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FOREWORD

The phosphorus(V) halides described in this thesis,
have, in common with most other non-metallic halides,
the property of undergoing hydrolytic decomposition
with considerable ease. Therefore in undertaking a
study of the physical properties of these compounds,
it was essential that the presence of water, and other
hydroxylic compounds was excluded. The tendency of
the phosvhorus(V) halides to act as halogenating
agents is another feature which calls for particular
attention. Consequently the use of apparatus incorp-
orating rubber parts and tap grease was undesirable.
In addition the choice of solvents was severely
limited to non-reactive compounds like carbon tetra-
chloride, nitrobenzene, and acetonitrile ;3 and when
these were used, steps had to be taken to ensure

that they were of very high purity and thoroughly drye.

These factors have undoubtedly been responsible
for the considerable lack of reliable data on the
phosphorus(V) halides ;3 and their rather unpleasant

physical characteristics have in addition been the



origin of the general neglect of this group of com-

pounds.

One of the chief aims of the present work was to
develop methods of studying the phosphorus halides
in such a way that decomposition would be prevented
or at least minimised. Therefore special forms of
apparatus were designed and improved techniques
evolved. These latter include dry-box and vacuum
techniques. The Appendix contains descriptions of

several specialised pieces of apparatus made for the

present investigation.

e,
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DEFINITIONS OF SYMBOLS USED IN THE THESIS

n the Text.

———

A = specific conductance.
Am = molar conductance.
¢n = molar concentration.

€ = molar extinction coefficient.

In Diagrams.

J:L U-tube trap. gas reservoir.
—@— vacuum tap. CL liquid reservoir.
—< standard socket. == constriction.
—> standard cone. (] manometer.

——e rounded end of tubing.
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HISTORICAL NOTE

Physicochemical methods have frequently been used
in the past for the study of phosphorus pentabromide.
By means of colorimetry, Kastle and Beatty [1]

investigated the molecular dissociation =~

PBr5 = 'PBr3 + Br2

as it occurs in carbon disulphide and carbon tetra-
chloride solutions. Assuming that the bromine molec-
ule was the only coloured species present they estimated
that the degree of dissociation lay between 90 and 100
per cent. They were able to recover the original
phosphorug pentabromide by evaporation of the solutions,
thus demonstrating the reversibility of the equilibrium.
Some time later, the same authors [2] established that

a réd form of phosphorus pentabromide, previously regard-

ed as an allotropic modification, was in fact vhosphorus

heptabromide.

Oddo and Tealdi [3] observed the depression of the
freezing point of benzene and phosphorus oxychloride,
caused by the presence of phosphorus pentabromide in
solution. They found that the average molecular weight

of the species present in solution was equal to half the



molecular weight of phosphorus pentabromide. From the
colour of the solutions the authors infer that dissoc-

iation in phosphorus oxychloride is electrolytic -

+ -

PBrs;i PBr, + Br
and in benzene the dissociation is assumed to be the
molecular one. From these considerations it is con-
cluded that 0ddo and Tealdi regard these dissociations

as being 100 per cent complete.

Cryoscopy in bromine as solvent has been carried out
by Finkelstein [4]. The observed value of molecular
weight was equal to the theoretical value when the
solution contained 0:8 per cent phosphorus pentabromide;
but when the concentration of the solution was increased
the molecular weight was also found to increase. The
results are explained by assuming the occurrence of

complexes produced by solvation and polymerisation.

The properties of electrically conducting solutions
of phosphorus pentabromide in non-agueous solvents have
received some attention. Walden [5] has studied the
conductance of phosphorus pentabromide in arsenic tri-

chloride and sulphur dioxide, and the values of molar



- -
conductance found were respectively 0-396 ohm.lcm%mole.*

-1 2 1

(e, = 0-00885) and 11+36 ohm. cm. mole. (e, = 0-00584) .

The presence in these solutions of the Pt ion is

suggested according to the following equations :

- 2+ - 5+ -
PBrg » [PBry]’ + Br - [PBrg]” + 2Br - ... P~ + 5Br

Plotnikov [6] studied the conductance and ionisation
of phosphorus pentabromide in bromine solution. Fe
found that the molar conductance attained a maximum
value at 21 per cent phosphorus pentabromide correspond-
ing to an overall composition of PBrgg. The solution

-1 2 1

had a molar conductance of 230 ohm. cm? mole” at

¢y = 0-00238. The scheme of ionisation proposed by
Plotnikov differs slightly from that of Walden, in that
he introduces the idea of solvation of the phosphorus

pentabromide molecule thus :

+ -
PBrg .nBr = [RnBr]5 + BBr

and in particular at the maximum of the molar con-

ductance curve this equation becomes :

PBry.20Br = [P.20Br]° + 5Br~

The ionisation of phosphorus pentabromide in bromine



was also studied by Finkelstein [7] by means of the
electrolysis of solutions. On the basis of this work
and of his cryoscopic investigation of the systen,
Finkelstein has modified the ionisation scheme proposed
by Plotnikov, to make allowance for the observed polymer-

isation of phosphorus pentabromide in bromine solution :

, 54+ -
mPBrg.nBry, = [P.(m - 1)PBr5.nBr2] + BBr

Finkelstein [8] found that a nitrobenzene solution of
phosphorus pentabromide had a molar conductance of

0224 ohm: om: mole  at cp = 0-147.

Vapour pressure data for phosphorus pentabromide
have been made available by Prideaux [9] who, by extra-
polation, estimated that the apparent boiling point was
106 °C. More recént data has come from the work of
Van Driel and Gerding [10] who estimate the heat of
sublimation of phosphorus pentabromide to be 13:6 kg.cal.

mole'.1

Some thermochemical experiments on the phosphorus -
bromine system were carried out by Ogier [11]. He
found that the heat of formation of solid phosphorus
pentabromide (from solid phosphorus and gaseous bromine)

was 830 kg.cal. Ogier also determined the heat of



combination of phosphorus tribromide and bromine, and

obtained a value of 203 kg.cal.

Biltz and Jeep [12] studied the phosphorus tribromide-
bromine system by thermal analysis, and the diagram they
obtained indicates the existence of two additional poly-

bromides of formulae PBr5.2Br2, and PBr5.6Br2.

Prideaux [9, 13 ] estimated the atomic volume of
phosphorus in phosphorus pentabromide, and found that
it had the value 23+3 3 that is larger than the atomic
volume of phosphorus in phosphorus pentachloride (15-1).
He also showed that the atomic volume of phosphorus in
trivalent compounds is greater than the atomic volume

in the corresponding pentavalent compounds.

In recent years the system vhosphorus tribromide -
bromine has been the subject of radiochemical investig-
ation. Chatterjee [14] prepared phosphorus penta-
bromide from phosphorus tribromide, containing radio-
active bromine, and bromine. The compound was then
decomposed thermally and the liberated bromine absorbed
in sodium hydroxide solution. The activities of the
godium bromide and the residual phosphorus tribromide

were then measured and found to be proportional to the



weights of bromine atoms contained in phosphorus tri-

bromide and bromine. The reaction is represented thus -
* * * *
PBI'S + BI‘2 - PBI‘5 - PBI‘s + BI‘2

In a second experiment, radioactive phosphorus penta-
bromide was prepared by exchanging phosphorus penta-
bromide with irradiated ethyl bromide. The radio-
active pentabromide was then decomposed into phosphorus
tribromide and bromine,and roughly proportional amounts
of activity appeared in the products. Chatterjee con-
cluded that all the bromine atoms in phosphorus nenta-
bromide are functionally equivalent. By taking samples
of phosphorus pentabromide and phosphorus tribromide
which contain equal gram-atoms of bromine and exchanging
them with equal amounts of irradiated ethyl bromide,
Chatterjee found that the activity appearing in the
phosphorus pentabromide was much greater than that
appearing in the phosphorus tribromide. It was con=-
cluded that the bonds in phosphorus tribromide are
stronger than those in phosphorus pentabromide. A
similar series of experiments was carried out by
Polesitski¥, Yashchenko, and Baranchik [15], and these
authors arrived at the same conclusions as did

ChatteTrjee.
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Koskoski and Fowler [16] have also studied radio-
chemical exchange in this system. They found that the
exchange between radio-bromine and phosphorus tribromide
was rapid and complete within three minutes thus indic-
ating that the five halogen atoms of the pentahalide

are probably equally reactive.

Popov and Schmorr [17] have investigated the absorp-
tion spectrum of phosphorus pentabromide (or more
correctly of the complex PBr5.2C014) dissolved in
carbon tetrachloride. The absorption curve obtained
was found to be almost identical with that of bromine
in the same solvent. The molar extinction coefficient
of phosphorus pentabromide was lower than that of
bromine by about 7 per cent. Assuming that the
absorption spectrum of phosphorus pentabromide is due
to bromine, this result is in good agreement with the
observations of Kastle and Beatty [1] that phosphorus
pentabromide dissociates in carbon tetrachloride to an

extent of 90 - 95 per cent.

The assumption that the colour of these solutions
is due entirely to free bromine has been invalidated
by Popov and Skelly [18] who have found that solutions

of phosphorus pentabromide in phosphorus tribromide



have a strong absorption in the wavelength region

400 - 500 i in spite of the fact that the concentration
of free bromine in these solutions must be very small.
Popov and Skelly made an estimate of the molar
extinction coefficient of phosphorus pentabromide and
using this value the degree of dissociation of
phosphorus pentabromide in carbon tetrachloride was

found to be about 50 per cent.

The crystal structure of phosphorus pentabromide
has been studied independently by Powell and Clark [19]
and Van Driel and McGillavry [20], by means of x-ray
diffraction. The results of both groups of workers
are in complete agreement. The unit cell is ortho-
rhombic with the dimensions, a = 5:62 &, b = 16-91 &,
¢ = 829 R. There are four molecules per unit cell
and the space group is D%% - Pbem. The structure
consists of tetrahedral [PBr,] groups and [Br] units.

The P-Br distance in [PBry] is 2:20 &. (P-Br calec-
ulated = 2-24 R.),



INTRODUCTION

X-ray diffraction studies have revealed that in the
solid state, phosphdorus pentabromide is an ionic com-
pound and the crystal structure is built up from PBrZ
and Br~ units. Thus in the solid state phosphorus
pentabromide may be regarded as being completely
dissociated in an ionic sense. In the less condensed
states of matter the situation is different and the
dissociation of phosphorus pentabromide is known to
yield bromine and phosphorus tribromide, but there are
no numerical data in the literature about these states.
However it seems likely that the dissociation of
phosphorus pentabromide in the liquid and vapour phase

is almost 100 per cent complete.

The structure of an undissociated phosphorus penta-
bromide molecule is not well understood, and in point
of fact such an entity appears to be a relatively rare
occurrence. The only evidence available on this point
is contained in the radio-chemical papers in which it
is claimed that the phosphorus pentabromide molecule

contains five functionally equivalent bonds.

The physical state therefore determines the structure
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of phosphorus pentabromide. The ionic form is stable
when the field of neighbouring atoms is strong : the
molecular form (PBrz + Bry) is stable when neighbouring
groups of atoms are sufficiently separated so as to

have very little mutual influence.

The case of solutions of phosphorus pentabromide is
interesting since the solvent can be varied from one
which ought to favour a molecular dissociation to one
which would induce ionisation. Work has been done on
both types and it has been found that in solvents like
carbon tetrachloride and carbon disulphide, of zero
dipole moment, the phosphorus pentabromide dissociates
into bromine and phosphorus tribromide. But with
solvents of higher dielectric constant such as arsenic
trichloride and sulphur dioxide, the solutions were
found to conduct electricity, thus indicating the

presence of an ionic dissociation.

Therefore by using these different classes of
solvents, the factors present in the gaseous or liquid
state on the one hand and the solid state on the other

have been reproduced (in part at least).

The present study is an investigation of the prop-

erties of non-agueous solutions of phosphorus penta-
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bromide and is designed to relate the ionisation
occurring in solution to the crystal structure of the
compound. The solvent chosen was acetonitrile which
has very favourable dielectric properties; and its
ability to act as a Lewis base frequently results in
ion-stabilisation. It was thought that in this solvent,
phosphorus pentabromide would be ionised to quite a

considerable degree.

In addition to the study of solutions of phosphorus
pentabromide it was thought desirable that some data
should be collected on the composition of the wvapour
vhase of the compound, and to this end wvapour density

measurements were made.
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RESULTS _AND DISCUSSION

CONDUCTOMETRIC ANALYSIS OF THE SYSTEM, PHOSPHORUS

TRIBROMIDE - BROMINE.

The system phosphorus tribromide - bromine was
studied in acetonitrile solution by the method of
conductometric titration. The results of this in=-
vestigation are set out in Table 1. and are shown

graphically in Fig. 1.

Table 1. Conductometric analysis of the system

PBrz - Bro in acetonitrile solution.

Mole Ratio 10% Mole Ratio 10%
Bro:PBryz ohm? cm? Brg:PBry ohm? cm?¥
0+00 0-32 1.53 432
0+ 22 1-13 175 4+ 35
0+ 44 2+ 66 218 4+ 65
0+ 65 332 273 478
0. 87 3+82 327 4+ 98
1.09 405 3.82 5¢15

1.31 4+15

The conductance of phosphorus tribromide and bromine



remy)
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Movre RaTio, Br,: Pbr,

Fig. 1. Conductometric Analysis of the System

PBrz - Bro in acetonitrile.
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in acetonitrile have been determined in separate
experiments and it has been found that both these
compounds are virtually non-conductors in this solvent.

The actual values found were

PBr3 ,f\ = 178 ohm:lcm? mole:I c

m 0:025

i

m

Brg o, A, =0-22 " v v ey = 04033

It is therefore evident that the reaction of bromine
and phosphorus tribromide in acetonitrile is accomp-
anied by the production of ions. The form of the graph,
with its abrupt change of slope at a mole ratio of 1,
indicates the presence in the solution of an ionic
complex with the composition PBrz.Bry « In other
words, it has been shown that phosphorus pentabromide
behaves as an electrolyte and undergoes ionisation in

acetonitrile.

Conside?able interest attaches to the configuration
of the graph at the mole ratics 2 and 3 in view of
the reported hepta- and ennea~ %bromides of phosphorus
[2, 12]. The absence of inflections in the curve at
these ratios suggests that the solution does not con-
tain any new type of ion derived from a hepta- or

ennea~ bromide, but is simply a solution of phosphorus
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pentabromide plus excess bromine. Therefore dissolution
of a higher bromide in acetonitrile would bring about

its dissociation thus :

PBry - PBrg + Bry, & (ions derived from PBrg) + Bry

PBrg -+ PBrg + 2Brg=( " " " " ) + 2Bry

If phosphorus pentabromide is represented in solution
by the same ions as in the solid state, namely'PBrZ and
Br  , then it would appear that the conditions (...onium
type cation [21] in acetonitrile solution [22] ) were
favourable for the formation of the tribromide ion
(at the mole ratio corresponding to PBry). However
the absence of an inflection on the graph beyond the

mole ratio 1 seems to indicate that the process :-

B + - B + -
PBrs —2» PBrz.Brp == PBr, + Br -—2» PBr, + Brs

is not taking place.

It therefore appears reasonable to suggest at this
stage that phosphorus pentabromide does not ionise in
acetonitrile in the manner shown in the above scheme.
It is possible that the ions present are analagous to
those occurring in acetonitrile solutions of phosphorus
pentachloride, namely Pclz and PClg [23]. The system

would then be represented thus :
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+ -
2PBrz + 2Brg & 2PBrsz.Bro = PBr, + PBrg

If this is the case then éddition of bromine beyond
the 1:1 mole ratio can lead to two possible changes.

Firstly a break down of the PBrg ion might occur thus -

or secondly the added bromine may remain in the sol-

ution without changing the ion type.

The first of these possibilities is excluded since
it involves a doubling in the total number of ions and
this situation would be reflected in the specific con-
ductance - mole ratio diagram by a steep rise in con-
ductance up to the mole ratio of 2. This is not observed
hence it is concluded that the solution probably con-
tains the PBrg ion and that addition of bromine to the

solution does not alter this in any way.

Although the suggestion that the ions present in
acetonitrile solutions of phosrvhorus pentabromide are
not the seme as those found in the solid state is a
fairly reasonable one, the idea that the ions are
analagous to those present in solutions of the penta-
chloride is purely specuvlative and requires substant-

iation from ion migration experiments.
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This experiment also shows that the equilibrium -
PBrz + Brg == PBrg = ions

is rapidly established, and this is in agreement with
the conclusions of Kastle and Beatty [1]. The slight
rige in the value of specific conductance after the
unit mole ratio is attributed to the influence of

excess bromine on the degree of ionisation of phosphorus
pentabromide operating by displacing the above eguilib-

rium to the side of the ions.

The Preparation of Phosphorus Pentabromide in an

Acetonitrile Mediume.

