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The reaction of phosphorus trichloride with bromine was investigated under different experimental conditions.

Spectro-

photometric measurements in carbon tetrachloride and nitrobenzene gave no evidence for the formation of mixed halides in

solution.

Direct reaction of the two components resulted in an unstable aggregate with the empirical formula PCl;Brs.r,
which, when subjected to reduced pressure formed a stable mixed halide with the empirical formula PCli.gr Bro.ss.
thermal treatment of this mixed halide resulted in a new crystalline modification of phosphorus pentachloride.

form of phosphorus pentachloride can also be obtained by sublimation of ordinary phosphorus pentachloride.

Further
This new
Powder

X-ray diffraction studies show that the mixed halide PCl, ¢Bro.33 has a face-centered cubic cell with ¢ = 12.38 A, U = 1897

A3 Dy = 2.34 g./cc., with cell contents of P;,ClssBra.

Introduction

While the mixed halides of phosphorus have
been the subject of numerous investigations, these
efforts have not been successful in elucidating the
chemical nature and the properties of the resulting
compounds. A survey of the literature shows that
there is no agreement as to the chemical composi-
tioi of the compounds formed on the addition of
bromine to phosphorus trichloride. The product
has been identified as phosphorus pentabromide,?
as a mixture of bromochlorides such as PClj ;-
Bryss,® as PCl3Brs, PCL,Br; and PClsBr,! or as a
series of compounds of the general formula PCl;-
Br,f with n = 4, 5,6, 7, 8and 10. In a later pub-
lication reaction products were reported to be
PCliosBrogs, PCliaBrogs and PCliBros:.® Other
mixed halides where the total halogen to phos-
phorus ratio was equal to 5/1 have been reported
by Renc.’

Recently the question of the interaction between
phosphorus trichloride and bromine was reinvesti-
gated by Fialkov and Kuz'menko® who have stud-
ied the melting point diagram, the specific conduct-
ance and the viscosity of the PCl;—Br, system. They
reported the existence of compounds PCl;Bry,
PCl;Br;s and PCl3Brys.  The ion transference meas-
urements in nitrobenzene led them to suggest that
the structure of these compounds was (PClBr)+
(Br(Bry)x)

It can be seen readily from the above summary
that the question of the exact nature of phosphorus
polyhalides and mixed halides has not been unam-
biguously answered and it has been decided to rein-
vestigate this problem under carefully controlled
experimental conditions.

Materials and Methods

Reagents.—C.P. phosphorus trichloride was distilled in
an anhydrous atmosphere into a series of small glass ampules
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which were sealed until needed. The b.p. was 74.5-75.5°
at 747 mm.; the literature value gives 75.7° at 749 mm.

C.P. bromine was purified according to the method of
Daniels.?

Carbon tetrachloride was purified by refluxing with alka-
line potassium permanganate, washing with water and dry-
ing with barium oxide. The solvent was then twice frac-
tionally distilled from phosphorus pentoxide. The b.p. was
76.2° at 750 mm. Literature value is 76.74° at 760 mm.

Nitrobenzene was fractionally distilled three times under
reduced pressure (2-6 mm.) from barium oxide. The purity
was checked by measuring the specific conductance of the
product, which was found to be less than 1 X 10-8% ohm™!
cm. ! given in the literature.

The source and the purification of acetonitrile were given
in a previous publication.!

Spectrophotometric Measurements.—All spectrophoto-
metric measurements were made on a Cary recording spec-
trophotometer Model 11. Stoppered silica cells of 1.00 &
0.01 cm. path length were used. The measurements were
made at room temperature of approximately 25°.

Analytical Techniques.—Solid mixed halides obtained in
this investigation were analyzed in the following manner.
The sample was first hydrolyzed with dilute ammonia in a
stoppered flask. Considerable heat was evolved during the
initial stages of hydrolysis, and acid fumes were given off.
However, since the reaction took place in a closed system,
there was no danger of loss of the halogens during hydrolysis.

