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THE CHEMISTRY OF STIBINE
Ladislav Henry Berka
Lawrence Radiation Laboratory

University of California |
Berkeley, California

ABSTRACT

Results of the study of the preparation of stibine by the reaction of
aqueoﬁs borohydride with Sb(III) are given. The highest yield (based on
BH; assuming 3 BH; — SbE3) obtained was 23.6%.

The vapor pressure of stibine is given at six different temperatures,
from -95° to -22°C. 'An equation of vapor pressure vs tgmperature is
derived which represents the data. Temperature equetions for the AHO,

AFO, and As° of vaporization are also derived.
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THE CHEMISTRY OF STIBINE
Ladislav Henry Berks
Lawrence Radiation Laboratbry

University of California
- Berkeley, California

PREPARATION OF STIBINE BY BH,  REDUCTION OF Sb(III) SOLUTIONS

Introduction

The classical method for preparing stibine is to react a magnesium-
antimony alloy with aqueous acid. The alloy is pfeviously prepared by
heating a mixture of magnesium and antimony metals in an atmosphere of
hydrogen for several hours. By this method, Durrant and conworkersl
obtained 10 grams of stibine from 250 grams of élloy containing a weight
ratio of Sb/Mg = 0.667. With the advent of aluminumbhydride and the boro-
hydrides of sodium and éotassium during recent years, has come their use

in the preparation of various metallic hydrides.gah

In an extensive study of sodium borchydride and its reactions, Kramers
studiéd reactions of aqueous borohydride (in excess) with golutions of
antimony potassium tartrate. In basic solutions no stibine was evolved,
whereas at pH 6.0, 5.5, and 4.0, Kramer obtained yields (based on the amount
of antimony) of 3.21, 2.74, and 2.71%, respectively. The only experiments
carried out below a pH of 4 were done in 6 N HClwhere the average yield
was T.7%. In all cases, 50 cc of 0.26 M NaBH4 was added to 25 cc of
approximately 0.033 M antimony solution.

These results of Kramer; along with some preliminary experiments

performed in solutions of low pH, showed that the yields of stibine
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obtainable by borohydride reduction in these solutions were large enough,
not only to provide a means of preparing stibine for use in later experi-
ments, but also to warrant a detailed study of this method, aimed at

finding the optimum yield conditions.



Experimental

Antimony trichlozxdde (Mallinckrodt Chemical Works) was ﬁsed as the 5
source of Sb(III). The sﬁmples available were not suitable for direct
ﬁéighing because of a layer of liquid above the crystalline material. It
was thereforg necessary to devise some other scheme for determining the
amount of Sb(III) being put into solution. This was done by collecting
the liquid phase from a variety of samples, diluting a known volumé of
this to a liter with 4 M HCl, and analyzing aliqubts for Sb(III) by
titration with triiodide.6 Thus, knowing the concentration of antimony
in this liquid stock (8.T4 M), desired amounts for each experiment could
be added volumetrically to the reaction vessel._ The stock selution,

when analyzed in the same mapner two months later, showed no appreciable
change in Sb(III) concentration.

Most of the experiments were performed with antimony solutions iﬁ which
the chloride ion concentration was b M. 1In such solutions, we had no
difficulty in keeping the entimony in solutiorn. The ionic strength of the
solutions was maintained 4 M with hydrochloric acid and sodium chloride.

| Both sodium and potassium borohydride (Metal Hydrides, Inc., Beverly,
Massachusetts) were used. Since both hydrolyze slowly when dissolved in
water at room temperature yith the fbrmaﬁion of hydrqgen, fresh solutibns
of them were prepared ip water at 0° C Jjust prior to ea¢h_§§periment;

. In 8ll runs (with one exception) the solution of borohydride was
added by means of a separstory funnei to the Sb(III) solution in the
reaction vessel (see Fig. 1). |

" The reaction vessel was a three-necked flask, attached throngﬁ a cold

finger containing dry ice to a vacuum line. The cold finger served partially
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to prevent water from passing on to the rest of the colleetion train.

The collection train consisted of three traps in series. The first was
cooled to =78© C with a mixtu:e of dry ice and acetone, and the second was
cooled to =95° with a toluene slush in order t@~trap out the less volatile
impurities.  The crude stibine was collected in the third trap,"which was
immersed in liquid nitrogen. Beyond the liquid nitrogen trap, & stopcock
(leading to the vacuum pump) provided the means for regulsting the pressure
.in the system at 600 mm Hg.

-The stibiﬁe was transferred to a mancmeter system and measured. |

- Some experiments were carried out in the following manner. The Sb(III)
solutions were titrated by adding 0.50 M borohydride slowly, in inciements,
and measuring the stibine formed after each addition. This titration
technique was used so that the yield could be follewed as a function of
the amount of borohydride added.

Upon first assembling the;apparatus,'the‘system was purged with
hydrogen for at least five minuteé,‘during which time the stibine collection
trap was at room temperature. After each incremental addition of boro-
hydride (during addition, there was no hydrogen flow from an external source,
and the @ressure in the system was kept at 600 mm), the entire system
was purged again with hydrogen for at least two minutes in order to ensure

that all the stibine in the system was driven into the liquid nitrogen

trap. The flushing hydrogen passed over the Sb(III) solutions in these runs.

The reactions at O° C were run by surrounding the reaction vessel with
crushed ice. A magnetic stirrer stirred the Sb(III) solutions.
The procedure described above wasg modified somewhat in other studies.

In a few rung, hydrogen was continually bubbled through the Sb(III) solution

L
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during the borohydride additions by having the hydrogen delivery tube immersed
well below the surface of the solution. In these runs,‘the bubbling was
very-#igorous and thus served ﬁo stir the solution. A modified separatory
funnel was also necessary so that the borohydride could be added under the
excess pressure in the system. Glass beads were placed in the stibine
collection trap in order to provide a much greater area for stibine
condensation, thus preventing stibine from being flushed out of the trap.

| (Only one experiment was done in which an Sb{(III) solution was added
to 0.50 M borohydride. Hydrogen was not flushed through the system during
the addition. The Sb(III) solution was added until all the borohydride

had reacted as evidenced by a cessation of hydrogen ewo;utiono)
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Results -

During the course of the reaction préduéing stiﬁine,.the férmation
of a deposit of antimony metal in the reaction vessel was'notéd. Also,
hydrogen was continually evo;ved as the borohydride was added.