As a corollary to the previous experiment it was
decided to investigate the suitability of acetonitrile
as a medium for the synthesis of phosphorus penta-
bromide. Bromine was added to an acetonitrile solution
of'phosphorus tribromide until the mole ratio 1:1 was
reached. The limited solubility of phosphorus penta~
bromide in acetonitrile caused its precipitation in
good yield. The product was pale yellow and crystalline,

and the results of analysis were as follows :-
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Found ¢ P, 7-22 ; Br, 92:26 %.

Calculated for PBry : P, 7-19 ; Br, 92-81 %.

The formation of a pure precipitate confirms that
acetonitrile is a suitable solvent for use in prep-
aring phosphorus pentabromide,and this method has
certain obvious advantages over that which uses

carbon disulphide as solvent.




PREPARATION OF PURE PHOSZHORUS PENTABROMIDE.

The starting material was the phosphorus penta-
bromide supplied in glass ampoules by B.D.H., Ltd.
This material was submitted to a bromine analysis
(hydrolysis followed by Volhard's method) which served
as an indication of its purity. The result obtained
was -

Found : Br, 90:55 %.

Calculated for PBrg : Br, 92:81 %

Thus the compound requires careful purification

before physical measurements can be made upon it.

Sublimation of the crude material was the first
method tried. It was carried out in a vacuum cold-
finger apparatus undgr varying conditions of temper-
ature gradient and pressure. In each instance the
colour of the sublimate was heterogeneous, varying
from white to pale yellow, and in no experiment did the
sublimed material yield a better figure for the bromine

content than : Br = 89.58 %.

Thus the idea of using sublimation as a means of

purifying phosvhorus pentabromide was in the meantime
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discarded. It is noteworthy that Van Driel and Cerding
[10] found that the vapour pressure of sublimed
phosphorus pentabromide was not reproducible. It seems
that the impurity present in the crude material is

about as volatile as the pentabromide.

The other method of purification tried was cryst-
allisation, and in this connection advantage was taken
of previous work done by Van Driel and Gerding [10]
who used nitrobenzene as the crystallisation medium.
An attempt was made however to find a more suitable
solvent, and in doing so all the main types of non-
reactive organic liquids were examined. These included
acetonitrile, benzonitrile, benzene, dioxan, carbon
tetrachloride, ethylene dibromide, bromoform, and ethyl
bromide. From this series no solvent was found which
excelled nitrobenzene from the point of view of solvent
power and inertness. The main disadvantage of nitro-

benzene is its very low volatility.

Phosphorus pentabromide was recrystallised from
carefully purified nitrobenzene and stored in stoppered
tubes kept in a desiccator. Analysis of the material

gave the following results :-
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4+ 266 | 4-266 4+ 266
————

4+ 089 4- 089

1 3.728 3.728

3574 ~——1 3. 574 3574

e~ 3267 3. 267

2.902 | 2-902 2-902

1 2.797 ] 2.797

| 2.610 ] 2:619

____12.519 | ] 2.519

L 12:130 ] 2.130

2.047 2. 047

____li1.830 1-830

L fims | _11-715
| J1.646 | l1-646

Fig. 2. Powder Photographs (The figure beside each
line is the d-spacing in &ngstrom Units.)
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MOLAR COVYDUCTANCE OF PHOSPHORUS PENTABROMIDE IN

ACETONITRIIE SOLUTION

The conductance of phosvhorus pentabromide in aceto-
nitrilg was studied using a pipette cell designed in
such a way that the solutions could be manipulated
out of direct contact with the humid atmosphere.
Several solutions of different concentrations were

studied and the results are recorded in Table 2 and

Fig. 3.

The specific conductance of the solutions was found
to increase slightly with time, and therefore %o intro-
duce uniformity into the choice of specific conductance
(#) used to calculate molar conductance ({\,), the
specific conductance was plotted against time, and
extrapolated to t = 0 (i.e. the time when the solution
was just prepared), and the value of specific conduct-

ance at this point was used.

A conductance drift has been observed by Popov and
Skelly [24] during a study of acetonitrile solutions
of interhalogen compounds. They attributed the steady

rise of specific conductance with time to a slow ion-
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isation of the type -

e1c1 = I + 1IClj

Table 2. Conductance of phosphorus pentabromide in

acetonitrile at 25 °C.

Cp 104 A
mole.litre™t ohm=lemst ohm=Yem? moled
0+01562 212 1395
00195 278 1425
0+ 0296 3+ 63 1226
00721 5« 67 7+ 8€

As can be seen from Fig. 3, these values when plotted
against the square root of the molar concentration fall
on a straight line of negative slope. At values of Cm
less than about 0:015, the values of Amv}ere irregular
and very unreproducible. This is presumably due to the
enhanced influence of traces of impurities when working
at such low concentrations. The molar conductance at
a given concentration was observed to vary slightly

from batch to batch of acetonitrile, but within the same
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5

m. cm
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oO-l o2
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Fige. 3. Conductance of phosphorus pentabromide

in acetonitrile.

o3
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lot of solvent the values formed a consistent series.

Solutions of phosphorus pentabromide in acetonitrile
were found to have a positive temperature coefficient

within the range O - 25 °C.

It is possible that in acetonitrile solutions
phosphorus pentabromide might undergo molecular dissoc-
iation to a certain extent. Therefore these conduct-
ing solutions might contain phosphorus tribromide and
bromine molecules. That these molecules do not con-
tribute sign?ficantly to the conductance of the solutions
has already been demonstrated. (Values of the molar con-
ductance of these compounds in acetonitrile are given

on page 1l4.)

Clearly then we must regard the conductance of
these solutions as being the consequence of the elect-

rolytic behaviour of phosphorus pentabromide.

The general stability of acetonitrile as a solvent
for phosphorus pentabromide is demonstrated by the fact
that the cooling of such a solution yields analyt-
ically pure phosphorus pentabromide.

In contrast with antimony ventachloride which forms
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solvates of the type SbClg.CHzCN, [25], no evidence
has been obtained for the formation of solid solvates
of phosphorus pentabromide and acetonitrile. 1In this
respect therefore phosphorus pentabromide :resembles

phosphorus pentachloride [23].




QUANTITATIVE TBILECTROLYSIS OF SOLUTIONS OF PHOSPHORUS

PENTABROMIDE IN ACETONITRILE

This experiment was performed in the specially
designed cell described in detail in Appendix 4. It
was hoped that the result of this experiment might
lead to a knowledge of the nature of the ions present

in acetonitrile solutions of phosphorus pentabromide.

Two modes of ionisation of phosphorus pentabromide
would appear to be plausible. In the first place the
ionisation might involve the ions present in the solid

state thus,
PBr, == PBr, + Br ceesessosecesarss(l)

On the other hand the dissociation may be analagous to
the ionisation of phosphorus pentachloride in the same

solvent [23],
2PBr5: PBrZ"'PBrg ....‘............(2)

To determine whether one of these schemes is the
correct one it is necessary to observe the changes in
composition of the solution at each electrode for the

passage of a known amount of current.



Suppose,

ABr = increase in g. atoms of Br at cathode.

AP = " " n " P " .
t, = transport number of cation.

x = quantity of current passed (in Faradays).

then for ionisation (1), provided no phosphorus or
bromine is lost from the solution during electrolysis,

the following relationships hold,

ABr = x(5t, - 1)
AP = -xt,

and for ionisation (2},

A Br
AP

x(10t, - 6)
x(1 - 2t,)

When X = 1 these expressions give rise to the follow-

ing ranges of values of ABr or AP.

Ionisation (1) :-

t;_O 0+1 102 |03 |0+4 |05 |0*6 (07 |0+8 [0+9 |1-0
ABe|=1| -O+5( O +0+5 [+10|+1*5[+2:0([+25|+3-0(+3+5|+4-0
AP}|O =01} =0+2|=0+3[~04|=0+5|=0+6|=07 [=0+8|=0+9|=1-0




Ionisation (2)

O | O«1l |02 [0+3 |04 |05 | 06 [0«7 |0+8 |09 [1-0

ABr

-6 -5 -4 -3 -2 -1 0 +1 +2 +3 +4

AP

+1 | +0<8|+0¢€|+0+4|+02| O =0+2|~024|~0+6~0+8f =1

The concentration changes (for 1 Faraday of current)
obtained in two separate experiments gave the values

of t+ shovmn in Table 3.

Table 3. Transport Numbers for Phosphorus Pentabromide.

Expt. No. A in g. atoms. t,
Ionisn. (1) | Ionisn. (2)
1 ABr = «0+59 0.08 0«55
AP = =013 0+13 0. 57
2 ABr = =0+67 007 O+ 54
AP = +0-14 =013 0+ 44

Thus the more concordant set of results is obtain-
ed in the consideration of ionisation (2). The numer-
ical value of the transport number t, strongly
supports the idea that the ionic system must be des-~

cribed in terms of scheme. (2), for in systems in which
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the passage of current does not occur throurh a chain-
transfer process, the transport numbers of the ions are
found to be approximately equal (i.e. ca. 0-5). Since
in the present system a chain mechanism of conduction
(involving the solvent) is not possible then the value
of t, would be expected to be in the region of 0-5.

In the second experiment the observed diminution in the
amount of phosphorus in the cathode region can be ex-

plained only on the basis of a phosphorus-containing

anion.

It therefore seems certain that phosphorus penta-
bromide undergoes ionisation in acetonitrile solution

according to the following scheme -

+ -
2 PBrg = PBry + PBrg

This is therefore an example of a compound which in
the solid state has a stable ionic structure different
from that which is stable in solution. In this
connection it is necessary to bear in mind the effect
of the solvent in the stabilisation of the ionic

species in solution.
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PHOSPHORUS PENTABROMIDE - GROUP TVB METAL TETRAVALTDE

COMPLEXES

This subject was investigated to find out whether

phosphorus pentabromide resembled the pentachloride

in its ability to form ionic complexes with Group IVB
metal tetrahalides. Payne [26] has shown that non-
aqueous solutions of the compounds SnCl,.PCly and
Sn014.2P015 are highly conducting, and has established
that this cannot be explained on the basis of a molec-
ular dissociation of the complex followed by ionisation

of the components thus :

2 (snC1l,.PClg) = 2 8SnCl, + 2 PClg

T

+ -
PC1, + PClg

There is evidence which suggests that the 1:2
complex ionises in acetonitrile solution with the

production of the ions PClz and SnClg.

The present exploratory experiment with phosphorus

pentabromide and stannic bromide was carried out in an

attempt to discover if this system could form a parallel



series of compounds. The system was studied by con-
ductometric titration in acetonitrile and the results

are given in Table 4 and Fig. 4

Table 4. Conductometric Analysis of the System
PBr5 - SnBrl in acetonitrile.
Mole Ratio lO%« Mole Ratio 104k-
R -1 =1 . o A
PBrs.SnBr4 ohm.~cm. PBr5.SnBr4 ohm.“cm.,
0 0+ 31 1.53- 4+ 69
0-08 213 1-72 4+ 69
0-19 3415 1.91 4469
0+ 38 3+ 62 2.10 4473
0+ 57 390 230 473
Q77 433 2448 481
0+96 449 268 4.81
1-15 4457 287 492
1-34 4+ 61 306 5012

These results establish that phosphorus pentabromide
forms two distinct ionic complexes with stannic bromide

and these have the formulae SnBr4.PBr5 and SnBr¢2PBr5.

That is two types of complexes are present as in the
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phosphorus pentachloride - stannic chloride system.
There is no definite information about the structure
of the ions and no attempt has been made to isolate

either of the complexes.

It therefore seems that there may exist a series of

complex bromides based on phosphorus pentabromide.
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ABSORPTION SPECTRUM OF PHOSPHORUS PENTABROMIDE IN

VARIOUS SOLVENTS

(1) Acetonitrile Solutions.

Three solutions of different concentration were pre-
pared and their visible and ultra-violet absorption
measured. For comparison the spectrum of bromine in
the same solvent was determined. The curves obtained

are shown in Fig. 5.

The discontinuous nature of the absorption curve
of phosphorus pentabromide is evidence that the absorb-
ing species are members of a dissociating system. Thus
due to the equilibrium shifting on dilution the con-
centration of the absorbing species is not proportion-
81 to the molar concentration of phosphorus penta-
bromide. Consequently the value of the molar extinct-

ion coefficient varies with the concentration of the

solution.

The absorption curve of bromine in acetonitrile
is not as simple as that for a carbon tetrachloride
solution of bromine. The curve shows a shift of the

first maximum towards shorter wavelengths. This is
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similar to the behaviour of iodine in polar and non-

polar solvents.

The first maximum in the absorption spectrum of
bromine is at BQEQF, and in the spectrum of phosphorus
pentabromide an inflection is found at this wavelength
on each curve. FHence it is concluded that bromine
molecules are absorbing, and therefore in acetonitrile
solution, phosphorus pentabromide must undergo molec~

ular dissociation -

c—
PBrs.c— PBr3 + Br2

to a certain extent, as well as the

electrolytic dissociation already demonstrated.

Beyond this conclusion the problem becomes too

complex due to the possibility of absorption by the ions.

(2} Carbon Tetrachloride Solutions.

The absorption spectrum of phosphorus pentabromide
in carbon tetrachloride was redetermined, and in Fig. 6
the result is compared with the curve obtained by Popov

and Schmorr [17].
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It is seen that these curves are almost identical up
to the maximum of absorption (410 mp) but vary consider-

ably in the shorter wavelength region.

Some absorption curves of bromine in carbon tetra-
chloride were collected from the literature and com-
pared with the absorption spectrum as determined by
Popov and Schmorr [17 ]. These were all in good agree-
ment up to the maximum, but from thie point to shorter

wavelengths, the curves showed diverse shapes.

Considering phosphorus pentabromide solutions, if
it is assumed that only bromine is absorbing, then the
degree of dissociation of phosphorus pentabromide in
carbon tetrachloride may be calculated,provided Beer's
Law holds for the particular wavelength used. This
was done for the absorption at 500qp (using the
absorption spectrum of bromine in carbon tetrachlorice
found by Aickin, Bayliss, and Rees [27] ) and it was
calculated that the degree of dissociation was 90:5 %.
The same result was arrived at by Kastle and Beatty [1]
and by Popov and Schmorr [17]. The assumption that
bromine is the only absorbing species is very question-
able since it would be expected that the phosphorus

pentabromide molecule would absorb in this region of

wavelength ,



A CRYOQOSCOPIC STUDY OF THE SYSTEM PHOSPHORUS TRIBIOMIDE -

BROMINE IN VARIQUS SOLVENTS

l. SOLUTIONS IN NITROEENZENE .

Solutions of phosphorus pentabromide in nitrobenzene
have previously been studied by Finkelstein [8] who
found that the conductance of the solutions was very
emall (A, = 0-224 omm>lem? moleil , ¢, = 00147 ). 1%
is concluded that the electrolytic dissociation of
phosphorus pentabromide in this solvent is negligible.
A cryoscopic investigation of the phosphorus tribromide-~
bromine - nitrobenzene system would therefore be ex-
pected to yield some information of the extent of
molecular dissociation of phosphorus pentabromide in

nitrobenzene. The apparatus used in this investigation

is described in Appendix 5.

The problem was approached from the PBr5 + Brz
gide of the equilibrium. TFreezing points were deter-
mined first of all for phosphorus tribromide in nitro-
benzene and then for this solution containing added
amounts of bromine. These values are shown in Table 5

and the linear relationship found between freezing voint
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and the mole ratio Brg : PBrz (PBry being constant)
is illustrated in Fig. 7.

Table 5. Freezing Points in the System PBr; - Bro -

CeHENO0 .

Mole Ratio Freezing Pt.
Brg:PBry (Relative)
0 5-103
0+ 3677 4961
07867 4+809
12246 4+ 636
17463 4+445
2+ 3735 4221

From the experimental data and using 7.0 a8 the

cryoscopic constant of nitrobenzene [28] it is possible

The cryoscopic constant of nitrobenzene used here
appeared to be satisfactory in that the observed molec~
ular weight for phosphorus tribromide in solution was
271-2 (Calculated molecular weight = 270:7). It is
interesting to note that Larsen and Wittenburg [29]
who studied nitrobenzene solutions of complexes of the
type MC1l,.2P0Cly; (M = 2Zr, Hf) used the rather lower
value of 679 .
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to calculate the number (n) of particles present in the

solution at any mole ratio.

Note. In order to facilitate the calculations, con-
sideration was given only to integral mole ratios

and the freezing point.: at these ratios was obtained

from the graph.

Congideration of the Eguilibrium, PBr, + Bro = PBrg_

Let, ,K, = association constant.
x = moles of PBrz present at the start.
%, = degree of association of PBr:5 and Brg.

number of particles present in the solution

at the 1:1 ratio.

