was as-
sumed to be complexed as Hg(CN),~— at the sur-
face of the drop.

It was thought necessary to test the polarograms
for polarographic reversibility since the arguments
above are based upon this condition. In order to
do this, anodic waves of cyanide were obtained in
basic solutions. As can be seen in Table III, the
analyses of the anodic waves were the same as an-
alogous cathodic waves. The system can therefore
be said to be polarographically reversible.

Another usually important criterion for reversi-
bility is the attainment of a single continuous
polarogram for a mixed anodic and catliodic wave.
It can be shown that with the type of electrode
phenomena that we have observed this behavior is
not to be expected.

In an equimolar solution of cyanide and mercuric
cyanide most of the cyanide is complexed by the
mercuric cyanide. The cathodic portion of the
polarograin should start with a dependency on the re-
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duction of Hg(CN);~, with the reduction of Hg-
(CN)s—~ taking over quite early. On the other
hand, since the activity of the mercuric ion is de-
creased by the presence of mercuric cyanide, the
anodic portion should start with a dependency
upon Hg(CN);—, with the reduction of mercuric
cyanide taking over quite early.

The cathodic portion would be mainly dependent
upon the reduction of Hg(CN),~~ and the anodic
portion upon the oxidation of mercury to mercuric
cyanide. Omne should not expect to obtain a
straight line over the anodic and cathodic portions
from any plot of Eq. vs. log (44 — ¢)/4*. 'When this
experiment was tried, the polarogram looked like
a single continuous wave, but, as expected, no log
plot gave a straight line with tlie proper slope over
tlie anodic—cathodic portion.
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The Lower Hydrides of Phosphorus.

II.

The Decomposition of Biphosphine in

Liquid Ammonia'?

By EvaN H. STREET, JR., Davip M. GARDNER aND E. CHARLES EVERS
RECEIVED OCTOBER 22, 1957

Biphosphine decomposes in liquid ammonia to lose phosphine, leaving a black residue of variable composition containing

phosphorus, hydrogen and solvent,

Products are obtained whose P/I-_I ratio varies from 3.05 to 4.81 and whose NH;/H
ratio varies from 0.09 to 0.92. Similar substances are formed on treating phosphorus with ethylamine.

Tlie coustitution

of these substances is discussed in relation to solid hydrides obtained when biphosphine is decomposed in vacuo and iu

the presence of moisture.

In our previous communication,? we described
the decomposition of biphosphine at room tem-
perature under anhydrous conditions. Decom-
position iz vacuo proceeded with the elimination of
phosphine, forming orange-yellow solids whose ulti-
mate compositions appear to lie in the neighborhood
of Ps.esH, (PeH,). With moisture present the prod-
ucts contained larger proportions of hydrogen;
materials obtained in a variety of ways have re-
ported compositions averaging around P,H.®—®
These preparations left small amounts of non-
volatile residue on strong heating i»n vacuo.

Another class of hydrides has been prepared by

(1) Taken in part from a Thesis by Evan H. Street, Jr., presented in
partial fulfillment of the requirements for the Ph.D. degree, June, 1955.

(2) This research was supported in part by the Office of Naval
Research under Contracts Nonr-598(00) and N8onr-74200. Repro-
duction in whole or in part is permitted for any purpose of the United
States Government. Presented before the Inorganic Division of The
American Chemical Society, 132nd National Meeting, New York,
September, 1957.

(3) E.C. Eversand E. H. Street, Jr., THIS JoURNAL, 78, 5726 (1956).

(4) (a) A, Stock, W. Bottcher and W. Lenger, Ber., 43, 2839, 2847,
2853 (1805); (b) R, Schenck and E. Buck, ¢bid., 37, 915 (1904).