The over-all percentage yields of stibine formed based on the amount
of bopohydride addéd were calculated on the assumption that all four
vhydrogens of the BHu“ ion arevcapable of appearing in the metal hydride

prodgcte The reaction assumed for stibine fofmation in HCl solution is:
- - : . aq ™ +
MSbClu+513Hu+9H20~1+SbH3+5H5BOB-.-l&Cl +9H - (1)

The reduction reactions of borohydride have not been sufficiently
studied for us to know just how many hydrogens originating in the Bﬂh-
ion are incorporated in the metal hydride product. It is therefore to
be noted that the true percentage yields may be greater than the values
we have calculated. The yields represent crude stibine (a1l but 2% of a
portion of one crude product decomposed to hydrogen when heated in a
closed tube); the only pre-measurement purification was that provided
by the collection train.
The results of a typical experiment are shown in Fig. 2. The over-all
number of millimoles of stibine formed was plotted against the total number
of millimoles of BHM- added, and, for the most part, were proportional to
the first incremental smounts of borohydride.’ ' .
Results obtained under varying conditions of stirring, H+ concentration,
Sb(IIi) concentration, reaction temﬁerature, With or without constant v
‘hydrogen bubbling, are given in Table I. The "initial"” percentage yields

based on borohydride were calculated by multiplying the slope of the
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linear portion of the over-all yield curve byv75 (3 BHAQ —> SbH5 Yo
The "endpoinﬁ" is defined as the point where the slope of the over-all
yield curve is l/h of the initial slope. The total number of millimoles
of BHMQ added in getting to the endpoint divided by the number of
millimoles of Sb(III) originally present is also tabulated in Table‘I
for each run. The o%ermall percentage yields based on borohydride at
the endpoint were calculated by multiplying by 75 the ratio of the total

number of millimoles of SbH, produced to the total number of millimeles

o
of _BH): added, both evaluated at the endpoint.

It will be sufficient for purposes of comparison to restrict ourselves
to the "initial" percentage yield based on borohydride column of Table I.
(The oﬁher quanﬁities we have calculated and given in Table I will serve

to enable the reader to construct approximate over-all yield curves for

all the runs, and from these gain information more suited to his own

purposes. )



__Table I

Over-all Percentage Yields Obtained by Titrating Solutions of Sb(III) with 0.50 M KBHh Under Various Conditions

ol

"Endpoint" (&) % Yield Based on
Expt Initial M  Sb(III) React ~ Lmmoles BH) ™ per vorohyariae(®)
No. Sb(I1I) ~  soln.(cc) M HC1 M NaCl temp(°C) mmoles Sb(III)] TInitial At "endpoint" Remarks
1 0.10 300 1.0 3.0 R.T. 1.1 7.1 6.8 Magnetic
- B . , stirrer
2 1.0 100 1.0 3.0 R.T. 1.9 4.8 3.8 "
3 0.10 300 4.0 R.T. 1.0 4.3 3.8 "
4 0.10 300 1.0 3.0 0° 1.3 11.8 10.7 "
1.0 100 1.0 3.0 0° 1.5 5,6 4.9 K
6(d) 0.20(¢) 300 (c) o° 1.3 6.3 5.9 "
() 0.098 305 - 0.h0 3.7 o° 1.4 10.4 7.6 "
de? 0.10 7 300 1.0 3.0 0° 0.93 1.6 1.0 Mech
. o ) B ; i ) stirrer
9 6.0 300 1.0 50  o° 0.95 1h.1 11.7 H, bubbling
10 1.0 1600 0.70 o° 0.80 14k 10.3 "
1 1.0 100 1.0° 3.0 o° " 0.92" 20.6 18.2 "

The point where the slope. of the yield curve (e g, Flg° 2) is l/h of the initial sloPe.

(a)

(o )75 times the SbHB/BHh ratio.

(C)Reactlon carried out in 1.0 M tartaric acid.
)Tltrated with 0.50 M NaBHh

no‘[m
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First, let us consider the experiments in which the Sb(III) solution-
was magnetically stirred without continual hydrogen bubbling during reaction,
namely, Experiments 1 through 7. In comparing the initlial over-all
percentage yields given by Experiments 1 and 2, we see that decreasing the
Sb(III) concentration from 1.0 to 0.10 M impro\}ed the stibine yield by a
factor of about 50%. In Experiment 3 this factor was in effect nullified
by increasing the H+ concentration from 1.0 to 4.0 M. Experimenﬁ y
compared to 1 shows an even beﬁter yield when the reaction was held at
o° C. Experiment 5 confirms the improvement in yield by running the
reaction at 0° C rather than room temperature. The temperature dependence
of stibine yield does not seem to be as great with 1.0 M Sb(III) as it is
when the Sb(III) concentration is 0.10 M. |

From the results of these preliminary experiments, we may conclude
that: (a) lower(H')(1.0 M vs 4.0 M), (b) lower (Sb(III)) (O. 10 M vs 1.0 M),
(c) and running the reaction at 0° ¢ rather than room temperature, favor
the formation of stibine when ﬁhe Sb(III) solution is magnetically stirred
and no hydrogen is flushed through the system during stibine formation.
Furthermore; the optimum H+ concentration seems to be about 1.0 M rather
than 4.0 or 0.40. Experiment 7; compared with the other results, points
this out.

All‘experiments were performéd with HC1 solutions except No. 6, ‘in
vhich 1.0 M tartaric acid was ﬁsed instead. The effect of this change is
hard to evaluate because of the "odd" Sb(III) concentration of 0.20 M.
However, the large yield difference between Experiments 4 and 6 could
herdly be attributed alone to the small chenge in Sb(III) concentration
and probably rests quite appreciably in the different acid being present

(there is also a large ionic-strength difference between the two solutions).
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Now, let us comsider tﬁe initiai percentage yields of Experiments 8
through 11 in Table I, along with the pertinent initial yields: of
- Bxperiments 1 through 7. | '

Experiments 8 and 9, each having identical initial Sb(III) solutions N
as in Experiment 4, show the effect of stirring rate and continual hydrogen
flushing §uring reaction. Bubbling hydrogen through the solution
continually during the borohydride‘additidn increased the previously
highest yield of 11.8% to 1k.1%. Stirring the solution vigorously with
a meéhanical.stirrer, on the other hand, decreased the yileld eight fold.