V = the volume of the system.
then for the equilibrium,
PBr5+Br2;" PBr5 .......'..........(1)

the expression for the association constant is

K = \/QX.—“V\)
\ ([n — x)?.

t
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and for a onefold and twofold excess of bromine in
the system (i.e. at mole ratios 2 and 3) the corresp-

onding expresgions are -

K — V2 (_31."‘ Q.D) . K — \/3 (4X "'3"\)

) —
2 x (p-2e)(n-x) T (n-3x)(p-x)
(Note : the antecedent subscript denotes the apvrop-
riate mole ratio Bro/PBrz, e.g. N = number of
particles in the solution at mole ratio = 3 )
A similar consideration of the equilibria -

PBr3+2Br2?’PBr7 ...l.ll........‘.(g)

and- PBr3+ 531‘2-.{:"; PBrg 00000000000000000(5)

enables us to write down the following set of express-

ions in which the symbols are self explanatory :-

Equilibrium (2),

K = Vx (2x-:n) N Vil CESP2))
2 N (!n-'x)z > 22 (2,n_x)3
3 -
K V2 (4 3"‘)

2T x (3n - 2x)(3r\ - x)"
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Equilibrium (3),

_ V 2 (2x—.n) L oK= Vi (3::.-—23'\)
"2 (xtn ) (n—x)? 23 n(h-x)?

—_ V3 (41-“'3“)
33 (an—-x_)“

Now substitution of the experimental results into
these nine expressions ought to reveal which equilib~
rium describes the system most closely. The result

of doing this is summarised in Table 6.

Table 6. Association Constants for the Iquilibria.

PBr5 - PBr.7 , PBr9
K, = 2:208 K, = 16-112 | Ky = 164-2
Ky = 2246 K, = 8-289 Ky = 4113
K, = 2731 5K, = 5-570 :,‘K.3 = 17.91

From these results it is clear that the equilibrium,

PBI‘S + Brzv‘_—‘- PBI‘5



describes the system better than any other single

equilibrium.

The values of degree of association for equilib=-

rium (1) are :-

O, = 001238
2.“( = 0'2408
30('( = 0+3462

An analysis of the results was carried out in an
attempt to discover if the system could be described
more completely by considering that the true state of
affairs was one in which a mixture of equilibria (1)
and (2) was present. This was done by introducing
a parameter X to relate the expressions for the two

equilibria.

. (V K,
J is defined as being equal to x| K, where

r=1, 2, 3 (i.e. the mole ratio Bry/PBrz) and it is
obvious that the value of this expression must be
constant. Therefore we can obtain three expressions

for X involving the degrees of association thus =

=R = 51~ (orze)
%= - S e

XK= 'L)LKL =& [3_ (?‘l"’ 23“2)]



Now using the following expressions involving X,

and vo(n. -

|°‘|+21°‘:." x ) 2.0(|+29?(z x

2%t 2§.><1= ~

it becomes possible to calculate the numerical values
of ‘,o(' and N for any arbitrary value of & . From
there it is possible to arrive at a set of values of
K, and K, for different values of & .(Table 7.).
Therefore by plotting on the one hand ‘,K‘ against x
and on the other le against & , in each case three
curves are obtained and the point of intersection of
these gave the value of KX which would result in a

constant set of rK’ and er. values.

The K, set of curves was found to have a point of
intersection at X = 19.06 and this corresponds with
an association constant K = 2.018 . The sz curves
gave the intersection value of A = 19-10 and the
corresponding value of va_ was 1448 . Values of

degree of association in the mixture were calculated
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Table 7. Association Constants for the Mixed Iiguilibria.

Ko, 2Ky 22 3K 3,
0 161100 842871 0 He 571

o olX
=

1.604 | 4+392 |1-360 | 3-723 | 1-167 | 3-194
10 1.859 | 2.544 [1.767 | 2-398 | 1+ 635 | 2+ 238
15 1.963 | 1-791 | 1-940 | 1-770 1~888 1.-722
20 24018 | 1+380 | 2+049 | 1-403 | 2:046 | 1-400
25 2053 | 1-124 | 2-122 | 1-161 | 2+154 | 1179
30 2077 | 0947 | 2172 | 0-991 | 2.233 | 1-019

and the final results are shown in Table 8.

Clearly therefore the system PBrS + Br2 in nitro~
benzene is completely described by considering the

presence of both equilibria,
PBI'S + Brg ;.'.."“_ PBI’5

and PBrz + 2 Brg?—*- PBry

with the first of these predominating. The degree of

association is relatively low or conversely it may be
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said that the degree of molecular dissociation of
phosphorus pentabromide in nitrobenzene is fairly

high (ca. 90 %.).

This result indicates that solutions of phosnhorus
pentabromide in nitrobenzene do contain PBr5 entities
and to a smaller extent some PBry entities. The
question of the structure of these units now arises,
but cannot be answered with certainty. The PBry unit

could be either a trigonal bipyramidal molecule or

it could be an ion pair.

The PBry, unit may be regarded as a complex formed
between the PBr5 entity and a bromine molecule through

the latter donating a pair of its unbonded electrons

to the phosphorus atom thus,

The phosphorus atom in this complex is seen to have

the same electronic structure as the phosphorus atom

in the PBrg ion.
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An ion pair formulation for the PBry molecule is
also possible ( [PBrZ][BrE] ) but it is worth while
remembering in this connection that PBrs.Br4 could

not be recognised as an ionic complex in acetonitrile

solution (page 14).

2. SOLUTIONS IN CARBON TETRACHLORIDE.

A cryoscopic investigation of the system phosphorus
tribromide - bromine in carbon tetrachloride would be
interesting as a means of verifying the findings
of spectrophotometric studies of solutions of phosph-
orus pentabromide [17,18]. Cryoscopy in carbon tetra=-
chloride has been reported twice in the literature [30,
31}, and it is noted that the walue of the cryoscopic

constant given in these papers varies from 29¢8 -~ 34.8 .

As a check on the experimental technique and in
order that a new value of cryoscopic constant might be
obtained, an experiment was carried out with nitro-

benzene as solute. In this way the value of X, was
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founa to be 32¢37 , which lies mid-way between the
extreme values found in the literature. It is note-~
worthy that very little supercooling .(ca. 0+1 C°)

was observed with this solvent.

When an attempt was made to study the phosphorus
tribromide - bromine system it was found that at
workable concentrations of the components, the com-
plex PBrg.2CCl, crystallised from the solution before
the freezing point of carbon tetrachloride was reached,

thus invalidating the method for this study.

The saturation solubility of phosphorus pentabromide
in carbon tetrachloride has been determined from 5 =

25 °C. and the following values of molality were found,

259 eesee 20614 x 10-4

160 ..... 2-285 x 10~%
59 sue.. 10625 x 1072
That is,the solubility falls quite rapidly with a
drop in temperature. TFor a depression in freezing
point of 1 C° (considering no dissociation of PBrg)
-2

the solution would require a molality of 3-1 x 10 %,

at the freezing point, therefore it seems unlikely
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that a sufficiently large depression would be obtained
if the concentration used in the above experiment were

made much lower.
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VAPOUL PHASE STUDY OF PHOSPHOLRUS PENTABROMIDE

Text-books on chemistry invariably state that the
vapour of phosphorus pentabromide is formed with
dissociation to bromine and phosphorus tribromide.

A literature survey however reveals that vapour density
measurements on phosvhorus pentabromide have not
previously been reported. Therefore there is no
available information about the degree of dissociation
at a given temperature. It was thought desirable to
make a study of the vapour phase of phosphorus penta-
bromide in an attempt to acquire some information of

its composition.

The pressure of a known volume and mass of phosph-
orus pentabromide wvapour was measured over a range of
temperatures by a static (spoon-guage) method, and the
results of this are recorded in Table 9. These results
are plotted in Fig. 8 from which it is seen that the
commencement of the straight-line portion of the curve
coincides with the observed disappearance of the last
traces of liquid (at about 110 °C.). Thus it is
possible to calculate the apparent molecular weight

of the vapour at any temperature between 110° and 180°C.
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Table 9. Vapour Pressure of Phosphorus Pentabromide.

Ascending Pressure Descending |- Pressure
Tmp. (°C) (mm) Tmp. (°C) (mm)
-180 o) 1630 149+ 40
610 30+ 45 153-0 146+ 43
760 765-85 1345 139+93
990 12193 1255 136476
113-0 13248 1120 132« 33
1280 137+ 46 1000 12826
1395 141-59 85+5 107+ 04
151-0 145458 700 7503
1600 14867 19-2 075
171+0 152+ 33
179+0 15497

This was done for several temperatures and the results
obtained are shown in Table 10. From these it must
be concluded that in the temperature range and pressure
range studied dissociation is complete. In other
words, the phosphorus pentabromide molecule does not

exist in the vapour under these conditions. It would
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Table 10. Degree of Dissociation of Phosvhorus Penta~

bromide in the Vapour.,

Temp e Observed M.W. Degree of
(eC) (Theor = 430+6) Dissociation
110.0 215+11 10016 %
150+ 0 215.02 10024 %
18040 215.71 9960 %

be interesting to know the degree of dissociation of
the vapour at lower temperatures and an experiment to

measure this would be worth while doinge.

The part of the graph up to 110 °C represents the
vapour pressure of the dissociating compound. The
pressures recorded are lower than those previousgly
reported [9, 10] and for comparison all three sets of

results are given in Fig. 9.

By extrapolation the apparent boiling point of
phosphorus pentabromide is found to be 108 °C (pre-
viously accepted value = 106 °C.). The liquid vhase

was observed to appear at ca. 70 = 75 °C (previous
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workers found that this occurred at about 85 °C.).
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EXPERIMENTAL _PART

PURIFICATION OF MATERIALS

Solvents were in general purified by allowing the
liquid to stand over a suitable desiccating agent and
then distilling it. Acetonitrile, nitrobenzene, and

carbon tetrachloride received special attention.

ACETONITRIIE .

The most satisfactory starting material
was found to be the product of B.D.H., Ltd. This
material was further purified by a modification of
the procedure described by Smith and Witten [32].

The crude material was left standing over AnalaR
potassium hydroxide pellets for 7 days. It was then
filtered and distilled directly into a flask contain-
ing calcium chloride (14 - 20 mesh), over which it

was allowed to stand for a further period of several
days. The liquid was then again filtered and distilled
on to phosphorus pentoxide. The digtillate was then
redistilled on to fresh phosphorus pentoxide, and this

procedure was repeated until the phosphorus pentoxide



in the receiving flask did not remain bound to the
flask when the latter was swirled. At this stage too
the distillate did not produce a yellow colour in the
desiccant. The acetonitrile was then stored in a
glass-stoppered flask over the phosphorus pentoxide
until it was required for use. The acetonitrile was
then distilled from the storage flask, and the distill-
ate (which was very slightly cloudy) was distilled

in vacuo from ca. 0°C to ~183 °C. This removed traces
of phosphorus pentoxide which otherwise sublimed over
during distillation from the desiccating agent at

ordinary pressures.

b.p. = 81 - 82 °C (760mm) 3 nar = 1-3431

]

ca. 1077 ohm'Zlcm.':1 at 25 °C.
5 1

K

(impure material, & = 3¢5 x 10~ ohm., cmt )

NITROBENZENE .

The preparation of pure nitrobenzene
for conductance measurements has been described by
Kraus and Taylor [33]. Commercial nitrobenzene
(Hopkin and Williams) was washed with aqueous sulph-

uric acid (1 acid : 2 water) and then with water.



This was followed by washing with saturated caustic
soda solution till the aqueous layer was colourless
and finally the material was washed with water until
neutral to litmus. The nitrobenzene was allowed to
stand over 14 - 20 mesh calcium chloride for several
days. After filtration it was distilled at ordinary
pressure. The first fraction (azeotrope with water)
was discarded and the fraction which boiled at 206 -
208 °C. was taken. The ﬁitrobenzene was then fract-
ionally frozen once, and the unfrozen liquid amounting
to a quarter of the total volume was poured off. The
liquid was then distilled under reduced pressure (ca.
2 mm.). The first and last portions were rejected

and the fraction distilling between 64 - 68 °C. was

taken.

7 1

£ =2 x 10" obmitemit at 25 °C.

CARBON TETRACHLORIDE.

The method used to obtain pure
carbon tetrachloride was a variation of that described
by Popov and Schmorr [17]. Carbon tetrachloride (H.

and W.) (500 cc.} was refluxed for 10 hours with a



saturated solution of potassium permanganate in 2 N
sodium hydroxide solution (100 cec.). The carbon
tetrachloride was then separateﬁ and washed several
times with water. The material was submitted to a
preliminary drying by anhydrous magnesium sulphate,
and was then filtered and distilled on to phosphorus
pentoxide, and the carbon tetrachloride was distilled
several times from the drying agent on to fresh
phosphorus pentoxide.

blp. = 75'8 - 76'0 °C. (760 m.)

PHOSPHORUS PENTABROMIDE .

Recrystallisation of commerc-
cial phosphorus pentabromide (B.D.H.) was the method
adopted (compare the method used by Van Driel and
Gerding [10] ). The crude material (10 g.) was dis-
solved in pure nitrobenzene (50 cc.) at 60 °C. A fine
white residue remained and this was removed by filter-
ing the solution through a sintered glass filter (of
special design to enable the operation to be carried
ovt under anhydrous conditions). The solution was

cooled and the phosphorus pentabromide came out of



solution as fine yellow crystals, which were separ-
atéd by filtration. The crystals were washed with

sodium dried ether (100 cc.) and stored in a ground
glass stoppered tube kept in a desiccator. Analysis
revealed that the product was pure phosphorus penta-

bromide.

PHOSPHORUS TRIBROMIDE.

The crude liquid (B.D.H.) which
was pale yellow in colour was distilled using a short
column ét ordinary pressure, yielding a colourless,
slightly turbid product (b.p., 172 - 173 °C.). The
compound was then fractionated in wvacuo as follows.
The liquid was transferred in flask A to a fraction-
ation line of the vacuum system (Fig. 10) which was
evacuated as far as tap Tl. The phosphorus tribromide
in flask A was cooled to =183 °C. (liquid oxygen) and
then tap T, was opened. The phosphorus tribromide
was then degassed before fractionation by closing
tap Tl’ allowing the solid to melt, refreezing and

pumping off again through tap T;+ This was repeated
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twice, after which the thosphorus tribromide wrs

ready for fractionation. Tap To was closed and tap Tq
opened and the phosphorus tribromide was made to
distil from flask A into trap B by cooling the latter
to =183 °C. When the trap was filled, tap T, was
closed and constriction F was sealed off. The phosph-
orus tribromide in trap B was allowed to warm up and
then about four-fifths of its bulk was distilled into
trap C. Constriction G was then sealed. This dist~
illation was repeated from trap C to trap D. Thusg in
each case the residual less volatile fraction was re-
jected by sealing off the trap containing it. 1In
order to remove the more volatile Impurities in the
phosphorus tribromide, such as hydrogen bromide, about
one quarter of the material in trap D was distilled

into trap E and then constriction I was sealed.

The purified phosphorus tribromide remaining in
trap D was then distilled into the tube-ampoules J
which were sealed off. The final product was a clear,
colourless, refractive liquid, and it was stored in the

ampoules until required for use.
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BROMINE .

AnalaR bromine (B.D.H.) was placed in a small
flask attached to the vacuum system and pumped off to
remove the more volatile impurities. The bromine was
then cooled to 0 °C and distilled in wvacuo into am-
poules cooled to =85 °C (acetone - Drikold mixture).
These ampoules were sealed off and the bromine stored

thus.

PHOSPHORUS OXYBROMIDE. [34]

This compound was pre-
pared by heating an intimate mixture of finely divid-
ed phosphorus pentoxide (12 g.) and phosphorus penta-
bromide (100 g.) very gently and slowly on a water
bath till the mass completely liquefied (2 hours).
The temperature was then raised slowly over 1 hour
and finally the phosphorus oxybromide was allowed to
distil over at atmospheric pressure. The middle
fraction (b.p., 194 °C) was collected. The material
obtained was a white crystalline solid, and this was

carefully protected from atmospheric moisture.
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STANNIC BROMIDE.

Stannic bromide was prepared by
dropping a solution of bromine (70 g.) in carbon di-
sulphide (50 g.) on to metallic tin (24 g.). The
resulting solution was fractionally distilled at atmos-
pheric pressure and the stannic bromide was collected
at 200 °C. It was a white solid and was stored in a

glass stoppered bottle.

PREPARATION OF WEIGHED SAMPLES OF LIQUIDS.

In the work leading to this part and the other two
parts of the thesis it was often necessary to add a
known weight of a liquid compound to a system. It
was found that the most convenient way of doing this
was to introduce the known weight of material enclos-

ed in a bulb-ampoule, and then to break this bulb.

The unfilled bulb, whose open end terminated in a
B 7 cone, was initially weighed. It was then attached

to the vacuum system by means of the joint, filled by
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distillation, and finally sealed off at the narrow
neck. The detached cone was then carefully freed

from tap-grease and weighed along with the bulb plus

its contents.

The material used to f£ill the bulb was invariably
obtained from a storage ampoule (tube type) which
was broken in a standard hreaker attached to the

system.