An excess of a standard silver nitrate solution was then
added and after digesting, filtering and washing the precipi-
tate, excess silver in the combined filtrate and washings was
titrated with standard thiocyaunate. From the weight of
the mixed silver halides obtained and from the total amount
of silver used, it was possible to calculate the percentages of
chlorine and of bromine present in the sample. This
method of analysis was found to be superior to the electro-
metric method recently described by Fort.!! Phosphorus was
determined by the volumetric phosphomolybdate method.
In the spectrophotometric part of this investigation phos-
phorus trichloride solutions were hydrolyzed with dilute
ammonia and the chlorine was determined by the Volhard
method. Bromine solutions were standardized by an iodo-
metric titration with a standard sodium thiosulfate solution.

X-Ray Diffraction Studies.—X-Ray powder diagrams
were obtained using a Debye-Scherrer type powder camera,
Straumanis film mount, with a radius of 5.73 cm. Samples
were packed in thin-walled glass capillaries about 0.3 mm.
in diameter and were exposed to Ni filtered Cu Kea radiation
(1.5418 A.).

Use of Dry Box.—Since all compounds studied in this
project are extremely hygroscopic, all transfers, preparation
of stock solutions, loading of capillaries, etc., were done in a
dry box in dry nitrogen atmosphere.

Experimental Results
I. Preparation of Mixed Halides
Attempted Preparation of PCl;Br,.—Attempt was made
to prepare PCl;Br, according to the method outlined by

(9) W. H. Bauer and F. Daniels, THIS JoUrRNAL, 56, 378 (1934).
(10) A. I. Popov and N. E. Skelly, bid., 76, 5309 (1954).
(11} R. Fort, Chim. anal., 34, 143 (1952),
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Fialkov and Kuz’'menko®; 25 ml. of bromine was mixed
with 50 ml. of phosphorus trichloride (46 mole 9, bromine}.
The mixture separated into two liquid layers. The lower
layer was removed and solidified by cooling in Dry Ice-
acetone bath. The solid product was dissolved at room tem-
perature in carbon tetrachloride and upon cooliug the solu-
tion, fine orange-red crystals precipitated out. The solu-
tion was filtered through a sintered glass filter and dry ni-
trogen at room temperature was passed over the crystals.
The latter appeared to lose bromine rapidly leaving a residue
of yellow powder. Various modifications of the technique
described above were used in an attempt to separate the
crystals from the carbon tetrachloride solution without sub-
sequent decomposition, but they were all unsuccessful.

Finally the solidified lower layer was analyzed without
any attempts at purification. The analysis showed the fol-
lowing composition: P, 5.29%; Br, 76.4%,; Cl, 17.87%,.
Instead of expected composition of PCl;Brs, the analysis
corresponds to the empirical formula PCl;Br;.;.  The mielt-
ing point of this phase was 36.8-38°. When this material
was kept for several days in an evacuated glass tube at 30°,
it was transformed into large clear red crystals. The analy-
sis of these crystals as well as numerous other preparations
obtained in a similar manner gave chlorine/bromine ratios
ranging from 3/5.7 to 3/5.1. In no case was the rato 3/,
obtained. Spectrophotometric study of this compound
is given in Part II of this paper.

Investigation of the Yellow Powder.—The yellow powder
left after the decomposition of the polybromide appeared
to be quite stable in dry atmosphere. It can be readily pre-
pared by placing the red crystals of PCl;Brs.7 into a flask and
evacuating to approximately 5 mm. at room temperature for
several hours until no further chauge in the residue is vis-
ible. Analysis of the products obtained under varying con-
ditions of preparation gave from 13.3 to 14.49, bromide,
71.4~72.0% chlorine and 13.1 to 13.29, phosphorus whicl
corresponds approximately to the empirical formula PCiy s
Bry..

This powder was sealed into an evacuated glass tube which
was then partially immersed in a constant temperature bath
maintained at approximately 50°. Tle protruding eud
of the tube was jacketed and cold water was circulated
through the jacket. After one week the material had com-
pletely sublinied from the lower end of the tube and trans-
parent vellow crystals were formed in the middle portion of
the tube with somie orange-red material deposited on the
cold portionn.  Amnalysis of the yellow crystals gave tiie fol-
lowing results: P, 13.3¢%; Cl, 73.8;%; Br, 11.6,%. Cal-
culated values for PCly.gBrg.gs are: P, 13.899; Cl, 74.179%,;
Yir, 11.949,. It is seen from the above results that the
powder represents a mixed pentahalide of phosphorus in
which the ratio of the chlorine/bromine atoms is 14/1.
Consideration of X-ray diffraction and density data indicates
tliat the unit cel! coutents of the erystalline material are
P.ClieBry, hence, it is not a uon-stoichiometric compound
as the empirical formula might indicate.