From Experiments 11 and 9 we see that continual hydrogen. flushing
during stibine formation had an even greater effect in the case of the
1.0 M Sb(III) solution of Experiment 5, than in the case of the 0.10 M
Sb(III) solution of Experiment 4. In fact, the yield order we had noted
previously (i.e., 0.10 M 8b(III) > 1.0 M Sb(III), with magnetically stirred
solutions) is in effect reversed when these saﬁe solutions react under
hydrogen flushing conditions. |

Having obtained the ppﬁimnm econditions of those studied by the titration
technique (i.e., 1.0 M Sb(III), 1.0 M HCl, 3.0 M NaCl, run at 0° ¢ with
continual hydrogen bubbling through the solution) & run was mede employing
these opﬁimnm conditions, 75 millimoles of 0,50 g borohydride being added
in one increment to 100 cc of the Sb(III) solution. This run gave the
best dver-all’percentage_yield of stibiné obtained by'us in this study,
23.6%.

Finally, 45 millimoles of 0,50 M borohydridé were added in one increment ¥
to each of two 600-cc solutions containing 0.10 g_Sb(III), 1.0 M HC1,

5.0 M NaCl, run at 0% with continual hydrogen bubbliﬁg.‘ The average

yield in these two runs was 18.9%.
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[The only experiment in which an Sb( III) solution was added to 0.50 M
BHh-' » rather than in the reverse manner, gave the following result: 24 cc
of 1.0 M Sb(III) solution -- with 1.0 M HC1 and 3.0 _Iug NaCl at Oo C -~ was
needed to react with 150 cc of the borohydride solution, giving a 6.8%
yield based on BHu'. A white precipitate, most likely containing Sb(III),
was found in the reaction flask along with antimony metal at the conclusion

of the experiment.]
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Discussion

The reaction [Eg. (1)] which produces stibine when boroh&dride is
added to an acid solution of Sb(III) is undoubtedly only one of several
teking place simumltaneously in solution. Hence, any interpretation of
the results of the study we have made must concern itself with a
considerastion of what the competing reactions are, and how varying
conditions affect them along with the desired reaction taking place.
With more detailed knowledge, of course, a complete interpretation
would involve the specific kinetics.of these reactions.

The formation Qf hydrogen'Aufing the addition of borohydride to an

acid solution may be represented by the reaction:

- +
BHh +H +3 H20 = HEBO_‘ + 4 H, . _(2)

This explains ﬁhe lower stibine yield at high concentrationé_of ut.
More 6f the borohydride is uséd up by Reaction (2) and less is available
for stibine formation.

For the formation of antimony metal, at least two possible reactions
are conceivable:

9HO +3 BHI; + 8 SbClh_' = 8 Sb + 3 H5B05 +32 01" + 21 H (3)

or

SbC1,” + SUH, = Sb+ 3 H + kel ()

Reaction (3) involves thé partial. reduction of Sb(III) by BHh" to
Sb. As a check on Reaction (4), an experiment was performed in which
SbH3 was passed through a trap containing an Sb(III) solution. A copious
precipitate of antimony metal was formed. [A reéction analogous to (4)

occurs to produce arsenic metal when arsine is passed through a solution

#

P

pa
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of AsCl5.] On this basis, togeﬁher with the observed yield results,
Reaction (4) is probably the reaction producing antimony metal.

Hydrogen bubbling through the solution would remove the stibine
from the solution and its vicinity as rapidly as it was being formed
and thereby decrease the extent of Reaction (4). fhe higher yields
obtained with hydrogen bubbling éfé evidence -of this. The higher yields
obtained with hydrogen bubbling would not be explicable on the basis
of Reaction (3). |

In addition, a high stirring rate unaccompanied by hydrogen flushing
would distribute the stibine throughout the solution as it was formed
and thereby increese the extent of Reaction (4). The very low yield
in the mechanical-stirrer experiment bears this out.

The observed change in the percentage yield vs Sb(III) concentration,
which was brought about by the introduction of continual hydrogen flushing
‘through the system, is consistent with Equations (1), (2), and (4). Both
Reactions (1) and (2) are in competition for the BHM- ion. Higher con-
centrations of Sb(III) favor the stibine reaction (1) at the expense of
the hydrogen rééction ka). However, without hydrogen flushing, Reaction (4)
is occurring quite appreciably, destroying a greater amount of SbH3 at
higher Sb(III) concentrations. Reaction (4) occurs to such an extent
so as to give the result that 0.10 M Sb(III) gives a higher percentage
- stibine yield than does 1.0 M Sb(III). On the other hand, with continual
hydrogen flushing, Reaction (4) may in effect be neglected and Reaction (1)
controls the stibine yield.

Only a minute fraction of the total number of possible combinations

of the several variables considered in this study have been explored by
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the author. The probiem involved in determining the optimum cogditions
for stibine formation by borohydride.reduction of Sb(III) solupions is
indeed complex. Rate studies on the aqueous BHh“ + E' reaction and other
BHhe reduction reactions, along with more information on the reactions
of Sb(III) species and SbH5,_would be helpful in predicting the effect

of éhanging variables.
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STIBINE: VAPOR PRESSURE, THERMODYNAMIC FUNCTIONS OF VAPORIZATION, AND

A VAPOR-PRESSURE EQUATION

_Introduction

Until the present investigation, the oniy extensive study of the vapor
pressure of stibine was that made by Durrantl and co~w§rkers. Vapor
pressures calculated from their empirical equation differed by more than
10% from those we observed with our samples. These discrepancies prompted
us to measure the vapor pressure of stibine from «950 C, Jjust below its
melting point, to -250 C, Jjust bélow its boiling point, in order to obtéin
a more accurate set of data on vapor pressure vs tempersture than had been
determined. |

| We thought it desirable to express our vapor-pressure data in terms
of an equation having thermodynamic significance. The treatment of Brewer
and Searcy7 was applied (with some modification) to our measurements in

order to obtain temperature expressions for AF?, AHO, and 2S° of vaporization.
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VAPOR PRESSURE

Experimental

Measurements were made on two samples of stibine (hereaftef denoted ~
by "A" and "B") prepared by borohydride reduction of Sb(III) solutions.
.Each sample was treated independently and agreed within exéérimental
error. "

-Purification

- Preliminary purification haa been afforded by the eollection train
in the.preparation of the stibine used (three traps in series: -78, -95,
the stibine collecting in the third at -196° ).