CONDUCTOMETRIC TITRATIONS.

The apparatus used in this
method of analysis is described in Appendix 3 where
the procedure is given in some detail. The concen-
trations of the solutions used were carefully pre-
arranged so that the desired range of mole ratio
would be covered. Solutions of bromine and phosphorus
tribromide in acetonitrile were prepared by the break-
ing of weighed ampoules in known amounts of the sol-
vent. Solid solutes were weighed out by difference in

the normal manner. In the phosvhorus tribromide -
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bromine system, the bromine solution was the titrant;
and in the phosphorus pentabromide - stannic bromide
system the pentabromide solution was employed as tit-

rant.

MEASUREMENT OF CONDUCTANCE .

The conductance cell,
which was of the pipette type, was incorporated in
the vacuum system, and the essential features are
shown in Fig. 11. The solute (about the correct
quantity) was transferred to tube A, either by direct
addition or by distillation in the case of volatile
compounds. The solvent, initially contained in flask
B was then allowed to distil into tube A by surround-
ing the latter with a suitable coolant (usually liquid
oxygen). To achieve mixing after the solvent had
melted, dry air was bubbled through the solutionj
pressure differences being arranged by careful ad~
justment of taps Ty and Toe The cell was then filled
by the application of suitable pressure differences.

The electrode chamber was then surrounded by a water
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thermostat bath at 25 °C and conductance measurements
were begun. This was done using a Mullard Conductance
Bridge (Type E 7566). The electrodes of the cell

were made of smooth platinum each 1 cm% in area and

1

the cell constant was 0500 cm.”~ (found using standard

potassium chloride solutions [35] ).

The concentrations of the solutions were deter-
mined by chemical analysis. After the measurement of
conductance, the solution was returned to tube A, and
from this measured samples of the solution were taken.
These were hydrolysed by dilute sbdium hydroxide sol-
ution and the resulting solutions were analysed in
the appropriate way (invariabiy by estimation of

halide ion content by Volhard's method).

ELECTROLYSTS EXPERIMENTS.

The electrolysis cell used in
these experiments is described in Appendix 4. Results
were considered valid only if the middle solution

varied negligibly in concentration after the experi-



ment from the concentration of the original solution.
Methods of determining the bromine and phosphorus
content of the various solutions were the general ones

described in the section entitled "Methods of Analysis".

ABSORPTION SPECTRA.

Absorption speétra were measured
using & Unicam Ultraviolet Spectrophotometer. The
solutions were contained in 1 cm. quartz cells with
ground glass joints. These solutions were prepared
by a procedure similar to that used in the conduct-
ance experiments, and the solutions were transferred
to the cells by a simple pressure difference tech-

nigque. Measurements were made at 20 °C.

CRYOSCOPY .

The cryoscopic cell and its use is described
in Appendix 5. When nitrobenzene was used as solvent
the cooling agent was a water - ice mixture at 05 ©°C.

In the case of the experiment done with carbon tetra-
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chloride (fe.p.,—22¢8 °C) as solvent, the coolant was
acetone maintained at about =30 °C by adding to it

small pieces of 'Drikold’.

After the freezing point of the pure solvent had
been found, phosphorus tribromide was introduced and
the freezing point redetermined. Bromine was then
added in stages and the freezing point of the solution

determined after each addition.

VAPOUR _DENSITY MEASUREMENT.

The determination of the
vapour density (or apparent molecular weight of vapour)
of phosphorus pentabromide was done by a constant
volume method and the apparatus is shown diagrammatic-

ally in Fig. 12. The following is a description of
the method.

Pressure Measurement.

The spoon guage in this system was used as a null
instrument in which the deflection of the pointer was

magnified by the optical lever principle. The point-
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er of the guage was made to actuate a small delicate-
1y balanced mirror which reflected a parallel beam of
light on to a scale situated at a distance of 1 metre.
A pressure differential of 0¢1 mm. of mercury across
the guege resulted in the beam of light being deflect-
ed 20 mm. at the scale. The zero point of the instru~

ment could therefore be determined with high accuracy.

The vapour pressure of the compound being investig-
ated was compensated by admitting dry air from vessel
G through tap Ty to the chamber F. High sensitivity
of this adjustment was afforded by the capillary lezk
C and the air-surge chamber E. Vhen it was necessary
to reduce the pressure in this part of the apparatus,
the section was connected to the vacuum line via tap
To and the fine constriction D. Thus when the press-

ures on either side of the diaphragm had been equilib

rated, the pressure could be obtained from the wide
bore (10 mm.) mercury manometers A and B which were
arranged close to one another and which used a common
mercury reservoir. Manometer A was employed as an
ordinary barometer and the difference in the levels of

mercury in A and B (read by means of an accurate



(0+C1 mm.) cathetometer) was therefore the pressure

of the gas above the mercury in B.

Temperature Control.

Use was made of a paraffin o0il thermostat which was
heated by two 500 watt immersion heaters. Temper-
ature control was effected using a Sunvic Thermo~

regulator (Type TS 2 NC) and Relay (Type F 102/3).

In measuring the vapour density of phosphorus
pentabromide, the compound was weighed out in a small
tube with a ground glass stopper (B 7) and this was
then placed inside tube H of the wvapour density
apparatus. The lower part of this tube was surround-
ed by liquid oxygen, whilst the upper part was removed
by sealing at the point shown in the diagram. With
taps T; and T, opened, the system was evacuated for an
hour and following this constriction J was sealed off.
The phosphorus pentabromide was thus contained in an
all glass system (capacity about 150 cc.) and the

measurement of pressure variation with temperature
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was the next stage in the experiment.

The constant volume part of the apparatus was
surrounded by the thermostat bath up to the level
indicated. The temperature was then raised in stages
(giving the system time to attain equilibrium at
each stage) and the corresponding pressures noted.
After the maximum temperature had been reached, a
series of pressure measurements was made for descend-
ing temperature steps.- At room temperature,seal I
was broken magnetically, taking care that in doing so,
no pressure differential across the guage would result.
The phosphorus pentabromide was then removed from the

system by pumping.

Finally the capacity of the system (i.c. the 'con-
stant volume') was determined by dismantling the
apparatus at convenient places and filling it with
water of which the volume could easily be determined.
This was found to yield a more reliable result than

the usual method of expanding a gas within the system.
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X-RAY POWDER PHOTOGRAPHY.

The series of photographs
was taken using a 'Unicam' 19 inch powder camera.
Specimens were mounted in sealed capillary tubes
(Pyrex glass). Very fast, high contrast film (Ilford-
Industrial G) was used. The radiation used was CuKg

and the average exposure of each film was five hours.

METHODS OF AWALYSIS.

(a) Solid Phosphorus Pentabromide.

A Xnown weight of the material was hydrolysed by
dilute (2N) sodium hydroxide solution. This solution
was made.up in a sgstandard flask, and aliguot portions
of the resulting solution were analysed for bromide
ion and phosphate ion. The bromide ion content was
determined by Volhard's method, and the phosphate ion
was precipitated as magnesium ammonium phosphate which

was ignited and weighed as magnesium pyrophosphate.
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(b) Solutions of Phosphorus Pentabromide.

The solutions were first of all hydrolysed by
boiling with dilute sodium hydroxide solution, and
the bromide and phosphate ions were then estimated

in the usual way.

The validity of this procedure in the case of aceto-
nitrile solutions was checked using a standard solution
of phosphorus pentabromide in acetonitrile. The

results obtained were,

0+ 845 g.

il

By analysis, wt. of Br in 100cc. of solution

By weight, " " n " n 0850 g.
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INTRODUCTION

Studies on the reaction between bromine and
phosphorus trichloride fall historically into three
periods during which attempts have been made to
isolate or recognise the existence of bromide chlor-
ides of phosphorus. The work done during the first
two periods (1847 -~ 1886 and 1928 -~ 1934) had as its
main object the synthesis of compounds from the phos-
phorus trichloride - bromine system’and consequently
the literature contains many preparative and anal-
ytical descriptions. Data on the substances obtained
is scant and is limited to a few physical character-
istics (e.z. melting points and shape and colour of
crystals) and some solvolytic chemical reactions, but
no light is shed on their chemical nature. The third
period (1951 - present) is one in which the phosphorus
trichloride ~ bromine system has been the subject of
investigation by the methods of physical chemistry,
with the object of identifying the stable units in
the system and obtaining knowledge of their chemical

type.
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lst Period.

The first mention in the literature of the
existence of a phosphorus bromide chloride is in a
paper by Wurtz [36] who claims that he had prepared
the compound PClBBrz. However in this paper there

are no preparative or analytical details.

Gladstone [37] studied the reaction between phos-
phorus trichloride and bromine in an attempt to prep-

are P013Br2 but his efforts were unsuccessful.

Later, Wichelhaus [38] reported that he had syn-
thesised PClzBry by cooling an equimolar mixture of
phosphorus trichloride and bromine in a freezing
mixture. No analytical data are given and Wichelhaus
says that the reaction goes in reverse when the solid

is melted.

A more thorough investigation of the phosphorus
trichloride - bromine system was carried out by
Prinvault [39, 40] who, like Gladstone, was unable to
isolate a compound of formula PClsBr2. Prinvault
added bromine to phosphorus trichloride and heated the

resultant homogeneous liquid on a water-bath till no
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more bromine was evolved and in this way he 6btained
a red liquid which crystallised at =4 to ~=5 °C into
brown o0ily needles. The composition of this material
was found to correspond with the formula PClSBr8 and
it is stated that this compound has a colourless
vapour. Another compound PClsBr4 was obtained by the
reaction between PClBBr8 and phosphorus trichloride.
Prinvault puts forward the claim that he isolated

two other bromide chlorides of phosphorus of formulae
PClgBr7 and Pcl4Br. He suggests that the PClsBrB and
PClzBr7 should be written as addition compounds of

phosphorus pentabromide with bromine chloride

PClsBr8 = PBr5.SBrCI

I

PC1l. Br PBr_ .2BrCl

2777 5

Michaelis [41] repeated Wichelhaus's experiment on
the attempted preparation of PClsBrz with the same
results 3 but he found that if the mixture of phosph-
orus trichloride and bromine was kept for a week in a
sealed tube at low temperature, a yellow crystalline

solid (resembling PBrg) was obtained which did not
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separate into two layers on liquefaction. Analysis
of the material did not yield a definite result but
Michaelis says that the material is PClzBrg + 5:2 %

phosphorus trichloride.

In another experiment, Michaelis [42] took the
lower liquid layer which is formed on mixing phosphor-
us trichloride and bromine, and he seeded this with a
crystal of his PClzBrs. 1In this way he obtained dark
red crystals with a blue tinge, and this material
analysed for PClsBr4. A compound of formula PClSBr8
was also obtained by adding a large exéess of bromine
to phosphorus trichloride. This compound which formed
brown needles had a melting point of 25 °C, in contrast

with Prinvaults preparation wvhich melted at -4 ©°C.

Prinvault's formulation of some of these compounds
as addition products of phosphorus pentabromide and
bromine chloride is criticised by Michaelis who found
that their reaction with sulphur dioxide did not as
would be expected yield phosphorus oxybromide and
bromine chloride. Michaelis found that the compounds

behaved as a mixture of PClsBrz and bromine and he
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suggests that the compounds are of the general type
PClsBrg.xBrz. Thus they would appear to be members of

a group of molecular addition compounds of PCl.Bry :-

PClsBr4 PCl.Br

372

.Br2

PClzBrg = PCl:Bry.3Bry

This is compared with the series of addition com-

pounds having phosphorus pentachloride as the parent,

Cele PC15 «IC1
PClg.SnCl,
PClg.FeCly

This idea has however been criticised by Geuther [43]
who says that it is based on the compounds reacting
with sulphur dioxide to yield phosphorus oxychloride,
sulphur tetrabromide, and bromine, but no phosphorus
oxybromide. Michaelis' argument assumes that phosphorus
oxybromide and bromine chloride do not interact with the
formation of phosphorus oxychloride whereas in fact
Geuther has found that such a reaction does occur;

thus rendering Michaelis' results inconclusive.
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Stern [44] thought that a more complete investig-
ation of the reaction between bromine and phosphorus
trichloride was esgsential and to this end he carried
out experiments on this system, analysing the products
at each stage. He obtained results which suggested
that the following sequence of reactions occurred.
Equimolar amounts of phosvhorus trichloride and bromine
resulted in the formation of PClzBr, and the addition
of a further mole of bromine brought about the re-
placement of one chlorine atom by a bromine atom
giving PClzBrs. A further mole of bromine can then
be added on to give PCloBrg. Stern says that this
compound could 2dd on more bromine at low temperatures,
and he makes the general statement that the lower the
temperature then the greater the number of halogen

atoms with which phosphorus can combine.

2nd Period.

The subject of bromide chlorides of phosph-
orus was taken up again about twenty years later by
Milobedski and Krakowiecki [45, 46] who found that

the phosphorus trichloride -~ bromine system yielded a



yellow crystalline compound of formula PCl4Br, but
they were unable to prepare the compound PClSBrg.
They have found that bromine vapour reacts with the
vapour of phosphorus trichloride to produce a number
of crystalline phases of general types PClzBrn ’
PClsBrn in which n = 2 -« 10. The parent compounds

in these series are regarded as PCl,Br and PCl4Br.

For example they suggest that,

]

P0123r7

P2016Br8

PclgBr.Br6

PCl4Br + PClzBr.Br6

The same authors [47] carried out an extensive
series of experiments in which mixtures of phosphorus
trichloride and bromine were prepared in various
proportions from PCls : 0-0833Br to PClz : 20Br,

and they came to the conclusion that four phases were

formed at 25 °C, namely,

(a) a yellow crystalline phase of limiting compos-
ition P014Br.
Br,.

(b) a red crystalline phase PCl, 5
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fec) a light -red liquid phase whose composition varied

(d) a brown-red liquid phase with a composition ranging

from PCla, 439BT . gyy to PClzBry,-.

Milobedski and Krakowiecki found that the cryst-
alline mixtures on evaporation yielded yellow crystals,
therefore they regarded the mixtures not as simple
addition products of phosphorus trichloride and bromine
but as solid mixtures composed probably of PCl4Br,

PClzBr5, and bromine, thus,

i

P014Br + PClgBrg + 15 Bry

A short time later the phosphorus trichloride -
bromine system was studied by Renc [48] whose con-
clusions were essentially similar to those of Milo~
bedski and Krakowiecki. Renc found that at 135 °C

P014Br was converted into a crystalline phase,

PC14.5BrO.5, a deep~red liguid, P013.4Br3.6, and a

light-red liquid P012-87Br0-27’ Much work was done



by Renc [49, 50, 51] in an endeavour to prepare
phosphorus bromide chlorides starting from phosphorus
penta- or tri- bromide and penta- or tri- chloride.

He heated these compounds together in a sealed tube

at 135 °C and obtained mixtures of variable compos=
ition similar to those obtained in the direct reaction
of bromine and phosvhorus trichloride. The same pro-
ducts were obtained when the mixtures were made in
carbon disulphide solution. In this way Renc obtained

a crystalline substance of approximate composition

PClBr4.

The relative proportion of bromine and chlorine
present in the initially formed bromide chloride is
reported to change slightly when the environment is
changed. TFor example crystals with more than three
atoms of chlorine per atom of phosphorus lose bromine
under reduced pressure yielding products of limiting
composition PCl4Br. Similarly recrystallisation of
these compounds from carbon disulphide results in a
change of composition of the solid phase in such a

way that the crystals obtained contain more of the
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halofgen which was originally present in greater
abundance. This type of behaviour has been met with
in the work on triphenoxyphosphorus dihalides which is

described in Part III of the thesis.

3rd Period.

A physico=chemical approach to the study of
the phosphorus trichloride - bromine system has recently
been initiated simultaneously by Fialkov and his co-
workers in Russia and Payne and his co~workers in
Glasgow. Part II of this thesis is the author's con-

tribution to the findings of the latter school.

Fialkov and Kuz'menko [52] made a thermal analysis
of the phosphorus trichloride - bromine system, and the
diagram they obtained contained two maxima at compos=~
itions corresponding to PClzBr, and PClzBryg ;3 and
methods are described for the preparation of solids
having these formulae. They found that these com-
pounds are good conductors of electricity in the liquid

state (PCl,Br, has 4 = 1-82 x 10™% at 35 °C ; PC1.Br

4 18
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has £ = 801 x 10"2 at 25 °C), but only PClsBr18 con-

3

ducts in the solid state (4= 153 x 10"~ at 20 °C.).

Viscosity measurements on the system [53] indicate

the existence of yet another compound PClSBrB.