The compound melted in a sealed tube at 145-148°.
Tne change of phase is reversible. Refractive index was
determined by observing the ““Becke line’’ through a micro-
scape wihen the orystals were iimniersed in various mixtures
of ¢ x-b*omonaphth:xleue and #-butyi phthalate and was found
te b 1,64, Optical properties of the crystals as observed
through a polarizing microscope showed them to be isometric
and therefore belonging to the cubic svstem. The density
of the crystals deterinined by the flotation method in mix-
tures of romoforin and methyl iodide was found to be 2.37,

When the mixed pentahalide of phosphorus was subjected
to chunm sublimation at 80° a white powdery material
<t to condense on the cnld portlm of the tube
1‘11: analysis gave 84.8¢% chlorine and 14.99, phosphorus
with a small trace of bromine. This compared reasonably
well with the composition of phosphorus pentachloride which
is 83.229, chlorine and 14.889, phosphorus. Subsequent
X-ray studies showed it to be a hitherto unknown crystal-
line modification of phosphorus peuntachloride (see below).
This saie new form of phosphorus ventachloride can be
obtained by rapid sublimation uuder reduced pressure of
the ordinary tetragonal form of phospliorus pentachloride.
The deusity and the nielting point remain unchanged.

II. Spectrophotometric Studies

Behavior of the PCl;-Br, System in Carbon Tetrachloride-
—The ahsorption curve of bromine in carbon tetrachloride
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solutions was measured; the solutions were found to be
stable for at least 24 hours. Addition of phosphorus tri-
chloride (which does not absorb in the region 275-650 mu)
to the bromine solution in carbon tetrachloride did not pro-
duce any change in the absorption ¢pectrum of the halogen.
This behavior was opposite to the one observed upon the
addition of phosphorus tribromide to bromine solution iu the
same solvent.!? A continuous variation study!® was made
on the PCl;~-Br; system but no evidence of interaction was
obtained.

Studies in Nitrobenzene and Acetonitrile Solutions.—
The behavior of the PCl;~Br, system in nitrobenzene was of
special interest because of the electrical conductance study
carried out by Fialkov and Kuz’menko.! However, since
nitrobenzene is opaque below 420 mu, spectrophotometric
measurements had to be made at higher wave lengths rather
than at the bromine absorption maximum.

Values of the molar absorbancy indices determined for
bromine in carbon tetrachijoride and in nitrobenzene are,
respectively, 425 mpu, 201 and 215; 450 mgu, 160 and 164;
500 mu, 94 and 72. These results contradict the statement
of Joseph!¢ that the bromine color is about half as intense
in nitrobenzene as in carbon tetrachloride, but agree with
the spectra reported by Child and Walker.15

The value of 209 for the molar adsorbancy index at 430
mpu was found to be entirely reproducible and all subsequent
measurements were done at this wave length.

Equimolar solutious of phosphorus trichloride and bro-
mine were prepared in nitrobenzene and analyzed as de-
scribed above. The total concentration was ! X 1372 A/
and the mole ratio of the two componeuts was varied from
9:1to 1:9. A decrease in absorbance compared with that
calculated for bromine alone was observed, but the solutions
were found to be unstable and the absorption decreased
rapidly with time even when extreme precautions werc taken
to assure seemingly completely anliydrous conditions. It
seems doubtful that this change in the absorption spectrum
is due to interaction between broinine and phosphorus tri-
chloride.

Bromine solutions in acetonitrile were found to be un-
stable and spectrophotometric measurements showed the
presence of the tribromide ion.

Spectrophotometric Study of the Mixed Halides —The
mixed halide of the empirical composition PClBr;.; was
dissolved in carbon tetrachloride and its absorption spec-
trum was measured. It was found to be identical to that
of bromine in the same solvent and the concentration of tiie
hbromine as calculated from the absorption maximum at 416
nip agreed to within 0.5%, with the bromine determined
gravimetrically.