A further purification was carried out by.allowing_the stibine to pass
_ from & container, which was werming up slowly to room temperature frbm --=1960 c,
through thrge traps in series maintained at ~95°; =126°,,and -1960 C. :After
alluthg-stibine (ebout 35 milliMoiés)»had vaporized from the original
contginer, another five minutes were allowed for further distribution of
the stibiﬁe_among the three traps.. The major portion (about 90%) of the
origiﬁal sample condensed in the =126° trap and was kept for further work.

The rest of the sample was distributed evenly between the other two traps
| ﬁith vapor pressures of 7.7 cm (=95o trap) end 12 cm Hg (=l96o trap) when
surrounded by a chloroform slush. These portions were discarded. (

The stibine preparation héving taken place from aéid solution, a chemical
purificﬁtion to remove possiblé écid impurities was carried out. A small
amount of dry smmonie (~ 2 mmoles) was mixed with the stibine at -78° C o
and allowed to remain in contact witﬁ it for about ten minutes. Much

hydrogen was formed because of the catalytic effect of ammonia on the



decomposition of stibiné. The ammonia-gtibine-hydrogen mixture was then
 pumped from the trap at -78°, through a trap at 0°C containing ¥gCl0, to
absorb the ammonia, into a traﬁ at =-l960 C to condense the stibine, the
hydrogen going on to the vacuum pump. Any acid impurities such as CO2
end HCl would be expected to remain in the =78 trap as NHhCO NH and
NHhCl. . About helf the original eamount of stibine remained after these
purification procedures.

‘Bvaluation of Purity

a. Tensiometric homogeneity: Two traps in series were used in the

following procedure, one containing the stibine at the temperature of
chloroform slush, the other coeled with liquid nitrogen. The stopcock
between the two traps was opened momentarily, allowing about 0.05 millimoles
of stibine to distill over into the liquid nitrogen trap. The cock was
then closed and the stibine at -64° C allowed to equilibrate again. This
process was repeated until about 10% (2 mmoles) of the stibine had
distilled over. The remainingnsﬁibine was similarly fractionated until
about 10% remained in the =6ud trap as & residue. . The vapor pressures of
the initial and residual fractions were determined at the temperature of
chloroform slush, the agreement between these vapor pressures giving a
criterion of purity. The results obtained with the two samples, A and B,
are given in Table II. The vapor pressures and temperature given in the
table were obtained by methods to be described later. There was no
appreciable difference between the vapor pressures of distillates and
residues of either sample. The agreement in vapor pressure between the
two samples is not nearly as good.

These distiliates and residues were discarded and all further work was

done using the remaining 12 mmoles of stibine.
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" Pable II

Tests for Tensiometric Homogeneity ( T = 209.21° K)

Fraction
lst distillate
lst re%idue
2nd distillate
2nd reéidué

lst distillate

lst residue

2nd distillate

Vapor Pressure (cm Hg)
8.08

8.05 -
8.07
8.05
197
8.00

8.00

©
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b. Melting point: Two procedures were used for determining the

melting point. The first employed the standard melting-point apparatus
described by Sanderson.8 With the ﬁinwheel raised in the apparatus by
means of an external magnet, the stibine was distilled into the apparatus
to form a solid ring just below the pinwheel. With the apparatus immersed
in a dewar containing ethyl alcohol cooled to ~ 50 below the stibine
melting point, the pinwheel was lowered so as to rest on the solid ring
of stibine. The coolant was stirred constantly, and evenﬁually the

inner assembly dropped in the apparatus. The temperature shown by a

CO2 vapor-pressure thermometer (irmersed in the coolant) when this drop
occurred was tsken to be the melting point. _

A second method for determining the melting point involved following
the vapor pressure of a sample of stibine originally at =l96° Casa
function of time. Whiie pressure-time measurements were being made, the
stibine was warming up in an empty dewar, which.had been previously rinsed -
with liquid nitrogen. The pressure rose slowly, leveled off at the
melting point, and increased again steadily. The observed pressure plotted
against time is shown in Fig. 3. The temperature at this "melting-point
pressure” was determined from the final pressure-temperéture curve of
stibine. “

The melting point was checkédiat various times during the main
vapor-pressure measurements in order to ensure that the melting point was
remaining essentially constant. The resulting melting points given by the

drop and pressure-time methods are given in Table III.
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Teble III

Melting Point of Stibine

P
q02(0bs)
Sample at meps
A 18,56 cm Hg
18,72
B 18.70

18.08

P oy
002(cor) feps
‘ at B’hp; _ (OK)

18.47 om Hg 178.9 + 0,2

18,62 17940 + 0.2
18.61  179.0 + 0.2
17.99 178.6 + 0.2

e Blrge s 1.0

Where observed in
course of regular
Method : v.p. measurements

drop  middle
" end
" start
" middle
v.p;-timé middle

curve

r(a)

Melting-point. pressure of stibine, 0.86 cm Hg.
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c. Analysis by decomposition into 8b and H, on heating: Stibine,

when present at about 0.5 atmos, decompoces into Sb and H2 on heating,
accompanied by a small explosion (on heating the container with a bunsen
burner, the reaction takes place within 10 seconds of initial heating;

a bright yellow-orange flash travels along the decomposition tube from
zone of heating, with simultaneous deposition of antimony metal). The
amount of hydrogén formed is‘thén a measure of the stibine present

initially according to the eqnation:

H, . (5)

oo

SbH5 = 5b +

Portions of the samples used in the vapor-pressure work were
decomposed as described, and the evolved hydrogen collectéd and measured
by means of a Toepler pump. Results obtained with the two samples, A and

B, are given in Table IV.
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_Table v

Purity of Stibine by Decomposition According to Equation (5)

, SbH H
Sample (mmolés) (mmo%es)
A 0.9146 1.359
B , 0.9162 1.376

0.9583 1.hkl
B® 3,74k 5.610
4,330 6.485

SbH |
()7

99.1 + 1.0

100.1 + 1.0
100.5 + 1.0
5950
99.85

aDetermined by 8+ Gunn at the Lawrence Radiation Laboratory, Livermore




-25-

Temperature

All temperatures were determined by vapor-pressure thermometers.