Fialkov and Kuz'menko have studied the specific
conductances of these three compounds in nitrobenzene

solution and have found that it increases in the

2 1 -1
order PClSBr 2 < P015}3r8< 13013131‘18, )

As a result of transport experiments they suggest that

(£#= 10"° ohm<~cm<™).
the compounds have a halogenophosphonium polyhalide
type of structure [PClSBr][Br(Brg)n]. The reaction
between phosphorus trichloride and bromine is there-~

fore considered to take the course -

PCl, L, PC1,Br, — [PC1,Br |Br iB—fae [PC1Br ] [Br(Bry), ]

The higher conductances noted when the bromine con-
tent is increased is attributed to a shifting to the

left of the thermal dissociation equilibrium -
-—D —
I’Clg(Brg)n = ZI':"<313(B::'2)n._1 + By, = +++ = PCl; + nBr,

resulting in an enhancement of ionisable species.



In their investigation of the conductances of the
various complexéds in nitrobenzene, Fialkov and
Kuz'menko have made use of concentrations much higher
than those normally encountered in studies of elect~-
rolytic conductance. Their conductance measurements
in fact cover a range of concentrations from 0+4M to
50M. Values of concentration used in the present work
are however similar to those used in previous studies
of phosphorus halides [23, This thesis parts I and III],
that is from 001 M to 01 M.

As well as recognising the need for physico-chemical
analysis of the systems phosphorus trichloride ~ bromine -
solvent, it was thought desirable to attempt the prep-
aration of phosphorus bromide chlorides, since much of
the data found in the literature and especially in the
earlier papers seem to be rather doubtful and at times

contradictory.



RESULTS AND DISCUSSION

CONDUCTOMETRIC AWATYSIS OF THE SYSTEM PHOSPHORUS

TRICHLORIDE - BROMINE IN VARIQUS SOLVENTS.

This series of experiments was carried out in
order to investigate the possible existence in sol-
ution of ionic complexes formed from phosphorus tri-
chloride and bromine. If these compounds interact
rapidly to produce ionic species then the process
should be reflected in the shape of the specific

conductance - mole ratio graphe.

Acetonitrile as Solvent.

The addition of bromine to
phosphorus trichloride in acetonitiile solution was
found to produce a marked increase in the conduct-
ance of the latter solution, but it was found that
the conductance of the mixture did not attain a
stationary value within a short time. A 1:1 mixture
of phosphorus trichloride and bromine in acetonitrile

was prepared and its conductance noted at intervals,
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and in this way a variation in conductance with time
as shown in Fig. 13 was obtained. This clearly in-
dicates that the system PCl3 - Br2 - CHSCN is not

amenable to conductometric analysis.

Parallel with the conductance drift, a change in
the colour of the solution was observed ; originally
the solution had a deep orange colour and this grad-
ually diminished to a pale yellow colour. Thus it is
quite obvious that some fundamental change is taking
place in the system and this may be simply reaction
between the phosphorus trichloride and bromine or
reaction between one or both of these compounds’and
the acetonitrile. To elucidate this point, a yellow
solution of phosphorus trichloride and bromine in
acetonitrile was cooled to -30 °C and the solvent
removed under vacuum. In this way a gelatinous yellow
residue was obtained and this material was found to
contain nitrogen (abundantly), phosphorus, chlorine,
and bromine. This strongly suggests that chemical
reaction involving the solvent occurred and hence
acetonitrile must be regarded as an unsuitable

solvent for the present study.
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Nitrobenzene as Solvent.

The molar conductances of
solutions of phosphorus trichloride and bromine in

nitrobenzene are low,

0-0099 ohm: cm> molei’ at c. = 0+01837

PClz 3 A m

m

Brg s [\

m= 04056 " " " _  atc = 0-03608

[The conductance of the phosphorus trichloride sol-
ution was steady, but that of the bromine solution
rose very slightly with time (077 x 10~6 onmTlemsl
per hour) ]

| The titration of one solution by the other resulted
in an increase in specific conductance as shown in
Table 11 and Fig. 14. The conductance values at each

stage in the titration attained a steady value.

It is seen that the graph has two rather poorly
defined inflections at compositions corresponding to
PClsBrB, and approximately PClSB:4 , and the molar
conductances calculated for the solution at these mole

ratios are :-



Table 11. Conductometric Analysis of the System
PClz = Bro in nitrobenzene.
Mole Ratio 106&- Mole Ratio 106&-
. -1 =1 . -1 =1
Brz.PCI5 ohm."cm. Brz.PCI3 ohm. cm.
000 024 299 486
0-18 1.07 3+ 34 5.22
Q0«52 1.36 3+ 68 5. 57
087 1.75 3+ 85 5477
1-22 2427 4-19 603
1-58 2+79 454 6+ 22
1-94 343 4+89 6+ 45
2429 4+02 5e24 6+ 61
2+ 64 4+ 54
PCl.Br, $/\ = 0-21 ohm- em> mole:’ at ¢, = 0-01642
3 r4 H m= ‘ (») « Cme MoOle. a cm =
PClsBr& ;_[H“= 033 " " . at Cp = 0:01483
It is interesting to note that phosphorus penta-

chloride in nitrobenzene has a molar conductance of

about ten times these values at similar concentrations
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Fig. 14. Conductometric Analysis of the System

‘PCl, - Bro, = nitrobenzene.
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[23]. The increase in specific conductance with in-
creasing mole ratio of bromine to phosphorus tri-
bromide is in agreement with the observations of

Fialkov and Kuz'menko [53].

Phosphorug Oxychloride as Solvent.

Conductometric
titration of phosphorus trichloride with bromine in
phosphorus oxychloride solution gave the results
shown in Table 12 and Fig. 15. Molar conductance
values of the separate components in phosphorus oxy-

chloride were found to be ¢

1l

A 0+023 ohmzlcm% mole’ 0+ 0244

[
]

at Cm

[}

AN

L 1)

Brz 0.013 " " " . at Cm 0+ 0325

m

With this solvent as with nitrobenzene, the con-~
ductance of the solution was quite stable after each
addition of titrant. Addition of bromine to the
phosphorus trichloride solution produces only a very
slight rise in conductance of the latter, but by

drawing the graph with a 1a}ge sﬁecific conductance
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Table 12, Conductometric Analysis of the System

PCl, = Br, in phosphorus oxychloride.

Mole Ratio 106k' Mole Ratio 106k
Br,:PCl, ohm?tem71 Br,:PCl, ohm=1em?!
0+ 00 0227 2444 0+ 570
0+ 30 0298 275 0+ 635
0+ 60 0+ 356 3204 0+ 642
0+91 0-411 333 0+ 680
1-21 0+ 454 3+ 63 0+710
1.52 0496 393 0-739
1.98 0+ 557 4. 39 0+774

2:14 0+ 570

scale the curve is seen to have two weak inflections

at the ratios 1 and 2 corresponding to P0133r2 and

PCl.Br The corresponding molar conductances at

3°"4°
these ratios are s~

PClzBry 3 A, = 0-031 ohm:'cm? molel; o = 0-0137

i

PClsBr, ;[\ = 0-046 " " " , cp = 00123
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Fig. 15, Conductometric Analysis of the System
PCl, -~ Br, - POCISL
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That is, the values are about equal to the molar
conductance of bromine in phosphorus oxychloride,
hence the rise in conductance during the titration
is in large part due to the introduction of bromine
to the solution. The inflections on the titration
curve may have little significange but it is interest-
ing to note that they appear at the integral mole
ratios 1 and 2.

Conclusions.

Only in the case of nitrobenzene solutions
is there any definite evidence that phosphorus tri-
chloride and bromine interact with the formation of
ions, and the conductometric analysis graph indicates
that the ionic comnlexes formed in this system have
probably the compositions PCl3Br4 and PCl3Br8. This
is interesting since Fialkov and Kuz'menko [52] have
reported the isolation of PClsBr4,and their viscosity
experiments [53] suggest the existence of a compound
with the formula PCl,Brg. From the values of con=-

ductance found in the system, these compounds, if they
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exist, must be ionised to a very small extent, and it
would seem that in this system the molecular type of
dissociation might play an even more important réle

than it does in the phosphorus tribromide - bromine =

nitrobenzene system.

JONREN
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CRYOSCOPIC STUDY OF THE SYSTEM PHOSPHORUS TRICHLORIDE ~

BROMINE - NITROBENZENE.

A study of the association of phosphorus trichlor-
ide and bromine occurring in nitrobenzene solution
was carried out by estimating cryoscopically the
number of particles present in the system and relat-
ing this to the most likely equilibria. Values of
the freezing point of the nitrobenzene solution con-

taining different ratios of Br,:PCl (PClz constant)

3
are given in Table 13, and the linear relationship

between these two quantities is shown in Fig. 16.
Consideration was given to the following equilibria
(1) PCl; + Bry == PCl,Brg
(2) PCly + 2 Br2<—""—* PClsBr,

(3) PCl; + 3 Bry, = PCl,Brg

which are in fact special cases of the general equilib-

ria =~

sz + X2:Px5
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Table 15. Freezing Points in the System PCl: - Bro -

nitrobenzene.

Mole Ratio Freezing Pt.
Bry:PCl, (Relative)
o 5194
0+ 4568 4.981
09261 4-786
14525 4+ 585
1.8729 4+ 409
2+ 3004 4+ 250
2:7648 4-086
3+ 0186 3993

PXz + 3 X5 & PXg (X = Br or C1)

and for the present purposes it matters not whether

X is Br or Cl..

The expressions derived for these were identical

in all respects to those derived for the phosphorus
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6-000

Freez.ing Poirit of Solvent.

5000

Fr eezing Point ()
$

! 2 3
More RATIO , Br,:PCly

Fig. 16. TFreezing Points in the System PCl, - Br, =

nitrobenzene.
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tribromide -~ bromine - nitrobenzene system. Using
the same notation as in Part I of the thesis, Table 14
shows the values of the association constants,,rKl,\,K2

and K, (r = mole ratio Bry:PClz) calculated from the

experimental data.

Table 14. Association Constants for the Equilibria (1),

(2), and (3).

PCl,Bry PC1l.Br, PCl;Brg
K, = 2-259 K, = 14479 Ky = 130+52
oK, = 3401 K, = 9.758 | K, = 43-46
K, = 4-859 Ky = 7693 | ;Ky = 22:08

It is evident therefore that no one of the above
equilibria describes the system satisfactorily. Once
again the expressions for equilibria (1) and (2) were
combined by introducing the arbitrary factor x , and
by doing so the figures shown in Table 15 were obtain=-
ed.

By plotting values of K and K, against yt', it
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Table 15. Association Constants for the Mixed Equilib-

Tia.

2
0 14-48 | 0 9759 | O 7+696

9443 | 0660 | 7862 | 0570 | 6792
1+170 | 6978 | 1-105 | 6-584 | 1-019 | 6-076
1:393 | 5543 | 14427 | 5-665 | 1+ 383 | 5+497
1.541 | 44595 | 1-668 | 4969 | 1-684 | 5-021
1645 | 34927 | 1.853 | 4°429 | 1938 | 4-622

8 o » o o H o |X
(@]
*
~
o]
fav]

wag found that the‘Kw ~-family of curves intersected
at X = 3+12 and the J<z-curves intersected at the

same value. At this point therefore,

7~
It

PR
il
A
|

= 1-43
and K, = K, = ,K, = 5-45

The corresponding degrees of association were calc-

ulated and the results are set out in Table 16.

The system phosphorus trichloride - bromine in
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nitrobenzene can be sgatisfactorily described by con-

sidering the presence of the two equilibria =

PCl, + Brz-;"—"- PCl,.Br

3 32

PCl., + 2 BrZ: PC1,Br

3 4

in the proportion indicated by the ratio o /.ot,.
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ATTEMPTS TO PREPARE AN ADDUCT OF PHOSPHORUS TRICHLORIDE

AND BROMINE,

Previous attempts to prepare phosvhorus bromide
chlorides involved the bringing together of phosphorus
trichloride and bromine in the absence of a solvent,
and it is very doubtful if a compound of formula
P0133r2 was ever obtained. It was decided to invest-
igate the possibility of isolating phosphorus bromide
chlorides from solutions of the components in suitable
solvents since under these conditions one particular
species might predominate. The use of solvents seems
more satisfactory than direct interaction of phosphorus
trichloride and bromine, for it avoids the occurrence
of local excesses in concentration, and should permit

the more ready separation of liquid and solid phases.

Solutions containing phosvhorus trichloride and
bromine in the ratio l:1 were prepared in various
solvents (the concentration of these solutions was
cae. 0°5M with respect to PClsBrg) and a solution of
bromine of the same concentration was also prepared

for colour comparison. The following observations
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were made for each of the solvents indicated.

Acetonitrile.

Mixing of phosphorus trichloride and
bromine in acetonitrile was accompanied by the evol=-
ution of heat, and on standing the colour of the
solution diminished to pale yellow. It has been
established (p. 94) that reaction with the solvent

occurs in this case.

Nitrobenzene.

On mixing the components in this solvent
no heat was evolved and cooling of the solution did
not bring about crystallisation of a solid. The
colour of the nitrobenzene solutions did not alter on
standing. It was noted that the vapour of the bromine
solution was darker in colour than the wvapour over the

mixture.

ls4 - Dioxan.

From this solvent an orange-yellow pre-
cipitate (m.p., 67 - 68 °C.) was obtained, and this

was shown to be identical with the addition compound
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C4H802.Br2 (mep. 66 °C) of dioxan and bromine (mixed

melting-point with an authentic specimen, 67 ~ 68 °C).

Phosphorus Oxychloride.

No heat was evolved on mixing
phosphorus trichloride and bromine in this solvent,
and cooling of the solution did not produce a pre=~
cipitate, The colour of these solutions was quite

stable.

Ethylene Dichloride.

The observations made were similar

to the previous case.

Carbon Tetrachloride.

In this solvent no heat was
evolved when the components were mixed, but at the
concentration used two layers separated, both of which
were deep red in colour,but the lower slightly darker.
More solvent was added until the solution was homo-
geneous, and then the solution was cooled to 2 °C.

After 24 hours dark red crystals had formed in the



liguid and on the walls of the vessel above the level
of the liquid (thus showing that the crystals have
a tendency to grow from the vapour phase). The ecryst-
als had a melting-point of 15 - 1€ °C (the melting-
voint of the lower layer formed when the solutions

were initially mixed also had a value of 15 - 16 °C).

Analysis of the Material.

A technique was developed
for removing this low-melting solid for analysis, and

the result of a complete analysis is summarised :=-

P Br cl Total
3+ 65 65+ 30 14-02 82+97 %

It therefore appears that the compound contains
carbon tetrachloride of solvation to an extent of
17-03 %, and this confirms the observation that the
the aqueous solution containing the hydrolysed comp-

ound possessed a strong odour of carbon tetrachloride.

The analytical figures do not correspond exactly
with any of the more likely formulae, but the closest
agreement is obtained for a compound of composition

PClzBrg.CCl, which requires -
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P Br c1 ce1,

401 62 24 13+80 1995 %

A bromide chloride of phosphorus containing three
atoms of chlorine and six atoms of bromine has not
received special mention in the literature, and in
particular it is noted that Fialkov and Kuz'menko

do not mention this compound in their papers. Since
these latter authors have described a method of prep-

aring the compound PClsBr4 which involves at one stage

crystallisation from carbon tetrachloride, it was thought

worth while repeating this preparation to discover if
the method (as described by Fialkov et al., [52] )
did in fact yield a product which contained no carbon
tetrachloride. This was done and on hydrolysing the
material there was produced a measurable quantity of
liquid carbon tetrachloride. The amount of carbon
tetrachloride in the sample was estimated as about
299 %, and a total halogen estimation revealed that
1l g« of the compound required 8:10 cc. of N silver
nitrate solution for complete precipitation of the

halide ion. These results again fit best with a com-
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pound containing three chlorine and six bromine atoms
but in this case there are two molecules of carbon
tetrachloride of solvation thus, PClSBr6.2CCI4. This
composition requires CCl, = 33+3 % and 1 g. requires

9¢70 cc. N silver nitrate solution.

The crystalline material obtained had a melting-
point of ca. 15 °C, whereas that obtained by Fialkov
and Kuz'menko melted at 377 °C.

Summarising, it has been found that the following

reactions take place :~

el
(1) Bry, + Pcl, nECle s po1.Br..col,

1l mole 1 mole

A8 N
(2) Bry + PCl; —>solid egZ“.’:L > PC1zBrg.2CC1,

excess
| According to Fialkov and Kuz'menko the sequence

ghown in (2) should have resulted in a solid phase of

composition PClSBr4.

It is evident that, no matter what the correct
stoichiometry of the reaction between phoesphorus tri-

chloride and bromine in carbon tetrachloride is, the



- 117 -

solid phase of m.ps. 15 - 16 °C crystallises with
molecules of solvation. This is perhaps not surpris-
ing in view of the fact that phosphorus pentabromide
and pentachloride when crystallised from the same
solvent, form the so0lid solvates PBr5.2CCI4 and
2PClg.CC1, [54]. In these cases the carbon tetra-
chloride is present in an ionic lattice but in the
present case, considering the relatively low con-
ductance values found for the systems phosphorus tri-
chloride - bromine - solvent, it may be that the
lattice is a molecular one. The non-stoichiometry
of the compounds could be explained by considering
the crystal as built up of a2 molecular bromine lattice
in which some bromine molecules are replaced by
phosphorus trichloride or carbon tetrachloride molec-

ules.