(3) The molecular formula Pi1sHg was proposed by R, Schenck and
E. Buck, tbid., 87, 915 (1904), as a result of cryoscopic measurements in
molten phosphorus.

treating solid hydrides®’ or white pliosphorus? with
a variety of amiine solvents. Stock* found that
phosphine was eliminated and reddish colored solu-
tions were formed when P,H was treated with
liquid ammonia. The substance P,;H, (PyH.),
which was reportedly obtained by the thermal de-
composition of P;H under the proper conditions,*
likewise dissolved, but without the evolution of
phosphine. In all cases black substances were ob-
tained by evaporating the solvent, whose composi-
tions averaged around Py;;H and which contained
up to one molecule of ammonia. A small amount
of non-volatile residue remained on strong heating
i vacwo. This appeared to be P;N;% Products
obtained by the direct action of liquid amnionia on
phosphorus were similar. Although comprehensive
quantitative data have been reported only in the
case of products obtained from ammonia, it seems
likely that other mitrogen bases also yield similar
products.

In view of the thermal instability of biphosphine

(6) R. Schenck, tbid., 36, 979, 4202 (1903).

(7) (a) A. Stock, ¢bid., 36, 1120 (1903); (b) A. Stock and O.
Johannsen, tbid., 41, 1593 (1908); (c) H. Krebs, Z. anorg. Chem.,
266, 175 (1931); Angew. Chem., 64, 293 (1952).
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and the results obtained when its solid decoimnposi-
tion products were treated with liquid ainmonia, it
seemed of interest to investigate the action of am-
inonia on biphosphine itself. This seemed partic-
ularly important in view of the apparent differ-
ences observed between the course of the decom-
position of biphosphine in the presence of moisture
and under strictly anhydrous conditions. We
were particularly interested in determining whether
decomposition might not stop at some intermediate
stage, say Pi.sH, rather than proceed further to
PysH.

Preliminary investigatious also have beeu carried
out on the reaction of white phosphorus and ethyl-
amine. This base provided a most suitable nie-
dium for such a study sirce phosphorus is readily
soluble, allowing the reaction to proceed homo-
geneously at room teinperature.

Experimental

Biphosphine was prepared by treating commercial calciun
phosphide with water and was purified according to the pro-
cedure described previously.! Ammonia was dried by re-
fluxing over sodium. Manipulatious were carried out using
standard vacuum techniques.

1. Treatment of H,P; with Liquid Ammonia.—Measured
quantities of biphosphine were taken froni the storage system
either by distilling directly into the reaction vessel and
weighing it or by condensing a known volume of vapor into
the vessel. A large excess of ammonia (20 to 30 cc.) was
then frozen on top of the biphosphine, and the vessel was
isolated and maintained at the boiling temperature of liguid
amnnionia until the reaction was completed.

Biphosphine is only slightly soluble in, and is more deuse
thai, liquid ammonia. The ammonia phase gradually auc-
quires a yellow, then a red-orange and finally a deep violet
color, and the biphosphine phase finally disappears after
about 24 hr. The color of this solution is characteristic of
those reported by Stock* on dissolving the solid hydrides.

Phosphine is evolved during the dissolution of the bi-
phosphine. In order to separate this from the relatively
large volume of liquid ammonia, the latter was largely ab-
sorbed by distilling onto sodium iodide cooled to 0°, the
phosphine concentrating in the gas phase. Residual am-
monia was removed by passing the gas through absorption
tubes filled with anhydrous magnesium perchlorate. The
pliosphine was frozen in a detachable trap and weighed di-
rectly or measured volumetrically as a gas in a calibrated
part of the system. Vapor density measurcinents were
made in order to check the purity of the product.

The black residue remaiuing after evaporation of the au-
monia could be redissolved on adding fresh solvent. How-
ever, the red product obtained after heating the residue to
200° and pumping was insoluble in ammonia. This latter
procedure served to remove most of the ammonia initially
present. Treatment of the black residue with mineral acid
also converted it to a reddish colored substauce; further
treatment with excess ammonium hydroxide solution then
restored the original black appearance.