‘Very reliable equations of vapor pressure vs:temperature are given in

the literature for 002,9 802,10 and NHB,l

temperaturé'range studied.

1 vhich cover the complete

Blight changes in the published equations had to be made to take into
account the different temperature scales used by the various experimenters.

Our work is based on OO C = 275.15°Ko When these changes are made, the

equations become:

solia 00,7 (273.10° K —> 273.15%)

log P = 8.69905 - 5-3-5—;‘—‘“—@ + .0015877 T - 4.5090 x 10" T°; (6)

Liquid 30210 (273.10° K —> 273.15° K)

log B = 12.07540 - _1§_6__%_,§§ - 0.015862 T + 1.5568 x 107 Ta; (1)

Liquid NHBll (273.16° K —> 273.15° K)

_ . 1473.12 .
log P.= 9.95023 - = - 0.0038604 T; | (8)
Solid m:all (273.16° K —> 273.15° K)

log B = 9.98579 - 22[:16 (9)

Various temperatures were attained by using the following coolants:
toluene, ethyl acetate; chloroform, chlorobenzene, and CClu slushes, dry-

ice and acetone (or methanol) mixture, and boiling ammonisa.
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Vapor Pressures

’ 'The appafatus in whichvall vapor-pressure measurements were made is
shown in Fige 4. The stibine was condensed into the apparatus with liquid
nitrogen, and then, with the stopcock leading to the vacuum line closed,
the condensation tube was immersed in the appropriate constant-temperature
bath. The coolant was stirred for 5 minutes prior to each measurement
of vapor-pressure and temperature, during which time the ménometer and
vapor-pressure thermometer were tapped répéatedly to prevent sticking of
the mercury. |

The vapor-pressure thermometer was placed as close as possible to the
sample container. All measurements of mercury‘heights were made with a

cathetometer (read to 0.01l cm).

'Typical Data

Although the data are too extensive to be given here in their entirety,
those obtained with Sample‘B at the'temperéture ofvcclh slush are given in
Table V (the experimentally measured quantitiesy'ife., ray data, in Table 'V
are denoted by an asterisk). These data will serve to illustrate the typical
data obtained and will be followed thfough to show how the data were treated

to determine the final temperatures and pressures given in Table VI.

Treatment of Data

Various corrections had to be applied to the raﬁ vapor-pressure data in
order to cdnvert these daté to standard conditions (H2 was formed durihg
the process of a few of the vabormpréssure.measurements énd its partial
pressure had to be subtracted from the total pressure as an added correction).
- The cathetometer used in ﬁhié work was calibrated with a standard meter bar

and was found to be accurate enough not to require a correction. The other
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corrections, which were taken into account, follow in the order in which
they were applied to our raw data.

a. Differences in heights of menisci. The capillary depression of

mercury as a function of meniscus height and tube diameters is given by
Weissberger«l2 The manometer and vapor-pressure thérmometers used in our
work had internal diameters of 0.8 and 0.6 cm, respectively. From the
data given by Weissberger, the appropriate correction for each observed
meniscus height was added to the corresponding "top of the meniscus
reading."

As an illustration, let us consider the stibine data given in column
No. 1 of Table V. The observed meniscus height;, i.e. h'PM’ in one arm of
the manometer is 0.12 cm. From the table in Weissberger,12 we see that
0.07 cm (cw) must be added to h§-= 6%.83 cm, the "top of the meniscus
reading,” giving 63.90 cm as h§ (cor. men.). Similarly, the observed
meniscus height in the other arm of the manométer, hP = 1.37 cm, becomes
1.45 cem, as hy, (cor. men.). Thus, hé {cor. men.) - hy {(cor. men.) = 62.45 cm =
AhP (coro men.) is the stibine pressure as corrected for meniscus height
difference only. A similar correction applies to the vapor-pressure-
thermometer data, which are denoted by the subscript T in Table V.

b.  H. evolution. An appreciable amount of hydrogen was evolved as

ol 1
L

a result of stibine decomposition during some of the vapor-pressure
measurements, particularly those at the higher temperatures. After each
set of vapor-pressure vs temperature data had been taken, the dewar.
containing the constantstemperature bath was replaced by one with
liguid nitrogen. The heights of mercury in the arms of the manometer

were then measured, along with the corresponding meniscus heights.
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Table V

Stibine Vaboerressure_Data, Sample B, at the Temperature of GClh Slush,

802

shown in Fig. L, réw date denoted by asterisk, h in cm})

Vapor-Pressure Therp&ﬁeter (hé, hP, se0 are defined by the distances. -

3.997T90  3.99662 3.99775 3.99762 3.99678

No. 1 2 3 I 5 6'(H2 meas. )