In summing up, it is clearly established that solid
materials can be isolated from the phosphorus tri-
chloride - bromine system directly or from solution,
but the analytical figures obtained for these solids
are not satisfactory, and the results of this invest-

igation demonstrate that crystallisation from carbon



- 118 =~

tetrachloride yields solvated products. It would
appear that a direct structural investigation of these
crystals might yield some useful information regarding
the part played by the carbon tetrachloride molecule
in their build up.

The work that has been done on the liquid state
of the phosphorus bromide chlorides (viscosity and
some conductance measurements by Fialkov and Kuz?menko)
has not yielded any substantial information con-
cerning the nature of these compounds. In further
investigations of this state, consideration should
be given to the changes in molar volumes and absorption
spectra with composition, since it might be expected
that these properties would give further indication

of the exact nature of the system.

Nothing is known of the state of these compounds
in the wvapour phase. The work on non~agueous solutions
of the systems is more advanced and we have, above,
some information on the electrolytic properties of the
solutions and of the possible existence of PX5 and

PX7 entities.
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EXPERIMENTAL _PART

PURIFICATION OF MATERIALS.

The purification of acetonitrile, bromine, carbon
tetrachloride, and nitrobenzene, has been described

in Part I of the thesis.

Phosphorus Trichloride.

Phosphorus trichloride (Tyrer)
was fractionated using a two foot column packed with
Fenske rings, and the fraction distilling at 74+4 =
745 °C (760 mm.) was taken for further purification.
This was done by vacuum fractional dislillation as
described for the purification of phosphorus tri-
bromide in Part I (page 64). The pure compound was

stored in sealed ampoules.

Phosphorus Oxychloride.

The commercial material
(Albright and Wilson) was distilled several times
through a short column and the middle portion of the

final distillation was taken for use.
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105-4 - 105+8 °C (760 mm.)

bepo
K = 227 x 10'7 ohmzlemsd at 25 °C.

l:4 - Dioxan.

This material was purified by & modif=-
ied version of the method described by Kraus and
Vingee [55]. Commercial (M. and B.) 1l:4 - dioxan
(250 cc.) was refluxed for 14 hours over metallic
sodium (15 g.) and the dioxan was then distilled

directly from the resulting muck.

1010 °C (760 mm.)

bePe

g <10'7 ohmzlomfl at 25 °C.

Ethylene Dichloride [56].
The B.D.H. material (500 cc.) was

shaken with portions of concentrated sulphuric acid
until the acid layer remained colourless (800 cc.
required). This was followed by washing with a large
amount of water until the aqueous layer was almost
neutral (litmus). The ethylene dichloride was then
washed twice with dilute sodium bicarbonate solution

and finally with water. The material was submitted to
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a preliminary drying with anhydrous sodium sulphate
after which it was dried azeotropically (first 10 %
discarded). Refluxing for two hours over phosphorus
pentoxide and distilling twice from this drying agent

served to remove the last traces of water.

DePe = 830 = 83+5 °C (755 mm.)

CONDUCTOMETRIC ANALYSES.

Thesé experiments were per-
formed in the apparatus described in Appendix 3.
Solutions were prepared by breaking a bulb contain-
ing a known weight of the solute under a known weight
of solvent. In each case the bromine solution was

the titrant.

DEPRESSION OF FREEZING POINT EXPERIMENT .

The apparatus
for this work is described in Appendix 5. The general

procedure was to find the freezing point of the solvent,
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and then of the solution after the addition of the
required amount of phosphorus trichloride. Bromine
(enough to cover a range of mole ratios 1 - 3) was
then added in stages and the freezing point of the

solution determined at each stage.

PREPARATION AND ANALYSIS OF AN ADDUCT OF PHOSPHORUS

TRICHLORIDE AND BROMINE IN CARBON TETRACHLORIDE

OLUTION .

Preparation. Phosvhorus trichloride (0+1l mole) in

carbon tetrachloride (5 cc.) and bromine (0O+1l mole)

in carbon tetrachloride (5 cc.) were mixed, and this
brought about the separation of two liquid phases.

The solution was made homogeneous by adding more
solvent (10 cc.) and left overnight at 2 °C. The deep
red crystals which formed were freed from solvent by
allowing the latter to drain away for some hours,

while still maintaining the solution at 2 °C.

Analysis. Since the crystals had a melting-point of
15 - 16 °C they were transferred to a flask for weigh-
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ing by allowing them to melt and flow into the flask.
The molten material (weight = ca. 0+4 g.) consisted

of two immiscible liquids, and this was hydrolysed by
dilute sodium hydroxide solution in a closed system.
(The resultant solution was found to possess a definite
odour resgembling that of carbon tetrachloride). The
alkaline solution (which was yellow in colour) was red-
uced by the passage of sulphur dioxide (5 min.), and
after acidification with dilute nitric acid the excess
sulphur dioxide was expelled by boiling the solution
while passing carbon dioxide through it. The resulting
solution was evaporated and made up to the mark in a
standard flask (100 cc.), and aliquot portions of this
were used in the analysis for phosphorus, bromine, and

total halogen.

Phosphorus.

To 25 cc. of the hydrolysed solution,
AnalaR concentrated nitric acid (5 cc.) was added and
evaporated on a water bath to a bulk of a few cc.
Fuming nitric acid (1 cc.) was then added and the sol-

ution heated again. After dilution, the phosphorus



(then present entirely as phosphate) was precipitated
as magnesium ammonium phosphate which was ignited at

900 °C to magnesium pyrophosphate and weighed as such.

Total Halogen.,

This was done by taking 10 cc. portions
of the hydrolysed solution and estimating the halide
ion content by Volhard's method.

Bromine.

The method adoﬁted for the estimation of
bromide in the presence of chloride was that described
by Kolthoff and Yutzy [57] who developed the method
for the analysis of bromide in brines. The principle
of the method is the oxidation of bromide to bromate
by sodium hypochlorite solution, selective destruction
of the excess hypochlorite, and finally estimation of

the bromate ion iodometrically.

The hydrolysed solution (2 cc.) was taken, diluted
to 25 cc., and the resulting solution made neutral to
methyl red. To this solution were added sodium di=-

hydrogen phosvhate (1 g.), sodium chloride (10 g.),



and N sodium hypochlorite solution (5 cc.). The
solution was then heated to boiling and sodium formate
solution (5 cc., which contained 25 g. of the solid)
wag added, after which the solution was allowed to cool.
Potassium iodide (1 g.), sulphuric acid (25 cc. of 6N),
and ammonium molybdate (1 drop of a 0+5N solution)

were then added. The liberated iodine was immediately
titrated with standard sodium thiosulphate solution
(approximately centinormal). A blank titration was
carried out and the volume of thiosulphate solution

subtracted from that found in the test.

PREPARATION OF PClzBr, AS DESCRIEED BY FIALKOV AND

KUZ'MENKO. ([52]

The addition of bromine (0+048 mole) to phosphorus
trichloride (0+064 mole) resulted in the liberation
of heat and the formation of two liquid layers. The
uppermost layer was sucked off and the lower layer
allowed to cool to room temperature, but crystallisation

of this material did not oceur (as is implied in the
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paper by Fialkov and Kuz'menko). However on cooling
to 1 °C the viscid liquid was found to crystallise.
The bulk of this material melted at about 155 °C
but some needles which had formed on the wall of the

vessel did not melt completely until about 25 °C.

Recrystallisatione. The substance, which was liquid

at room temperature, was with difficulty soluble in
carbon tetrachloride. The solution was kept at 1 °C
overnight and deep red crystals were found to have
grown from the solution. The solvent was decanted
and the last traces of carbon tetrachloride were re-
moved by passing a stream of dry carbon dioxide over
the crystals (the carbon dioxide appeared to carry
away some bromine vapour during this operation). On
standing at room temperature the crystals melted pro-
ducing two phases ~ a heavy, dark red layer and a

lighter red layer.

Analysis. Hydrolysis of the substance with dilute
sodium hydroxide solution produced carbon tetrachlor-
ide in sufficient quantity for its volume to be meas-

ured directly.
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After reducing the halogen to halide as before, the
total halogen content of the substance was estimated

by Volhard's method.



PART III

SOME__TRIPHENOXYPHOSPHORUS DIHALIDES
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NOMENCLATURE

The nomenclature used in this section to describe
organophosphorus compounds follows that suggested by
Kosolapoff ["Organophosphorus Compounds", Wiley, New
York, 1950. pe4]. The older names for the quasi-
phosphonium compounds have been slightly modified,
for example triphenyl phosphite dichloride is replac~-
ed by triphenoxyphosvhorus dichloride. When the
structure of a particular triphenoxyphosphorus di-
halide is known and it is desired to describe the
compound in terms of this structure, the name is
accordingly altered. TFor example triphenoxyphosphorus
di-iodide would be called iodotriphenoxyphosphonium
iodide.

In the case of simple inorganic compounds and ions,
the familiar inorganic nomenclature is adhered to.
Anions of the type [PXz]  are regarded as substit-
uted phosphate ions ; for example [(06H50)3PBr5]- is

called the tribromotriphenoxyphosphate ion.
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INTRODUCTION

Compounds of pentavalent phosphorus with the
general formula (RO)Ssz, in wvhich R is an alkyl or
aryl radical and X a halogen atom, have been mention-
ed from time to time in the literature, either as
simple compounds or as probable intermediates in cert-
ain reactions involving organophosphorus compounds.
The compounds are very labile and in only a few cases
has isolation in the pure state been achieved, and
those compounds which have been well characterised
are found to belong, without exception to the series

in which R is an aryl or substituted aryl radical.

Certain members of the series of compounds in which
R is a phenyl radical have been reported frequently,
and the present investigation has been confined to a
further study of these compounds ; that is, compounds

of general formula (06H5O)3PX2 have been considered.

In 1883, Noack [58] allowed bromine to react with an
equivalent amount of triphenyl phosphite, and he ob-

served that the product of the reaction was not what
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would be expected if the reaction had followed the
same course as the known reaction between triethyl

phosphite and bromine, namely,

On the contrary,Noack obtained a yellow crystalliﬁe
substance which on analysis gave results which corresp-
onded exactly with a compound of composition ,

(CgHgO0) zPBrg. Thus it appeared that the reaction was
a simple addition reaction resulting in the formation

of triphenoxyphosphorus dibromide.

Several years later, Anschiitz and Emery [59]
succeeded in isolating triphenoxyphosphorus dichloride,
by a method analagous to that used in the preparation
of the dibromide.

In the course of an investigation of the reaction
between phosphorus pentachloride and phenol, Auten=-
rieth and Geyer [60] isolated a compound of formula
018H1503P012, which was found to be identical with
the triphenoxyphosphorus dichloride obtained by
Anschiitz and Emery.
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Thus two different methods of synthesising the
triphenoxyphosphorus dihalides were made available.
In the first method use is made of the tendency of
triphenyl phosphite to take part in addition reactions.
This tendency is'a prominent feature of compounds
containing a trivalent phosphorus atom. In the second
method of formation of triphenoxyphosphorus dihalides,
the phosphorus atom is initially in the pentavalent
state and the reaction involves the replacement of
three halogen atoms of the pentahalide by phenoxy

gToups.

Recent preparative work on the triphenoxyphosphorus
dihalides is contained in a paper by Coe, Landauer,
and Rydon [61]. These authors make use of the addition
reaction of triphenyl phosphite and halogens and report
the preparation of six crystalline dihalides — tri-
phenoxyphosphorus dichloride, dibromide, di-iodide,

bromochloride, bromoiodide, and chloroiodide.

Tt must be kept in mind that the series of tri-
phenoxyphosphorus dihalides represents a special case

of a much larger family of compounds which can be
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represented by the general formula (C6H50)n‘PX5_n where
n=1, 2y...y 5. Many of these additional halides
have been prepared and as will be seen their exist-
ence has an important bearing on certain parts of the

present work.

Anschutz et al. [59, 62] found that phenyl dichloro-
phosphite and diphenyl chlorophosphite were capable of
adding on another chlorine molecule to produce respect-
ively compounds of formulae (CgHgO0)PCl, and(CgHgO)oPCl,.
In the same way a molecule of bromine could be added
yielding (CgHg0)PCloBry and (CgHg0)oPClBrge. This
latter reaction is of particular interest in viéw’of
the reluctance of phosphorus trichloride to take part

in an addition reaction with bromine to form PClsBrz

[Part II of this thesis].

In their work on the aromatic derivatives of the
hypothetical orthophosphoric acid, Anschiitz, Boedeker,
Broeker, and Wenger [63] summarise the situation by
stating that from the following regular series of com-

pounds, only the fifth member is missing -

P015
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(CeHg0)1PCL,
(CgHg0) oPCL4
(CgHg0) PC1,
(CgHg0) 4PC1
(CgH50) 5P

Certain results contained in this thesis indicate
that a compound of formula (06H50)4P01 does exist
under certain conditions,and collateral proof of this
has recently come from its isolation by Rydon and his
co-workers [64]. They obtained it by allowing 1 mole
of chlorine to react with 2 moles of triphenyl phos-
phite and‘recrystallising the solid product from a 1l:1
mixture of chlorobenzene and ethylene dichloride. It
was also obtained by heating together at 120 °C 1 mole

of phosphorus pentachloride and 4 moles of phenol.

The series of compounds of general formula
(06H5O)nPX5_n is considered by Anschiitz et al. [65, 66]
in a discussion of the nature of the valency of phos-
phorus when bound to five electronegative ligands.

The view is put forward that the reactivity of this

group of compounds is due to electrostatic repulsion of



the electronegative halogen atoms. In consequence of
this, the reactivity diminishes as the halogen atoms
are replaced by phenoxy groups. The same authors
tried to obtain information on the steric properties
of the phosphorus to ligand bonds, but their experi-

ments yielded negative results.

All of the compounds of this group are by formul-
ation related to the true phosphonium compounds and
this relationship is borne out by the chemical prop-
erties of the compounds. For example thermal decomp-
osition is accompanied by the formation of the aryl
halide. Hydrolytic decomposition results in the

formation of the corresponding phosphate esters

(C.H.0)

6Hs0)zPCl, + H,0 =  (CgHL0),PO + 2 HC1

3

(CgHg0)oPClz + 2 Ho0 - (CgHgO)gP(0)OH + 3 HCL

It is interesting that phenoxyphosphorus tetrachloride
on hydrolysis yields triphenyl phosphate in addition
to the expected product. Hence disproportionation
must accompany hydrolysis [66, 67a]. Therefore it

seems that consideration must always be given to the



possible occurrence of migration of phenoxy groups in

these compounds.

This analogy between the true phosphonium compounds
and the aryloxyphosphorus halides has earned the latter

group the appropriate title of "Quasi~-phosphonium

Compounds".

Quasi-phosphonium structure has recently been post-
ulated by Waters and de Worms [68] for an intermediate
in the hydrolysis of di-isopropyl fluorophosphate.

The suggestion was made when the hydrolysis, in con-
trast with the hydrolysis of acyl halides, was found
to be catalysed by hydrogen ions. Gerrard et al. [69]
have also envisaged this type of structure in various

reaction mechanisms.

Recent interest in triphenoxyphosphorus dichloride
has been in its application in a new method'of prep=-
aring alkyl halides in good yield [61]. Triphenoxy-
phosphorus dichloride reacts with alcohols according

to the equation :

(CgHg0) PC1, + ROH - RCl+ (CgHg0)oP(0)C1 + CgHgOH
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Similar experiments with triphenoxyphosphorus di-
interhalides produced results which exhibited an inter-
esting anomally. It was found that the bromochloride
and the‘chloroiodide yielded preferentially the alkyl
bromide and iodide respectively. But the bromoiodide

gave the alkyl bromide in greater yield.

Rydon in proposing a mechanism for the reaction

suggests that the first stage involves ester exchange

X
/
(CeHgO0) 3PXg + ROH (<36H50)279;}c§R + CgHgOH

The assumption is then made that the ester-exchanged
intermediate ionises and this is followed by attack

on the exchanged alkyl group by the halide ion ¢
X + X -

/ . 7
(06H50)2P-<}(§R = (06350)2P\QR + X

X

X v

(CEr0) 2L
i N
From the results of the experiments with triphenoxy-

bromochloride and chloroiodide, it appears to be the

bromine and iodine atoms which come off as ions, -
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and not as might be expected, the more electroneg-
ative chlorine atom. This is understood when the
strengths of the phosphorus to halogen bonds are con=-
sidered. These diminish in the order P-C1>P-Br> P-I.
Thus the formation of alkyl bromides and iodides
appears to be essentially a consequence of the greater

strength of the P—C1l bond.