Several methods were investigated in an attempt to es-
tablish the compositions of the black residues: (1) The plios-
phine which evolved was measured. (2) The residue was
analyzed for phosphorus using the magnesium aminonium
phosphate method.® An analysis of the residue for phos-
phorus was often employed as a check on method 1. (3)
The black material was degraded thermally and the vapors
were passed over hot copper gauze.! Phosphorus was re-
tained by the copper and the hydrogen and ammonia were
collected and determined separately. The copper phos-
phide was weighed to determniue phosphiorus. (4) The black
product was weighed and these data were usced to compute
the ammionia content of the residue.

In theory, analyses by method 1 should liave been ade-
quate to establish the P/H ratio in the residue. In practice,
however, the quantitative separation of plhiosphine from the
large amount of solvent proved troublesome. But when an
analysis was also made for residual phospliorus (mcthiod 2)

(8) E. C. BEvers, TS JoURNAL, T8, 2058 (1953).
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and a material balance was obtained, we were inclined to
place considerable confidence in the results. Experiments
in which we have the most comprehensive data are presented
in Table I. The compositious of the residues were calcu-
lated from the per cent. phosphorus evolved as phosphine.
These are given iu column 6. In those experiinents where
the residues were weighed, the ammonia conteuts were cal-
culated with the results given in column 7.

TaBLE 1
T DECOMPOSITION OF BIPHOSPHINE IN LIQUID AMMONIA
Wt. P, % Wt.

Expt. HqPs, Evolved Residue residue, Ratio

10. g. as PH; by anal, g. P/H NH;/11
1 1.1997  63.20 36.40 0.4198 3.67 (.16
2 0.0935 62.00 40.30 3.05

3 L1283 62,78  37.56 3.25 ..

4 L0324 64.05 . 0,0122 4.59 0.92
5 L6957 63.26  37.00 .2451 3.46 .09
6 1.4589  63.57 .5243 3.93 .31
7 1.2940  63.4Y 4602  3.76 .20

The data recorded in Table I indicate considerable varia-
tion in the composition of the products. The average value
for the P/H ratio was 3.66. This value leads to the compo-
sition PyHj 5, which is to be compared with the value PgH,
reportedly obtained by Stock, et afl.,%5 who employed solid
hvdrides in their study. Variations in the ammonia con-
terit are more apparent. While in part this may be due (o
inaccuracies in weighing, we have found the ammonia cou-
tent to be very much a function of experimmental conditions,
e.g., thie time of punping after remnoving solvent, thie teni-
perature and the efficienicy of evacuation. For example, the
product in expt. 6 was puiuped and weighed after time inter-
vals of 15 min., 1 hr, and 2 hir. The loss i11 weight then led
to the ratios of moles aminonia to hydrogen of 0.31, 0.14 and
0.15, respectively.

In the case of expt. 1, when the product was heated for 1
hir. at 100°, 0.37 muole of condensable gas was recovered.
After heating at 130° for several hours an additional 0.15
mimnole was obtained. The molecular weight of the com-
bined gases was 16.8; calculated for NH;, 17.0. The com-
position of the residue was now calculated to be PjeH-
(NHs)a.cos. It is apparcnut that ammmonia was substantially
removed by this treatment. The residue was colored a
deep red rathier than black. Heating above 200° caused the
evolution of hydrogeu (uon-condensable gas), but quantita-
tive data are lacking.

2. Analysis by Thermal Degradation.*—The product
from expt. 6 was allowed to staud in an evacuated vessel for
114 days. Condeusable gas was formed, but unfortunately
this was lost due to a mishap. Assuming the gas to be
ammonia the loss in product weight led to tlhie composition
Py s JI(NH;y)o.05; if the gas were phospliine, the calculated
composition would be Py, H(NHj)g.16.