* Pime (min) 15 30 45 60 75 80
# R, T. (°c) 23,8 . 23,8 - 23.8 23.9 ok.0 24,0
*nl 65.85 64,25  6k.50 64,8k . 63,98  1h.15
*nl 0,12 0,12 0.13 013 02 0.1
o 0,07 0,07 0.07 0.07 0.07 ,  0.07

hﬁ (cors. men.) 63.90 _64,32 6h4,57 64.91 64f05 - 1hk.22
*hp oo 1,37 1.67 2,09 2.29 1.35 14,09
* hoy 01k 0,15~ 0.15 0.13:: 0.12 0.16
oy 0.08 0.08 - 0.08 0.07 0.07 '0.08

hPe(gorﬁ men. ) 1.45 175 2.17 2.36" .42 k.17

An, (cor. men.) 62§¥5f 62.57  62.40 62.55  62:63 75,95

s cor.men. + Hy) 62§§%L = 6205h 62.36 62.49 62.56 H" f :
aHg ' 0:99569 . 0.99569 0.99569 0.99367  0.99565
£ 0.99929 0.99929 0.99929 0.99929 0.99929
Final prH5(cor.) 62,127 626226 62.047  62.175  62.2hh
- 50,92 51,00  50.92 50,91  50.93
* h! 0.09 0.09-  0.05 0.05- .  0.06

o 0.11 0.11 . 0.06 0.06 0.08

hé;(gorfmeno) 51,05  51.11. 50.98 5oog7~ 51?91

- * hy, - s 9.58 19.50 . 9.53 9.49 9.43

" Py 0.08 10.07 0.06  0.07  0.06

LU 0.10 0.09 © 0.08  0.09  0.08

hy( cor .men. ) 9.68 9.59 9.61 9.58 ,9°51

Oy, (cor.men.) 41.35 W.52 B1.37 41.%9 K1.50 .
Final Pg, 41.143 41.312  L41.163 41.182  41.290

~ Calc 1000/T
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Table VI

Observed Vapor Pressure of Stibine at Various Temperatures

Observed Stibine

Pemp Ther- Pressure (cm Hg) Calc P(g)
(°k) mometer A B Average (cm)

250.18 80, - 62,106 62,173 62.14 62,76

227.66 NH5 22,330 22.353 22.34 22.27

221.75 NH5 16.422 - - 16.42 16.32

209.21 NH3 8.084 8.007 8.023 “T.941

“T979

194,70 NH5 3,043 - - 3,043 3,029
002

192.49 NH3' - - 2.543 2.543 -2.579_
002 .

187.83 002 1.818 1.785 1.802 1.812

(a)

Calculated from final vapor-pressure equation, Eq. (26).
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Column No. 6 in Table V gives the Hawcorrection data for Sample B in the

CClu'sluéh. In the ﬁable we see that hydrogen, ﬁo the extent of 0.05 cm
Hg (correction for difference in meniscus heights, i.e. L ineluded) -
was presént in the appargtus at the end of 80 minutes. -When these hydrogen
ﬁeasurements were beiné_made,‘one fourth of the gss volu@e was at -1960 C,
the rest at room temperatureo;,ﬂlso, when the stibine vapor—pressufe -
measurements were‘being made, one half of the gas volume was at the fl
temperature of the CClh slush. Therefore, the hydrogen preséure tﬂ;t

was in the manometer system Just before the liquid nitrogen replaced the -

CCl, is given by (derived from PV=PV'):

T Troom "
: A e
1 llq.Na
&Py (80 min with CCL,) = 3 —— (.05) - -(10)
o) ' : 1 room
A S '
B ccy, |

Substitution of the appropriate temperatures into Eq. (10) gives
APH2 (80 min) = 0.079. The apprepriate hydrogen correction for column
No. -1, TablevV, is therefore, 0.0l cm;, i.e., %% x‘é°079, taking into
account that column No. 1 measurements were made at time = 15 min. Sub-
tracting this from the stibine pressure of the preceding seckion, i.e.
AhP (cor. men.) = 62.45 cm, we get bhy, (cor. men. + Hé) = 62,44 cm.
- Obviously, this H2 correction did not apply to the vapor—preésure

thermometers.

C. Density of mercurys gravity: Because of the change in the

density of mercury with temperature,; all pressure readings, both manometer
and vapor-pressure thermometer, had to be corrected to the density of

mercurle at O°C¢ The density-of-mercury correction factor is
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o .
; i ng (£~ C expt.) ’ _ (1)
ng ng (oo c)

The value of g for this area is 979.973 cm/sece, while go = 980,665
cm/secao, The gravity correction factor is: '
. 979.973
fg ~ 980.665 : (12)
The density-of-mercury factor, deg’ and the gravity factor, fg, are

given in Table V for the CCl, data on Sample B. The product of (des x £)

L g

times Ay (cor. men. + Ha)mis the observed vapor pressure of stibine,”
corrected to standard conditions. Likewise, (deg % fg) times the
corresponding AhT (cor. mene),.is the vapor pressure of the material used
in the vapor-pressure thermometer at the same temperature as that of the
étibine¢ |

At this point, the final corrected vapor-pressure thermometer data
were converted to the corresponding 1/T's, using Eqs. (6); (7), (8), and (9).
- This was done by meking numerous plots of log P vs 1/F, from Egs. (6), (7),
and (8), over the pressure intervals required and interpolating the
‘experimental 1/T's from these plots. Eq. (9) mey be solved directly for
1/T. The PSOE (final cor.) data in Teble V were trested, using Eq. (5),
giving ‘t':he 1/T's indicated. |

Finally, in order to obtain an average stibine pressure and temperature
for each set of data as that in Tabie V, the log of.the final corrected

stibine pressure was plotted against the corresponding 1/T. This is shown

in Figs 5 for the Table V data. A line of best fit, having a slope of
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-1150 (slope = ot Mgy o B0 Ty
P 2.305 R (2.303)(1.987)
line was.chosen to represent the average of the data on Sample B (in

-1150). One point on this

processing the CCl, data QQ Sample A, the same 1/T was chosen).