The bromoiodide is quite clearly irregular in its
behaviour since it does not fit in with the above
argument. The explanation put forward is that the
inhibitory effect of bromine on the ionisation of
iodine exceeds that of iodine on the ionisation of
bromine. Consequently the bromine atom comes off as
a bromide ion despite the greater strength of the
P—3Br bond.

It is evident from the problems outlined above,
that the greatest drawback in the understanding of the
reactions of triphenoxyphosphorus dihalides, is the
complete lack of knowledge of the true nature of the
compounds in this group. An investigation designed to
reveal the structure and properties of the various com-

pounds would clearly throw light on the existing
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problems and in addition contribute to our present

knowledge of halides of pentavalent phosphorus.

The two methods of formation of triphenoxyphosphorus
dihalidesg -

(2) addition of a halogen molecule to triphenyl phosph-
ite (Cf. the preparation of PXg from PXz and X5).

(b) substitution in the phosphorus pentahalide molecule.

— strongly suggest that these compounds
might bear a simple relationship to the better known
inorganic pentahalides of phosphorus. It is with
these ideas in mind that the present work was under-

taken.

The only previously revorted physico-chemical
approach to the study of quasi-phosphonium compounds
is that of Forsman and Lipkin [70] who made a system-
atic study of the reaction between iodine and triphenyl
phosphite. Their results conflict in part with those
of Rydon since they were not able to isolate a di-
jodide from the system. However they isolated two

volyiodides of formulae, (06H50)5PI4 and (CéH5O)3P19.
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It is suggested that both compounds contain the cation :

~ 1+
CeHs0
|
CgHs0 —1"—— I
06H50

Triphenoxyphosphorus tetraiodide is presumed to be
the tri-iodide of this iodotriphenoxyvhosphonium cation.
The enneaiodide is found to show no paramagnetic res-
onance absorption hence it is concluded that the struct-
ure does not contain a unit with an odd number of
electrons. It therefore becomes necessary to double
the simple formula - CzgHzn0gPoIyg. The proposed
structure for this compound is one containing the
cation [(06H5O)3PI]+ and equal numbers of I, and I,
ions. A similar type of arrangement has been put for-
ward for the structure of caesium tetraiodide. Here
again the formula must be doubled and it is suggested
that the crystal is built up from Cs', Ig, and Ig
units [71].

In no other case has the structure of triphenoxy-
phosphorus dihalides been discussed to any great length.

In the following work, a study has been made of sol=-



utions of the compounds in indifferent solvents, and
physico~chemical methods have been used throughout in
an attempt to discover the characteristic properties
of the compounds. From the results obtained it has
been possible to put forward a clearer and more com-
plete picture of the nature of this group of quasi=-

phosphonium compounds.

A N
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STABILITY OF THE COMPOUNDS

Triphenoxyphosphorus dihalides resemble the inorg-
anic phosphorus pentahalides in their very great ease
of hydrolysis. Thus it is important in handling these
compounds to prevent their coming into contact with
moisture. The methods used to achieve this were sim-
ilar to those described in the earlier parts of the

thesis and in the Appendix.

The triphenoxyphosvhorus dichloride used in this
investigation was received from Professor H.N. Rydon.
Preliminary measurements of the conductance of this
material (labelled "triphenoxyphosphorus dichloride")
in acetonitrile gave very discordant results. With
some samples of the material, the molar conductance
of the solution was found to increase with increasing
concentration ; and with other samples the molar con-

ductance decreased as the concentration was inecreased.

These observations suggested that an analytical
study of the material ought to be made. The result
of this indicated quite clearly that in every case

the material was defective (low chlorine content).



Consultation with Rydon resulted in an investig-
ation by the latter on his method of preparation. It
soon became evident that the preparation of these com-
pounds was not as straight-forward as was originally
thought. It was established that repeated crystall-
isation was accompanied by a fall in halogen content.
For example the dibromide, (06H5O)3PBr2, on repeated
crystallisation finally yielded a product whose anal-
ysis figures corresponded with the tetraphenoxy com-

pound, (CSH5O)4PBr .

In a private communication, Professor Rydon has put
forward the suggestion that in the crystallisation
medium the dihalide becomes a member of a complex

equilibrium thus,

(CgH50) 3PX2
< =
(CgHpO0) ¢PX _ (CgH50) oPX3
! I
(CgH50) 5P (CgH50)1PXg
W
PXs5

The compounds in the right-hand limb of this scheme

being presumably more soluble, recrystallisation will
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result in a fall in halogen content of the product.

It is interesting to compare this with the observation
made by Renc [51] during the recrystallisation of
PC1Br, and PC1,Br from carbon disulphide. He found
that repeated crystallisation of these compounds gave
products which were richer in that halogen which was

originally present in excess.

This initial obstacle has had several consequences.
FYor instance it has made us realise that the compounds
are even less stable and probably of greater complex-
ity than was at first thought. In addition improved
methods for the preparation of analyticélly pure

specimens have been developed.
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RESULTS AND DISCUSSION

CONDUCTANCE EXPERIMENTS

The solvent used in these experiments was aceto-
nitrile and the reasons for this are similar to those
advanced in Pért I of the thesis. As a preliminary
to the investigation of the conductance of triphenoxy-
phosphorus dichloride in acetonitrile, a special
study of the conductance of the hydrolysis products,
triphenyl phosphate and hydrogen chloride, in the same
solvent, was made. This step was considered to be
necessary on account of the sensitivity of the tri-

phenoxyphosphorus dihalides to moisture.

THE CONDUCTANCE OF TRIPHENYL PHOSPHATE AND HYDROGEN

CHLORIDE IN ACETONITRILE

Measurement of the molar conductances of triphenyl
phosphate and hydrogen chloride in acetonitrile sol-
ution has shown that these compounds are virtually

non-conductors. The actual figures obtained were
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-1 2 -
HCL +veevvens £\ = 014 ohm. cm: mole.  (cp = 0+0349)

i

e

"

(06H5o)3po...Am= 006 " w (ep = 0°0986)

The low value for the conductance of hydrogen chloride
in acetonitrile is possibly due to the formation of

the iminochloride [72].

It is not unreasonable to suspect that the solutions
of hydrogen chloride in acetonitrile might become con-
ductors in the presence of triphenyl phosphate. If
the bond of the phosphoryl group in (CgHg0)2PO were
sufficiently polar then triphenyl phosphate could be=-
have as a Lewis base and induce ionisation of the

hydrogen chloride molecule.

This point was explored by titrating an acetonitrile
solution of hydrogen chloride with a similar solution
of triphenyl phosvhate and observing the conductance
of the mixture (addition of pure solvent brought about
a decrease in the conductance of the hydrogen chloride
solution). The results of the experiment are shown in
Table 17 and Fig. 17. This shows quite clearly that
the conductance of hydrogen chloride is only slightly
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Table 17. Conductometric Titration of triphenyl phos-

phate and hydrogen chloride in acetonitrile.

Mole Ratio 10% Mole Ratio 10%4
-1 -1 -1 -1
(06H50)3PO: ohm. cm. (CgH50) zPO: | ohm.™ cm.
HC1 HC1
0400 9+ 30 1.37 10-89
0+ 09 9+ 63 1.83 11-03
0-27 9+96 2. 28 1112
0- 46 10-19 2.74 11- 29
0-91 10- 59 2.97 11.29

affected by the presence of triphenyl phosphate in the
same solution. The smooth character of the curve
suggests the absence of interaction between the two
solutes ; hence it is concluded that triphenyl phos-
phate does not act to any marked extent as an electron

donor.

The molar conductance of the hydrogen chloride sol~-

2

ution was inktially 0-43 ohm?Lem> molest (o, = 2+ 28x10° )

and when an equimolar amount of triphenyl phosphate had

been added, this value rose to 0+59 thflcm% molezl,
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_ -2
(cp = 1:794 x 10

)+ When the mole ratio of hydrogen
chloride to triphenyl phosphate was 2:1 (i.e. when
the solution contained the hydrolysis products of
triphenoxyphosvhorus dichloride in the correct prop-
ortion) the molar conductance of the solution (with
respect to hydrogen chloride) was calculated to be

1 2,

(e,. = 1:94 x 10 7).,

0:53 ohmzlcm? mole’ m

It was concluded that if solutions of triphenoxy-
phosphorus dichloride proved to be highly conducting
then this could be attributed without doubt to ionis-
ation of the halide. It would then be safe to say
that what was being measured was in fact the conduct-

ance of triphenoxyphosphorus dichloride.

THE ELECTROLYTIC CONDUCTANCE OF TRIPHENOXYPHOSPHORUS
DICHLORIDE TN ACETONITRILE

The conductance of analytically pure triphenoxy-
phosphorus dichloride in acetonitrile solution at 25°C
was measured under strictly anhydrous conditions, and

the results are shown in Table 18 and graphically in
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Table 18. Conductance at 25°C of trinhenoxyphosphorus

dichloride in acetonitrile.

Cn '104"\' | AN
Mole.litrelt ohm’ Y om? T Ohm> em®> mole
0-0074 75 100-8
0-0211 203 956
0+0398 355 892
0+ 0570 421 738

Figo 18.

After a brief initial change whilst the solution
attained the temperature of the thermostat bath, the
conductance values were found to be constant over a
period of 24 hours. The specific conductance had
a positive temperature coefficient between O °C and
25 °C and in this temperature range there is a linear
relationship between temperature and specific con-
ductance. The numerical value of the coefficient is

6 1 -1

2:25 x 10~ ohm. cmzldeg.

Values of molar conductance bear a linear relation-
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ship to the square root of the concentration down to
0-006 M. Below this value the results are unreliable,
probably due to the effect of traces of impurities

in the solvent. An extrapolation of the curve obtain-
ed by plotting Am against «fc; gives an approximate
value of the molar conductance at infinite dilution

A Mo = 105 ohm'.lcm? mole':1

The high conductance of these solutions can only
be understood in terms of ionisation of the tri-

phenoxyphosphorus dichloride.

A CONDUCTOMETRIC STUDY OF THE HYDROLYSIS OF TRI-—

PHENOXYPHOSPHORUS DICHLORIDE

Triphenoxyphosphorus dichloride dissolved in aceto-
nitrile was hydrolysed by successive additions of
traces of water, and the changes occurring were
followed conductometrically. It was observed that the
addition of water at first led to a marked fall in
the conductance of the solution. A minimum value then

occurred, after which the conductance began to rise



Table 19. Hydrolysis of Trivhenoxyphosphorus Di-

chloride.

10* x | 10% 104 x 10%
moles Ho0 ohm:lcm:1 moles Ho0 ohmilcmtl
6+ 06 3207 42442 2443
1212 045 48+ 48 324
18-18 071 60+ 60 470
2424 1.12 7878 6+ 48
30+ 30 1.49 90+ 90 8¢10
364 3€ 1.91 121-20 10-85

slowly. These results are expressed in Table 19 and

in Fig. 19,

It is inferred that hydrolysis of the dihalide is
rapid, and takes place in such a way as to afford
products which are non~conductors in acetonitrile.
The minimum conductance value occurred when the mole
ratio of triphenoxyphosphorus dichloride to water
was unity. The subsequent rise in conductance of the
solution is presumably due to the ionisation of

hydrogen chloride in the (now) aqueous acetonitrile.
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These results are in complete accordance with those
obtained in the study of the conductance of hydrogen

chloride and triphenyl phosphate in acetonitrile. The

equation

(C,HO),PCl, + HO - (CHO0),PO + 2HCL

5 '3 2 6 5 °3

satisfactorily describes the hydrolysis of the di-

chloride in acetonitrile solution.

Slight hydrolysis of a solution of triphenoxy-
phosphorus dichloride caused by traces of impurities
in the solvent will thus tend to produce low wvalues
for the molar conductance. This effect would be ex-
pected to become important as the dichloride concen-
tration becomes smaller, hence values of conduct-
ance found at low concentrations cannot be regarded

N

ag reliable.
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CONDUCTOMETRIC ANATYSIS OF THE SYSTEM TRIPHENYL

PHOSPHITE - BROMINE

The reaction between triphenyl phosphite and
bromine is conveniently studied by conductometric
titration since solutions of triphenyl phosphite
and bromine in acetonitrile of known concentration
are readily prepared. The results of such an exp~-
eriment are recorded in Table 20 and illustrated

graphically in Fig. 20.

Since individual solutions of bromine and tri-
phenyl phosphite in acetonitrile are non-conductors,
[(CGH5O)3P,I\Wf 0-03 ohmjlcm? mole:1 at cy = 0+014 ;
Bro, [Xm? 0+ 22 ohmzlcm? mole:1 at ¢y = 0033 ] then
it is quite clear from the results that the inter-
action of triphenyl phosphite and bromine is an ion-

forming process.

In interpreting the results therefore we must post-
ulate the formation of species which undergo ionic

dissociation.

Trom the shape of the graph it is evident that the
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Table 20. Conductometric Analysis of the System

Triphenyl Phosphite - Bromine.

Mole Ratio 10%& Mole Ratio 10%&
Bry:(CeHg0) ;P [om= et | Bry:(CH0) P | ohm>lem?t
0+00 0+00 1.51 6+ 32
0-11 0-14 1.73 745
0-21 1.17 1-94 8- 39
0-32 2. 36 2.15 9-04
0+ 43 3+ 50 2.36 9+ 40
0+ 64 3489 2. 57 9:75
0+ 86 3ev2 2.78 991
1.07 3.92 3+00 1017
1.29 4-86 3.21 10+ 36

reaction between triphenyl phosphite and bromine in-
volves a series of definite stoichiometric stages.
The section A - B shows a steep rise in the conduct-
ance up to B which corresponds to a mole ratio of

2 (06H50)3P to 1 Bry. The solution during this stage

of the experiment remained colourless.
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It seems likely that at this mole ratio the system

may be described in terms of one of the following

equilibrium schemes :

{1)ece
2 (CgHz0) P + Bry, & [(CGHso)sP—oBre—P(OCGHs)S]Br

: +
[(CgHg0) sPBreP(0CHg) 5 JBr & [(CgHgO0) zP+BreP (0CgHs) 5]

+ Br

(2) ees

PRr

2 (06H50)3P + Bry ;ﬁ:(CGH5O)éPBr + (06H50)4

(CgHg0) PBr = (C4HL0) L+ Br

In scheme (1) we encounter the rather unusual
occurrence of cationic bromine. This ion is suppose-
dly stabilised by coordination with triphenyl phosph-
ite. The phosphorus atom in triphenyl phosphite
possesses a lone pair of 3s electrons in addition to
vacant 3d orbitals and this would sugggst that the
molecules should be capable of coordinating in the

above fashion. The analagous ion [Br.(NC5H5)2]+ in-
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volving coordination by pyridine has received mention

in the literature [73].

The second scheme has been suggested by the results
of certain experiments carried out by Rydon [64].
From chlorobenzene solutions containing 2 moles of
triphenyl phosvhite and 1 mole of bromine it was
possible to isolate diphenyl bromophosphite (CgHgO) oPBr,
and a crystalline compound whose bromine analysis
corresponded with that required for the molecule

Evidence in favour of scheme (2) was obtained .
from the result of an ion migration experiment (des-

cribed later).

Thus in both of these schemes, two molecules of
triphenyl phosvhite are required to give rise to a
pair of ions and the conductance of the system would
accordingly rise until the composition 2 (06H50)3P +

1 Br2 is attained.

Further addition of bromine (B - C, on the graph)
led to the appearance of a yellow colour in the sol-

ution but to no change in the conductance. The lack



of change in the conductance can be attributed to the
absence of a net change in the number of ions in the
solution and can be interpreted in terms of the
following equations which lead to the formation of
triphenoxyphosphorus dibromide at the composition

corresponding to C.
+ -

The triphenoxyphosphorus dibromide thus ionises in
such a way as to produce a phosphorus containing

anion. Had the mode of ionisation been

(CgH0) PBr, = (06H50)3PB1~+ + Br

then it is clear that the solution would contain twice
as many ions, and the conductance would have contin-
ued to rise up to point C. (This point is further
inveétigated in the electrolysis experiment described

later).

- In terms of the equilibria discussed for the 2:1

ratio, we must regard the formation of the 1:1 ratio



- 161 -

ions as occurring through a series of stages which
leads ultimately to both cation and anion possessing
three phenoxy groups attached directly to a central

phosphorus atom.

A further increase in the bromine - triphenyl
phosphite ratio leads to the change C - D, together
with an intensification of the colour of the solution.
These results are accounted for by the formation of

a polybromide ion as shown by the equations

+ N

+ ‘ +

- + -

That is a single tribromotriphenoxyphosphate anion
breaks up in the presence of additional bromine (2moles)
yielding one bromotriphenoxyphosphonium cation and
two tribromide ions. The approximate doubling of the

conductance when the 1 (06H5O)3P : 2 Bry composition
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is attained is thus accounted for.

The formation of a tribromide ion in this system

accords with the findings of Popov and Skelly [22]
who have drawn attention to the strong tendency of
halides to form polyhalides in acetonitrile and to

the conductance of the resulting solutions.