Two analyses were made of the material. In the first,
0.2102 g. of sauple led to the recovery of 0.123 mmole of
NHj, 0.746 minole of Hy and 1.2 mg. of non-volatile residue
(P3N;).0  Some phosphorus diffused through the copper
screening without reaction, so its weight was calculated by
difference. Correcting for nitrogen (as NH;) and phos-
phiorus in the residue, the calculated composition was
P, o H(NH;)p.12.  In the second sample weighing 0.2342 g.,
thiere were recovered 0.806 mmole of Hi., 0.119 NH; and
7.366 P, leaving 0.9 mg. residue. The recovery was 98.94%.
Iu this experiment the calculated composition was Ps.sH-
(NH;)10. Frowm these results, which are inn excellent agree-
ment, it would appear that plhiospline was evolved, together
with ammonia, during the loug period of standing n vacuo.

3. Reaction of Phosphorus with Ethylamine.—White
phosphiorus (5~13 mmoles) was transferred to a weighed
reaction vessel containing distilled water. The inlet tube
was sealed and the water evaporated under vacuun. The
vessel was weighed, reattached to the vacuuin system by a
ground joint, and about 30 cc. of dry cthylamine was con-
densed on thie phosphorus. This was frozen with liquid air
and the vessel was evacuated thoroughly; tlien it was sealed
off below tlie inlet stopcock. The vessel was provided with
a break-off tube for re-entry and reattachment to tlie vacuum
systemi.

At room temperature thie lHquid assumed a reddish color
withiin an hour and becaute an opaque black-red within 4 hr.
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In order to ensure complete reaction, the solutions were
allowed to stand for periods ranging from one to six mouths.
A black deposit formed on the walls of the vessel,

On opening the vessel the amine was allowed to evaporate
through a column of water. No gaseous products were iso-
lated. The black residue turned red when treated with 109,
HCIl, and amine was detected in the aqueous phase. The
black color of the product was restored on treating with
aqueous ammonium hydroxide.

A number of preparations were analyzed for their nitro-
gen content by digesting the material with 109, HCI, then
analyzing filtrate and residue for amine, using the Kjeldahl
method.

TaBLE 11

ANALYSES OF BLACK PRoODUCTS OBTAINED ON TREATING
WHITE PHOSPHORUS WITH ETHYLAMINE

Time of P, Meq. amine Mol. amine
pumping mmoles Filtrate Residue per atom P
15 min. 8.41 1.93 0.23

15 min. 12.49 1.89 .. .15

25 hr. 14.45 1.24 .. .086
72 hr. 6.94 0.30 0.07 .053
168 hr. 5.07 0.18 0.11 .057

From the above data it mmay be seen that a fairly large
proportion of the amine present in the black products may
be removed by pumping. Continued suction yields a sub-
stance containing about one-half molecule of amine per nine
atoms phosphorus. This result is very similar to that ob-
tained by Stock in liquid aunnonia. It is of interest to
note that treatment with acid under the above conditions
did not entirely remove nitrogen from the compound. The
residual nitrogen was not determined in the first three ex-
periments, but it probably was relatively small judging by
the last two experiments.

The product obtained after 72 hr. of pimnping (Table II)
was analyzed by the pyrolysis method. A sample weighing
0.2323 g. produced 0.587 mmole of H,, 0.307 miuoles of
amine and 6.824 matoms of P. The non-volatile residue
weighed 1.8 mg.; recovery, 08.249,. Neglecting the
residue, the calculated composition is Ps s, H{(CoHz;NHs ) 26.
The phosphorus content was distinictly higher than in those
products formed by the decomposition of biphosphine in
aminaoina.

Discussion

Early investigatious on the solids obtained when
biphosphine was decomposed thermally were con-
cerned mainly with establishing the existence of
compounds of definite proportions. It is probably
fortuitous that very nearly stoichionietric con-
binations were obtained under various conditions
on allowing biphosphine to decompose thermally.
There is little evidence, chemical or otherwise,
favoring the existence of solid hydrides as discrete
chemical entities.