Similar treatment of fhe rest of the data gave the final results given
in Table VI. |

The temperature 221,750 K, given in Table VI, was obtained when
boiling ammonia was usea-;s é coolant. Such a temperature, 18° below the
normal boiling point of liquid émmonia, was surely not expected. . No reason
is 6ffered for the low value. _ |

The temperature l9h,70q K was obtained with a dry-ice and methanol
mixture,vwhile that of 192.h90 K was with dry ice and acetone, both mixtures
consisting of finely ground dfy iée mixéd with the liquid phase for two
hours before the Qapor-pféssure measurements were made. In both these
cagses it was'found neceéséry tgAuse two vapor-pressure thermémeters, némeiy
NH5 and-COe. The two gave temperatures differing by 0.08 to'0f360K. The
temperatures 192.49° K and 194.70° K, given in Table VI, were obtaihéé
by a&eraging the differént temperatures indicated by the two thermometéfé
before the final log P vs.l/T plot was made for choosiﬁg anc aVerage P and
T for these data. Ammbﬁiéthas’the disadvantagé at these temperatures of
its low vapor pressure (3 - 4 cm). On the other hand, the.small amount of
solid C02 in equilibrium with its vapor in our CO

2

temperatures made the CO2 temperatures open to question.

thermbmeter aﬁ these

A plot was made of the log of the stibine pressure vs 1/T. Extrapolation
of the data gave ZSMaBO K .-as the observed boiling point.
The results obtained at the temperature of the toluene slush are not

included in Table VI. At this temperature (pelow the melting point of
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stibine)y'solid sﬁibine is in equilibrium with the vapor. Extrapolating
data on phosphine and ar'sineplh ve estimate the heat of melting of stibine
as 350 calories. Adding this to the au° éf vaporization at the melting
point calculated from Eq. (23), gives 5840 calories as the estimated A°
of sublimation at the melting point. The toluene data were plotted as in

e,

Fig. 5« A line of best fit with slopel-lQSO (slope = _ﬁ_%EEi = -1250)

mp
was drawn through the data. At 177687o K, Samples A and B gave average

?ressures of 0.839 and 0.794% cm Hg, respectively.
Discussion
Examples of melting points reported previous to our work are: --_880,15

-90.0%,% and -91.5° ¢,

These melting polints were of stibine prepared by
the action of dilute acid on alloys of alkaline earth metals and antimony.
The average melting point we_observed, ~9h.3° C, is quite appreciably
lower than those reported. Impuxities (perhaps introduced via our unique
method of preparation, i.e. reduction of Sb(III) solutions by BHh_)
depressing the melting point of our stibine may be responsible for our
low value. |

. The boiling point from our data, -18.4° €, is iower thaen Stock and

15 ‘o
Doht's™> -17.0° C value.
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THERMODXNAMIC.FUNCTIONS AND A VAPOR PRESSURE- EQUATION

Beginning with van der Waals' equation and by meking various

approximations,; Brewer and Searcy7 derive the following equation relating

the fugacity, pressure, and temperature of a vapor:

' PV, ;- T ' : e
£ ; 1 b '
5 = 1- 000158 =718 5 -1 ) 5 (13)
where:
;l = molal volume of the liquid in Cm3

P = pressure in atmospheres

" f = fugacity in atmospheres ,
T, = normal boiling temperature in s
T = temperature in °k.

The reader is referred to Brewer and Searcy's paper7 fof further details.
Hav1ng pressure»temperature data and knowing the molal volume of the
liquid as - a function of'téméerature, one is able to calculate the f/P o
ratio of a gas at various temperatures and pressures using this equation.
The change in T and vl for stibine from T mp to T is small compared
to the corresponding change in P, and so Equation (13) may be approximated

by:

- 1-xpP ’ _ _ (14)

Yol +y

where k is a constant. The value of k may be calculated by plotting the
previously determined f/P ratios against the corresponding values of P.

The slope of the resulting curve will be equal to =k.
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The fugacity of a gas is related to the change in the standard free
energy of vaporization by the well-known thermodynamic eguation:

~-RT1ln £ = &F° . - . (18)

Assuming Ac; of vaporization to be constant; the thermodynamic functions

AHO, AFO, and 28° may be given by:
o o o
MR = AHO 4 AL T : (16)
AF?=AH§=AC§T1nT+IT (17)

(&)

2s° = ac® 4+ AC
P P

InT-1I, (18)
where AHZ and I are constants.

Combining Equations (15) and (17) results in another well-known

thermodynamic relationship:

MO

Z=-RInf+a0InT= - + I. (19)

Equation (14) may be rewritten into the form:

£=P kP .  (20)

After calculating the fugacity from the experimentally determined pressures

using Bquation (20)‘and the previously determined value of k, the value of -

Z in Equation (19) may be calculated at the various corresponding

experimentally determined temperatures. A plot of L against 1/T will be

a straight line of slope Aﬂg and intercept on the 1/T axis equal to I.

Thus, tempersture expressions for AHO, AFO, and 4s° of veporization result.
Takiﬁg the logarithm of Equation (14) and using the approximation

in (1 - k P) =<kP (valid, since k is small), we obtain:

Inf=1nP - kP, (21)
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‘Finally, combining Equations (15), (17), and (21) we have:

AHO

o)
tog P, = (£=)p - (—=2-) L. %‘2 log T - =L (e2)
& Tatm 2,303 2,505 R) T "~ ) 5. 503R

It may be argued that an equation of vapor pressure Vs temperature
such as Eq. (22) is impractical since the pressure cannot be solved for
explicitly. The pressure term on the right side of the equation may be
neglected, however, and a good first approximation of the pressure may
still be obtained at a given temperature. By successivé approximations
and substituting these approximate values for P on the right side of the
equation each time, a very exact value of P may be determined for any

given temperature.
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ggplication of Theory to Stibine Data

SbH vs 1/T, various pressures and temperatures
o3 .

were chosen from which to calculate the corresponding f/P ratios. The

From a plot of log P

mélal volume of liquid stibine at these temperatures was calculated
from liquid density data given by Durrant,l With Tb = EShQBO K, the
f/P ratios were calculated using Eépation (13) and are given in Table VII.
These f/P ratios given in Table VII’were then plotted against the
corresponding pressures as shown in Fig. 6, and k of Equation (14) was
calculated to be 0.026 atmos L.
qutting this value into Eguation (20), we calculated the fugacity
at the various experimental pressures giQen in Table VI.
Although no Cp data are available;for stibine, those for phosphine
and arsine are given in the literature. From the data given by Stephenson

17

and Giauque; Ac; of vgporization for phosphine at & temperature half-way
" between its melting and boiling points is -6.47 cal/deg mole. From the
date given by Sherman and Giaudne,la the corresponding Ac; for arsine is -
-6.31 cal/deg mole. Extrapolating to stibine, we estimated the AC; of
vaporiéation in the temperature rénge studied to be -6.2 cal/deg mole.