Whern dissolved in acetonitrile the compound gave im-
mediately the characteristic absorption spectrum of the tri-
bromide ion with a maximum at 269 mu and au apparent
molar absorbaucy index of 2.7 X 104 The bromine peak:
at 392 mu was not obzerved.

The absorption spectrum of the mixed pentahalide crystals
i the same solvent is geven in Fig. 1. In the region above
360 mu, it i~ in all respects identical with the absorption
curve of bromine. However, below 360 mgu it indicates the
presence of another absorbing species whose absoiption
maximum apparently lies below the trangmission liriit of
tne carbon tetrachloride (dotted line indicates absorpticai
spectra of bromine below 360 mu). Ab:orption ciurve of
phosphiorus pentachloride was then run in the same sanvcen:

a11d the maiar Jl'w!‘) ey Litdices of the pentachiloride were
ctetermined ia the 300-330 mu range. Kuowing the ¢on-
TapLe I
ABSORPTION DATrs FOR THE MIXED PENTAHALIDE
Wave
lengtl, am= am= {PCls)
mu As (Br2)  As(Brg) Ay(PCls)  (PClY X 102
300 1.160 4 0.016 1.144 87 1.31
310 0,825 2 008 0.817 61 1.34
320 L5300 1 004 L320 39 1.3%
5 ,30.‘) 2 0N L2052 22 1.33

fio
\|u\

&, I Popov and N, ({954,
{13) P. Job, Anun. chim., [10] 9, 113 (1928,

(14) A. F. Jaseph, J. Chem. Soc., 107, 1 (1615,

(15 C. L. Child and O, J. Walker, Traus, Faraday Soc,, 34,

(1038},

S, Skelly, THIS JourNaL, 76, 3016
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Fig. 1.—Absorption spectrum of 2.1 X 10~2 M PCly.xBro.as

in carbon tetrachloride at 25° 1 cm. cell. Dotted line

shows absorption of bromine below 360 mu.

centration of bromine and its molar absorbancy indices in
the same region it is possible to calculate the apparent con-
centration of phosphorus pentachloride in the solution of the
mixed pentahalide. Table I gives the results of these cal-
culations. From the constancy in the calculated value of
(PCly) it can be reasonably concluded that the absorption
below 360 mu is due to phosphorus pentachloride and there-
fore that the mixed pentahalide dissociates in carbon tetra-
chloride into phosphorus pentachloride and bromine.

III. X-Ray Diffraction Studies

Powder X-ray diffraction diagrams were obtained for
phosphorus pentabromide, phosphorus pentachloride, sub-
limed pentachloride, the mixed halide PCli.eBro.gs and
PCl;Brs.;. The powder diagrams of phosphorus pentachlo-
ride and phosphorus pentabromide were found to agree
with the cell dimensions reported for them in the litera-
ture.!%!” The sublimed phosphorus pentachloride X-ray
diagram differs considerably from that of the ordinary
phosphorus pentachloride. A line comparison diagram of
the two substances is given in Fig. 2. The sublimed penta-
chloride when melted and solidified gives the powder dia-
gram of the ordinary pentachloride.

The X-ray powder diagram of PCl, ¢:Brg.ss shows it to be
a unique single phase and not a mixture of different crystal-
line components. All the lines on the powder diagram arise
from a face-centered cubic unit cell with ¢ = 12.38 4., U =
1897 A3, Dy = 2.34 g./cc. (calculated from cell contents
of P1:Cl;sBrs). A structure determination based on powder
data alone obtained fair agreement for an arrangement of 8
PCl,* ions, 4 PCls— ions and 4 Br~ ions closely related to the
CsCl type structure.

Because some discrepancies in the intensity agreement
exist, it is quite likely that the true structure differs slightly
from this simple arrangement. A complete structure de-
termination based on single crystal data will be reported
later. The powder diagram of the sublimed phosphorus
pentachloride resembles the diagram of PCly ¢:Brg.33, so that
its structure will probably be closely related to that of PCly ¢~
Bro.;;. Again, single crystal data will be necessary for the
solution of the structure.

Powder diagrams of PCl3Br;; were very complex with

(16) D. Clark, H. M. Powell and A, F. Wells, J. Chem. Soc., 642
(1942).