Royen® ! was tlie first to question the existence
of stoichiometric solid hydrides. In the case of
Pi:H; an inspection of published data indicated a
random distribution of the atomic P/H ratios
about PoH, which seemed to lie outside of analytical
error. Thus, values reported by Schenck*® and
by Stock* ranged from P.4H to PiggH; and
Royen, ' using Stock’s wet method of preparation,
obtained values ranging from Py 3H to PogH. In
a lengthy argument, Royen concluded that these
solids are “‘sorption compounds” of phosphine on
amorphous phosphorus. We would rather look
upon these substances as nomn-stoichiometric com-
pounds of hydrogen and phosphorus, with hydrogen
and sometimes other groups occupying orbitals on
phosphorus which might otherwise be used to bond
phosphorus to phosphorus.

(9) P. Royen and R. Hill, Z. anorg. allgem. Chem., 229, 87 (19306).

(10) P. Royen, ibid., 229, 369 (1936).
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When biphosphine decomposes i vacuo at room
temperature, the mobile liquid gradually becomes
sirupy, turns yellow, then solidifies. Evidently
condensation continues until a polymerized im-
mobile mass is produced, and the elimination of hy-
drogen as phosphine ceases when active centers
such as PH, and PH are so far apart that suitable
collisions become infrequent. Heating causes the
system to become more labile; hence at any partic-
ular temperature, phosphine is produced until suit-
able contacts again become infrequent. Finally
we approach a temperature at which the P-H bond
itselt becomes unstable; hydrogen is produced and
we are left with pure phosphorus.

We might next inquire why decomposition does
1ot proceed as far in the presence of moisture. It
seems reasonable to propose here that condensation
is blocked by the incorporation of water or its frag-
ments in positions which might otherwise be oc-
cupied by reactive groups such as PH,. For ex-
ample, products obtained in the presence of mois-
ture have been found to contain between 1 and 29,
of material which was non-volatile in vacuo on
strong heating.®* It has been assumed that this
residue was caused by air oxidation, but we have
found about 19, non-volatile material in hydrides
which we prepared from biphosphine in the pres-
ence of moisture with air completely excluded.?
This residue could have resulted only from a reac-
tion involving water. Preparations made by de-
composing biphospine i vacuo always sublimed
cleauly, leaving no residue.

Hydrides prepared by Stock’s method and con-
taining more hydrogen than Pg¢H, lose phosphine
when treated with liquid amimonia. In all cases
black solids are obtained which contain about 18
mole 9, hydrogen in addition to solvent. Stock’
found the compositions to average somewliere
around PyHyxNH;, where x reflects the treatment
accorded the product after removing solveut. On
the average, using P;H,, we obtained products of
about the same composition. While the results do
not point to any particular stoichiometry for the
system, it is clear that the hydrogen content is re-
duced to a low, and more or less constant, value.

Why decomposition proceeds farther in ammonia
than 11 the presence of moisture (or in wvacuo) is
still a moot question. Royen proposes that the
less volatile, niore basic ammonia displaces phos-
phine absorbed on the surface of the colloidally
dispersed solid hydride; internally absorbed phos-
phine is not displaced. However, it is doubtful
whether this reasoning may be applied to the case
of biphosphine. Decomposition here would seemn
to proceed homogeneously—that is to say there is
no a priori opportunity for phosphine to be ab-
sorbed on (and in) a solid matrix from which it may
later be displaced by animonia. We would sug-
gest that phosphine is evolved in these cases, pro-
ceeding to compositions close to PyH,, because dis-
solution creates additional opportunities for more
favorable contacts between active groups; in eflect
this is like heating. It does not appear that any
substantial amount of the solvent is bonded in
chemically in this process, say as PNH,; or PNH
groups, since solvent imay be virtually completely
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removed by mild heating or by treatment with
acids; and the red hydride (effectively PoH,) may
be resolvated, apparently reversibly, by treatment
with liquid ammonia. On strong heating, these
products, like those obtained in the presence of
moisture, do not volatilize completely. We found
about 19, non-volatile material in our preparations,
suggesting that ammonia unites chemically with
the products to about the same extent as does
water. On this basis we would venture to suggest
that decomposition would be much like that ob-
served in the presence of moisture were it not for
the fact that ammonia dissolves the hydrides.
Thus the loss of phosphine from substances such
as P.H will be largely intramolecular, and decom-
position of biphosphine proceeds to the level dic-
tated by intramolecular blocking and the avail-
ability of active groups within a polymeric unit.