-At this point; hesving calculated the fugacity at the various experi-
mental temperatures and with our estimate of Ac;, the function & was

calculated as given by the first part of Equation (19). The results of

these calculations are given in Taple VIII.
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Table VII

f/P of Stibine, Calculated Using Equation (14);

v

Calculated from Data by Durrant ,l T, = 254,8° K

1

P (cm) P (atmos) T (%K) vy (cm) £/P
70.8 0.9316 253.2 56.4 Aﬁ 0.9776
- b7.87 0.6299 éu5.9 55.7 0.9838
35.48 0.4668 é37,5 55.1 0.987k4
25.12 0.3305 230.4 54.6 '0.9907
12.59 0.,1657 217.4 53.6 0.9947
7.08 0.0932 207.5 52,8 0.9968
5.16 0.0416 195.3 51.9 0.9984
1.95 0.0257 188.7 5L 0.9990
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Table VIII

L=-Rilnf + Acg 1n T, with Ac; = 6.2 cal/deg mole;.

f calculated from Equation (20), with k = 0.026 atmos™

and data from Table VI

1

5

P (cm)

62.14
22.34
16.42
8.023
3.043
- 2.543
1.802

T (%K)

250.18

227.66
221.73
209.21
194.70
192.49
187.83

£ (atmos)

0.8002
0.2017
0.2149
0.1053
6.0&000
0.033k3
0.02370

/T x 100 (%¢~Y) =
3.99720 -33.8007
%.39260 -31.2105
4.5100 -30.4392
4, 7800 -28.6607
5.1360 -26.2913
5.1951 ~25.8639
5.3240 -25,0283
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The method of least squares™ was used to determine the best line
through the data in obtaining the constants AHg and I. Because of the
uncertainty in the temperatures of the dry-ice baths, these points were

assigned only one-half the weight of the other ﬁoints in the least-squares

calculation. The results of these calculations are:

[+
o

I

LH

6619.2 cal/mole  + 1.0

- 60.279 cal/deg mole + 0.100.

#

The thermodynamic functions of vaporizat;og,uAHo, AFO,‘and ASO, are:

M- = 6619.2 - 6.2 T (23)
AF° = 6619.2 + 6.2 T 1In T - 60.279 T (24)
8s® = 54.079 - 6.2 1n T . (25)

The vapor pressure of stibine is given by:

1446.34
T

log P = 0.011290 P - - 3411997 log T + 13.17136 .  (26)

atmos
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Discussion

The application of Equation (15) to stibine mayvﬁe questioned in that
stibine may show large deviations from the "aferage" vapor model; which
Brewer and Searcy7 assume in deriving that equation. Stock and‘Gutmannao
héve reportédthm at lSOC and 754 mm pressure, the density of stibine is‘
4.360 times that of air. These data supply a check on the applicability
of Equation (13) to sfibine near“the temperature range of our work.
Calculating the molal volume of liguid stibine at 150 C from data by

Durrantl and teking T, = 25&.8°K, Equation (13) gives £/P = 0.9810 for

b
stibine at 1500 and 754 mm pressure. Using the Lewis and Randallel
PV
equation % = §m§§ s Where Vg is the molal volume of the vapor, Equation (13)

gives 23,380 cc as the molal volume of stibine vapor at 15°C and 754 mm

pressure. On the other hand, Stock and Guxmann‘seo data and the density

molecular wt
density

of air,l5 substituted into the equation Vg = 5 gives V =

g
23,540 cc., The small deviation (0.7%) between these two values of Vg
indicates that Equation (13) very adequately represents stibine vapor near
the temperature range of our work.

A check on the internal consistency of our results may be obtained by
comparing our least-squares Aﬂg = 6619.2 cal/mole to those calculated by
substituting the Z's and corresponding T's given in Table VIII, along
with the least-squares I = -60.279 cal/deg mole, into the equation

AH2=TZ-I 7. ‘ (27)

The AHg's calculated in this menner are given in Table IX. The calculated
values of AHZ sre all within + 0.1% of 6619.2, showing good agreement

throughout the experimental temperature range.
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From Equation (23), Aﬁzap.at‘the-boiling point (254.8°K) is 5039 cal,
giving a Trouton's constant of 19.8 for SbH5 This result appears high

‘when compared to 18. 8 and 18 95 calculated from data for PH517 and AsH5,18

-‘respectively.

‘In Table X, the vafor pressures calcuiatedvfrdm:Eqnation'(26) are
compafed witheﬁhose observed experimentally. It can be eeen'that the
vapor pressure eqnatlon represents our experimental data to within l%,

W1th the only exceptlon at 192 h9 K, a point that was only half welghted

in the least -squares fitting.
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Table IX

Comparison of Aﬁg Calculated from Aﬁg =TZ+ 60.279 T

(Using data given in Table VIII) to the Least-Squares'’ AHg = 6619.2 cal

T (%K) | ggg_iggggl égg (calc) - 6619.2
250.18 6624.3 cal +5.1
227.66 6617.7 -1.5
221.73 6616.4 ~-2.8
209.21 6614 .9 -ho3
19%.70 6617 4 -1.8
192.49 6624 .6 +5.4

187.83 6621.1 , +1.9




o

Table X -

Pressures Calculated for Stibine from Equation (26)

Compared With the Pressures Observed Experimentally

T (OK‘)' : Pobé( om) Pc';alc (cm) (Pobs - PCalc) ?rg;v;:)zon
250.18 62.1h 62.78 - 0.6k 1.03
227.66 22.34 22.27 + 0.07 0.31
221.73 16,42 16.32 +0.10 0.61
209.21 8.023 T.941 + 0.082 1.02
194.70 5.043 3,029 + 0.01k 0.46
192.49 2.543 2.579 - 0.036 1l.h2
187.83 1.802 1.812 -

0.010 0.55
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Fig. 1. Stibine preparation and collection apparatus.
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