(17) M. van Driel and C. H. MacGillvary, Rec. trav. chim., 62, 167
(1943).
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rather broad lines which indicated that it might be a mix-
ture of crystals with related structures but slightly differing
cell dimensions. The pattern did not appear to represent
mixtures of phosphorus pentabromide and phosphorus penta-
chloride.
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Fig. 2.—Line comparison diagram of ordinary phosphorus

pentachloride (top) and sublimed phosphorus pentachloride
(bottom).

Discussion and Conclusions

In general, the results outlined above indicate
that in all probability the addition of bromine to
phosphorus trichloride results initially in the for-
mation of a non-stoichiometric aggregate of approxi-
mate formula PCl;Br;; in which the chlorine/bro-
mine ratio may vary over a rather considerable range
of values. Compounds containing more than five
equivalents of halogens for one equivalent of phos-
phorus are unstable and tend to lose bromine read-
ily, under reduced pressure. However, the decom-
position reaction does not represent the reversal of
the formation reactions since the halides apparently
undergo disproportionation and yield phosphorus
pentachloride as the ultimate product. Such results
are not surprising in view of the disproportionation
of phosphorus dibromotrifluoride as observed by
Moissan®® in which phosphorus pentafluoride and
pentabromide are formed.

5PF;Br; —> 3PF; + 2PBrs

It can be suggested tentatively that in the case of
phosphorus trichloride and bromine the reaction
occurs in two or more steps, involving PCl;Br; as
an intermediary product. This compound is highly
unstable and disproportionates at room tempera-
ture and reduced pressure to a stable phase PCly g
Bros; which at higher temperature goes to phos-
phorus pentachloride, and presumably either phos-
phorus tribromide or phosphorus pentabromide.
According to this hypothesis, the over-all reactions
would be

PClsBr5,1 ~——> PCl;Br, + 1.85Br;
5PCl;Bry —> 3PCl; + 2PBrs

Comparison of the absorption spectra of the
PCl;Br;; aggregate and the mixed pentahalide
PClysBross shows that phosphorus pentachloride
appears in solution only for the latter. This lends
support to the suggestion that the disproportiona-

(18) H. Moissan, Compt. rend., 100, 1348 (1885).
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tion reaction takes place upon evacuation of the
PCl;Br; 7 aggregate and not before.

The X-ray evidence unambiguously indicates
that the mixed halide PCl;Bry s is a true mono-
phasic crystal and not a microcrystalline mixture
of the respective phosphorus pentahalides.
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A Kinetic Study of the Reaction of Decaborane with Alcohols
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The reaction of decaborane with low molecular weight alcohols to yield borate esters and hydrogen has been found to be
consistent with the general concepts of the absolute and statistical kinetic theories. Specific bimolecular rate constants,
energies of activation and Arrhenius frequency factors are given for several alcohols and relative rate constants are given
for the reaction in several solvents of varying dielectric constant. For the reaction imvolving primary alcohols, the observed
increase in rate constant as the number of carbon atoms increased from two to five and the effect of the dielectric constant of
the medium, was found to be consistent with the application of Kirkwood’s formula to the absolute theory of reaction rates.
It is shown that a reasonable correlation between the observed heats of activation with the energy of the boron hydrogen
bond and with the ionization energies of the alcohols is possible, thereby indicating that the boron hydrogen bond and the
electrons on the alcohol are probably mvolved in the rate-determining step. The relative values of the entropies of activa-
tion are found to be in reasonable accord with the concept of a decrease in activation entropy with increasing complexity
of the molecules concerned. The existence of intermediates in the alcoholysis reaction was not shown by the kinetic data,
so that the point of attack of the alcohol on the decaborane was not determimed. The results did not lead to any information

concerning the nature of the reaction course involved in the formation of products from the activated complex.