Closely related in chemical properties and com-
position to the above products are those black sub-
stances obtained when white phosphorus is treated
with amine solvents.*® For example, on treating
phosphorus with ethylamine we obtained a sub-
stance which analyzed as PssH(CoHzNH2)o.0.
Evidently the hydrogen is derived from the solvent,
although no other products were isolated in our ex-
periments. On heating, or on treating with the
aqueous hydrochloric acid, most of the nitrogen
was removed as amine and the substances turned
orange-red in color. Strong heating iz vacuo left
about 29, non-volatile material.

It is a well-established fact that when white phos-
phorus is converted to the amorphous form in solu-
tion, the resulting solids contain variable amounts
of solvent.fe71L12 H., Krebs® has pointed out
that it is to be expected that solvent will be at-
tacked during the conversion of phosphorus from
the white to amorphous form. When the P-P
bonds in the P; molecule are broken, the free
radicals so formed will either combine with solvent
or form intramolecular P-P bonds with more favor-
able bond angles, leading eventually to an insoluble
amorphous variety. The conversion of white to
red phosphorus is also subject to catalysis, e.g.,
with iodine or sulfur.!®* Here the catalyst is used
up as reaction proceeds and becomes incorporated
in the final product. Krebs™ has shown that a
variety of amines also catalyze the conversion.

(11) A. Stock, H. Schroder and E. Stamm, Ber., 45, 1514 (1912),

(12) R. Schenk, ibid., 36, 979 (1903).
(13) T.W. DeWitt and S. Skolnik, THIS JoURNAL, 68, 2305 (1946).
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As in ammonia, and in our experiments with ethyl-
amine, black substances are formed which contain
solvent. These solids, which are largely phos-
phorus but which contain other elements or sol-
vent, are termed ‘‘copolymers’’ by Krebs.

However, we feel the situation, at least with re-
spect to the constitution of the black substances
formed with amine solvents, is more subtle than
envisioned by Krebs or by Royen. In the first
place our experiments with phosphorus in ethyl-
amine, as well as those by Stock in ammonia, indi-
cate unequivocally that more hydrogen is present
in the product than could possibly have resulted
simply by the incorporation of solvent. This is
contrary to the copolymer theory of Krebs and
would seem to be difficult to interpret in ternis of
the absorption theory of Royen. Secondly, the
solvent may (for the inost part) be reversibly ex-
tracted by acid and replaced by redissolving with-
out apparently materially affecting the hydrogen
content.* Such behavior strongly suggests an
acidic betiavior on the part of the hydride. In this
connection it has been shown that the polyhydrides
conduct electricity in liquid ammonia.’* The
most obvious conclusion here is that we have salt
formation, a property which is brought out by con-
tact with strongly basic solvents. This would ar-
gue for the direct bonding of hydrogen to a poly-
phosphide substrate. The concept that all hydro-
gen is present as phosphine hydrogen seems rather
forced.!®

Apparently the end result is the same whether
one treats biphosphine or white phosphorus with
ammonia or amines. In either case the phosphorus
attempts to revert to the thermodynamically
stable amorphous form. In the case of biphosphine
the conversion is blocked by the presence of bonded
hydrogens when the latter are too far apart for
elimination as phosphine. A small amount of sol-
vent also seems to be bonded in chemically. White
phosphorus appears to attack the solvent as conver-
sion proceeds, with the result that some hydrogen,
together with a small amount of solvent, becomes
incorporated into the phosphorus structurally.
These groups then prevent further conversion to
the red form.

PHILADELPIIIA, PENNSYLVANIA
(14) P. Royen, Z. anorg. allgem. Chem., 285, 324 (1938). The

molecular weights of solid hydrides in ammonia were found to range
between 2640 and 2880.