The chemistry of the boron hydrides has been of
increasing interest in the past few years.? This
work is an attempt to add to the knowledge of
these compounds by a kinetic study of the reaction
of decaborane with several representative alcohols.
Some of the properties of the activated complex
were deduced from a study of the influence of sol-
vent character and of the alcohol nature on the rate
constant. Heats of activation and frequency fac-
tors were obtained for several alcohols. Application
of the generally accepted theories of chemical kinet-
ics to the observations yielded a consistent inter-
pretation of the results of the experimental work.
In analogy with the reaction of the lower boron
hydrides with alcohols,2—* decaborane reacted
with alcohols® to form alkyl borates and hydrogen
according to equation 1

30ROH + ByH;s —> 10B(OR); + 22H, (1)

This reaction was studied with a specific effort to ob-
tain any information on a kinetic basis for the pres-
ence of intermediates, either of a substituted deca-
borane nature or of a substituted borine nature,?*
but there was no indication in the kinetic pattern
that any of these were formed.

Experimental

Materials.—In this study decaborane of 989, purity was
further purified by vacuum sublimation and by recrystalli-
zation from pentane and subsequent removal of the pentane
by storing in a vacuum desiccator over CaCl; to protect
from moisture. The melting point of decaborane purified
by either method (99.5°) was found to agree well with the
value found by Stock for carefully purified samples.! Stor-

(1) Taken in part from the thesis submitted by Thrygve R. Meeker
to the University of Delaware in partial fulfillment of requirements for
the degree of Doctor of Philosophy.

(2) H. 1. Schlesinger and A. B. Burg, Chem. Revs., 81, 1 (1942).

(3) A. B. Burg and H. I. Schlesinger, THis JoUrNAL, 85, 4020 (1933).

(4) A. B. Burg and F. G. A. Stone, ibid., T8, 228 (1953).

(5) W. H. Hill and M. S. Johnston, Anal. Chem., 3T, 1300 (1955).

(6) A. Stock, K. Friederici and O. Priess, Ber., 46, 3353 (1913).

age of this material in an unevacuated desiccator resulted in
an unexplained increase in the observed rate constant after a
few days, so the purified product was stored under vacuum.
Stock also observed a similar phenomenon in his samples.$

The alcohols and solvents used in this study were dried
either with metallic calcium or with calcium sulfate and dis-
tilled twice from a dry flamed all glass distilling flask
equipped with a Vigreux column, and small middle fractions
were taken for the kinetic experiments. The higher boiling
branched alcohols were distilled under reduced pressure
from the same apparatus. The boiling points and refrac-
tive indices agreed with those listed in the literature.” All
materials were stored in a desiccator and repurified once
more near the end of a set of experiments and the kinetics
results remeasured and compared with the previous runs.

Method.—The reaction of decaborane with alcohols was
found to yield hydrogen and the corresponding borate ester
in good yield, even in two cases where the alcoholysis of
BCl; or BsO; gave no borate esters.8 The following yields
based on equation 1 were reported to us by Schar®: »n-propyl,
95%; mn-butyl, 98%; sec-butyl, 93%; t-butyl, 85-90%,;
t-amyl, 929, These values showed that equation 1 was
followed and that the reaction, under our experimental con-
ditions, was subject to only minor side reactions, if any.
A check of the hydrogen liberated under experimental con-
ditions was found to yield 95~1009 of the amount calculated
by this equation.

The rates of alceholysis were measured by studying the
rate of hydrogen evolution according to equation I, Several
runs were made for n-butyl alcohol and decaborane with the
decaborane at a concentration of about 0.1 mole/liter and
the alcohol concentration at about 0.1 mole/liter (equimolar
quantity) and at about 3.0 mole/liter (equivalent quantity).
Both alcohol concentrations gave analogous bimolecular rela-
tive rate constants except for the dielectric effect described
later. Since no evidence for any intermediates was ob-
tained, it was assumed that the rate of decaborane disap-
pearance was — 1/22 of the rate of appearance of the hydro-
gen gas evolved.

The increase in hydrogen pressure was measured with a
Barcroft~Warburg!® apparatus consisting of a small mercury

(7) “Beilstein’'s Handbuch der Organischen Chemie,” Vierte Auf-
lage, Erster Band (1918), Erstes Ergianzungswerk (1928), Zweites
Erganzungswerk (1941), Springer, Berlin.

(8) L. H, Thomas, J. Chem. Soc., 823 (1946).

(9) Unpublished work by W. C. Schar of this department.

(10) “Laboratory Apparatus and Reagents,’' Edition of 1950, A. H.
Thomas Company, Cat. 3603, page 360.
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