It has proved possible to isolate this triphenoxy-
phosphorus tetrabromide as a yellow crystalline mater-
ial melting at 105 - 106 °C. Analysis of the sub-

stance gave the following results :

P% Br %
Found.................-... 4'94 49‘97
5.01 49+ 57
508 50+ 24
C1gH1502PBr, requires..... 492 5076

The compound is readily hydrolysed to bromine,
hydrogen bromide, and triphenyl phosphate.

Other polyhalides of general formula PXS.Y4 have

been reported. In the phosphorus trichloride - bromine
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system Fialkov and Kuz'menko [52] have isolated
PClSBr4, and Forsman and Lipkin [70] have obtained

triphenoxyphosphorus tetraiodide, (CgHg0)3PI,s from
the triphenyl phosphite - iodine system.

It is perhaps not surprising to find a tendency
towards polyhalide formation in this series of com-
pounds considering the vpresence of an .....onium type
of ion. As a rule polyhalide ions have a greater
stability when associated with cations of a compar-
able size énd hence they are formed freQueﬁtly by
halides of the ammonium, phosphonium, etc., and the

large alkali metal cations.

The molar conductance of the triphenoxyphosphorus
dibromide is as might be expected, lower than that of

the dichloride for the same concentration,
A -1 2 "'1 -
(CgHp0) zPBry " 35+4 ohm. cme. mole. , ¢, = 0:011

The tetrabromide was found to have a molar conduct-

ance of 995 ohm:Lem~ mole'.1 at ¢ = 0-0090.

Summarising, the result of the conductometric anal-

ysis of the triphenyl phosphite - bromine system can
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be interpreted in terms of three ionisation schemes
involving different triphenyl phosphite : bromine

ratios as follows —

A. 2(CEHg) P

lBrz

B. [(CEHg0) Pl Bro= (Caig0) P + Br™ + (CgHg0),PBr
l (2 ions)
Br2
Co 2 (CgHg0)PBry ¥ (CgHEO) PBr  + (CgHgO) PBT;

l (2 ions)
2 Br2

D. 2 (CgHg0) PBr, = 2 (C4HZO)PBr + 2 Bry

(4 ions)
J/;n Brg

E. Higher bromides



THE ELECTROLYSIS OF TRIPHENOXYPHOSPHORUS DIEROMIDE

IN ACETONITRILE SOLUTION

To confirm the dibromide ionisation scheme, trans-
port experiments were carried out on an acetonitrile
golution containing triphenyl phosphite and bromine
in the ratio corresponding to triphenoxyphosphorus

dibromide.

Tonisation of triphenoxyphosphorus dibromide is

likely to comply with one of the following schemes :
+ ; . -

2 (CgHg0) zPBrg = (CgHg0) zPBT  + (CGH50)5PBr3 ceeal(l)

(06H50)3PBI'2-€-_—>— (CsHSO}SPBr_’- + BI'- ..'....l..‘..(z)

Provided there is no loss of the products from
the solution via deposition on the electrodes or evol-
ution as a gas, it should be possible to distinguish
petween these ionisation schemes by noting the
electrolyte concentration changes occurring at the
electrodes on electrolysis. If ABr and AP represent
increases in gram-atoms of bromine and phosphorus resp-
ectively occurring in the electrode compartments, and

t is the transport number of the cation at the concen-

+
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passed,

at

at anode,

and for

If x = 1 Faraday, the

at cathode,

at anode,

cathode,

AP
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ABr =

ionisation (2),

ABr =
AP

|

x(4t, - 3)
x(1 - 2t,)

then for ionisation (1),

values of ABr and AP for

used, and x Faradays the quantity of current

different values of t, are shown in the following

tables :

Ionisation (1]

t*O Os1 |02 |03 [0+4d [0+5 |06 [07 [0+8 |0+9 [1+0

ABr|=3 |[=2¢6] =202[=1e8|=104(=1+0[=0e¢6|=002|+02|+0¢6|+1+0

AP(1 +0* 8| +0¢E{+0+4{ +0+2]| O =0¢2[=024{=06|=-0+8}{~1-0
Tonisation (2)

t+|0 O+l | 0+2 |0¢3 |04 [0+5 [0«6 [C+7 |08 |09 [|1-0

ABr|=1 | =08} =0¢6|=0+4| =0+2| O |+0+2[+0+4|+06(+0+8|+1-0

aPlo «0¢1| =00 2| =0 3| =0+4|=0+5|=0+6( =07 -O‘é =0e9]=1+0

In an experiment the following

values of ABr were
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found for the passage of 1 Faraday of current through

a solution of concentration ca. 005 M,

1. ABr

I}

-0+ 64
2e ABI‘

=070

and the corresponding values of t, are,

059 and 0-57

by ionisation (1), t.

by ionisation (2), t, = 0+18 and 0-15

Since it is not conceivable for the current to pass
through the solution under investigation by a chain
transfer mechanism, then direct movement of the ions
must be responsible for the passage of current. In
such circumstances it is always found that cation and
anion carry the current to about the same extent thus
‘making the transport numbers of the ions in the region
of 0-5. TFor this reason it is apparent that triphen-
oxyphosphorus dibromide ionises in accordance with

scheme (1), i.e.
X + -

This result is in complete accord with the results

of the conductometric analysis of the system triphenyl
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phosphite - bromine.

Before the passage of current the solution was
yellow in colour, but during electrolysis the cath-
ode solution became colourless, whereas the colour
change at the anode was in keeping with the liber-
ation of bromine. The following processes were

occurring in the solution at the electrodes =

At cathode

2 [(c@p)PBr]’ + 2 e —> [2 (CgH5O)zPBr]

l

[2 (CgHEO) zP + Bry]
- e -

~
colourless mixture

At anode:

2 [(CgHE0)zPBrz]” - 2 e —> [2 (CgHg0) zPBrz]

l

2 (CgHg0) zPBry + Bry
g

S—

N
yellow solution
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ELECTROLYSIS OF  [(CgHs0) <P ]oBro IN ACETONITRILE

The nature of the species present in the highly
conducting colourless solutions formed by mixing
2 moles of triphenyl phosphite and 1 mole of bromine
in acetonitrile, has not yet been determined definit-
ely. It has been suggested that the ionic equilib-

rium involves cationic bromine stabilised by‘coord-

ination thus —
+ -
[(CgHg0) sPIoBTy & [(CgHg0) sPoBreP (0CHs) 5]  + Bree««(1)

In contrast with this, Rydon [64] has suggested
that disproportionation may occur to produce a non=-
ionic as well as an ionic compound according to the

following scheme —
+ -
(06H50);4PBI' : (C6H5O)4P + 3Br 0000000(2)

In view of the substantial differences in the
structures of the postulated cations, it was thought
that the result of a quantitative electrolysis of the

system might substantiate one theory or the other.
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Electrolysis of the solution results in ion migration
and when carried out quantitatively it should be
possible to obtain some idea of the structure of the

ions present in the solution.

For each of the proposed modes of ionisation it
is possible to relate transport numbers and A -values.

Using the same symbols as before (page 165) then,

for scheme (1),

i

AaBr = (2t - 1)x , at cathode

i

and when x-= 1, the following values are obtained

t,.|0 O+l [0e2 [0+3 |0+4 [0<5 |06 [0+7 [0+8 [0+9 |10

ABp[=1 | =0*8|=0+8|~004|=0+2] O |+0+2[{+0+4|+0+6|+08| +1

aP|0O =~0e2|=004|=0+6|=0¢8|=10| =1e2|=124|=1e6(=1+8| -2

For scheme (2), assuming that diphenyl bromophosphite

plays a completely passive rdle during electrolysis,

(t+ = 1)x , at cathode

L}

A Br

-(ty)x s at anode

"

a P

and when x = 1; the following set of values is obtain-
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ed,

0 O¢1l |0+2 |0¢3 |0*4 [0+5 |06 |07 |08 |09 |10

=1 | =0+9(=08| =007 |=0¢5|=0¢5| =00 4| =0+ 3| =0°2{=0-1] O

O | =001|=002|=0+3|-0+4{=0e5| ~0¢86| =0+7| =0+8|~0-9]| -1

By applying the experimental values of A Br and
AP to the above sets of figures it is possible to
obtain transport number values. Clearly, A Br and
AP will give rise to the same value of t, when they
are substituted in the expression for the correct
ionisation type. In addition it is to be expected

that the value of t, will be in the region of 0+5.

In an actual experiment, the following values were
obtained, ABr = =0¢45, =0+66

AP = =024

~

Fitting these results into scheme (1) the following
values of t_ are obtained, 027, 0¢17, 0¢12, And in
the case of ionisation (2) the values of t, are 0+55,

Q- 34 9 Qe 24.

On account of the discordance of these results it

still remains uncertain which ionisation scheme is the
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correct one. The values of t, for ionisation (1)
are the more consistent set, but the average value

(0+19) is much lower than would be expected.

With regard to the mechanism proposed by Rydon,
no consideration was given to the possibility that
the ionisation of tetraphenoxyphosphorus monobromide
might take place in a manner analagous to the ionis-
ation of triphenoxyphosphorus dibromide and produce
a phosphorus containing anion. Scheme (2) would

have to be rewritten thus :

2 (CgHg0) fPBT &= (CgHs0) P~ + (CgHgO) PBra +..(3)

The idea that tetraphenoxyphosphorus monobromide in
acetonitrile ionises in this manner receives some
support from a study of the system phenol - phosphorus
- pentabromide ~ acetonitrile, and this evidence is

described later,

However, reconsideration of the results of the con=-
ductometric analysis of the triphenyl phosphite =~

bromine system, necessitates that scheme (3) must be
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rejected, for if the system at the 2(06H50)3P:1Br2

ratio consisted o0f wm
2 (CgH50)4PBr + 2 (CgHy0)oPBr

then reaction of these components with additional
bromine (up to the 1l:1 ratio), would lead to a
doubling of the number of ions. This does not fit

in with the experimental observations. It is con-
cluded therefore that if present the (06H50)¢EBr does
not (under the existing conditions) ionise to

s + -
(CgHg0) 4P~ and (CgHg0) PBry.

There now remains the possibility that the di-
phenyl bromophosphite formed during dispropbdprtion-
ation of [(CgHg0)P]sBry does play an active part
during electrolysis. It is conceivable that the

following might occur =

[(C6H50) zP ]2]31'2 = (CgHR0) 4PBr + (CgHs0) oPBr

1

(CgHg0) 2+ (CgHg0)gPBTg eees(4)

That is the.diphenyl bromophosphite unites with the
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simple bromide ion to form a four-coordinate complex

anion with phosvhorus at its centre.

Although there may be certain objections to the
anion (06H50)2PBr5, it is interesting to calculate
the ABr - t,, and AP - t, relationships for this
system [by inspection it is seen that the relation-
ships between ABr, AP and t, are identical for

schemes {3) and (4) ].

Scheme 4, ABr = (2t, - 2)x , at cathode
AP = (1 - 2t_)x , at anode

and when x = 1,

0 O*1l |02 [0¢3 |0%4 [0¢5 |0¢6 |07 |0+8 |09 |10

«2 | =le8[=1e6]|~1¢4[=12]-1+0|=0e8|=0+6|=0+4{=0+2] O

1 +0 8| +0° 6 +0+ 4| +0 2| O -0¢2(=0+4{=06|=08|=1

Application of the experimentally determined values
of ABr and AP give values of t, equal to 0-77,
067, 0+62. That is,a consistent set of transport

number values is obtained, the average value being 0-69.

These results suggest that the equilibrium,
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[(CsHsO) 3P]231‘2 # (CGH50) 4PBI‘ + (CGHSO) RPBI
' &

+ -
(CgH50) 4P+ (CgHgO)oPBra

describes the system more closely than any of the

other schemes considered.

Although it seems likely, it is not a necessary
condition that (CgHg0),PBr and (CgHg0) oPBr must be
formed in the solution before the ions (06H50§?+
and (05H50)2P3T5 are produced, in spite of the fact
that (CgHgO)4PBr and (CgHg0)oPsr can be isolated from
a solution (in chlorobenzene) containing triphenyl
phosphite and bromine in the ratio 2:1. It is not
unlikely that the conditions under which isolation
is carried out might induce structural changes in
the compounds. To quote Kosolapoff [67b] in a dis-
cussion of systems of phosphites and halophosphites,

"Tn many respects the mixture may be

regarded as a mobile equilibrium system that may
shift during the course of isolation of the pro-

ductSeeceecal

Thus care must be taken when the structure of the

components of solutions of these phosphorus compounds
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is deduced from the structure of isolated products.

. + -
The ions (CGH5O)4P and (CGHso)gPBrz might well
arise directly from the breakdown of an intermedizte

complex such as [(CGH5O)sPeBreP(OCGH5)3]+Br:

There is some evidence that the production of the
final ions does occur through an ionic intermediate.
In the conductometric titration experiment (p.155)
it was found that after each addition of bromine sol-
ution to triphenyl phosphite solution up to the 0+5
mole ratio, the conductance, after a steep initial

rise, fell slightly to a steady value.

The scheme of ionisation proposed for the solution
of composition [(CgHg0)zP]oBrs is seen to contain the
unfamiliar PXZ type of ion. Analagous ions involv-
ing the heavier Group V elements are known. It has
recently been shown [74] that the 1:1 addition com-
pound formed between tetramethylammonium chloride
and arsenic trichloride contains the tetrachloro-
arsenite anion [AsClj]. Similarly antimony and

bismuth may be the centre of a four coordinate anion -

T .
' [spe1,], Wl [Bicl,].



- 177 -

In these anions the outer electronic structure is
presumably (2)‘ (6) (2), which involves a pair of
non-bonded valency electrons. Although the occurr-
ence of such structures is quite well established in
the heavier Group V neighbours of phosphorus, perhaps
the only known compounds of the latter element with
a similar electronic configuration, are those formed
between aromatic phosphine oxides and alkali metals
[75] e.g. [\C6H5)3P0]2-2K+. The phosphorus atom in
the phosphyl ion is clearly isoelectronic with the
phosphorus in the above postulated [(CGHSO)gPBrzj-

ion.

During the electrolysis, minute bubbles of an un-
identified gas were observed to form at the cathode.
A yellowish~-white solid was deposited at the cathode,
and at the anode the solution turned yellow invcolour.

(presumably due to the formation of bromine).

The foilowing is a tentative scheme of the elect-

rode processes =
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At cathode,

P]

NS
2 (CGH50)4P + 28 —> 2 [(06H50)4

!

(C6H5O)3P + ‘CeHso)éP
white solid

At anode,

2 (CgHg0)gPBry - 2¢ — 2 [(CgHg0)oPBro]

!

2 (06H50)2PBI‘ + Brg

yellow
solution

The evolution of a gas insoluble in acetonitrile

is not explained.
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REACTION BETWEEN PHENOL AND PHOSPHORUS _PENTABROMIDE

An alternative approach to the study of phenoxy-
phosphorus bromides utilises the other method of

preparation, from phosphorus pentabromide and phenol :

PBrg + nCgHgOH —> (CgHgO0),PBrs_, + n HBr

This reaction was studied as it occurs in an aceto-
nitrile medium. DPhenol in acetonitrile was added in
stages to phosphorus pentabromide in acetonitrile and
the changing conductance of the mixture noted. Phenol
itself has a negligible molar conductance in this sol-
vent QXm = 0:02 ohm’Ytem? mole:l, ¢, = 0:05) hence
any significant change in the conductance of the phos-
phorus pentabromide solution must be due to interaction

of the phosphorus halide and phenol.

The results of the experiment are recorded in

Table 21 and shown graphically in Fig. 21.

The specific conductance - mole ratio (n) curve
shows distinct inflections at whole number ratios

from 1 to 4. The existence of the complexes —
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Table 21l. Conductometric Titration of Phenol and

Phosphorus Pentabromide in Acetonitrile.

Mole Ratio | 10%« Mole Ratio 10%4

C HGOH:PBr, | ohm> em:’ | CH,OH:PBr, ohm=tem™?
0-00 7.29 3.14 7.94
0+ 20 1749 3.34 8+10
0+ 39 23+ 49 3. 54 8+13
0+ 58 22+03 3.72 8+18
0-78 18-14 3.91 8- 26
0+97 15022 4+10 8+ 26
1-17 13.28 4+29 8+33
1.36 11- 66 4+ 49 8- 33
1-56 10+ 43 4-68 8+33
1.76 9.23 . 4-88 8- 42
196 8+ 42 5+ 07 8- 42
2:16 810 5+ 26 8+ 42
2+ 36 7.78 5-47. 8+42
2. 56 7.94 566 8+ 42
2.75 .78 5+85 842
2.95 797




- 181 -

i [l [ [} 1

{ 2 3 4 S
More RATIO, CeHsOH : PBy;

Fig. 21. Conductometric Titration of Phenol and

Phosphorus Pentabromide in Acetonitrile.
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(CGHso)PBr4,......, (06H50)4PBr s at these ratios is
inferred. 1In addition the value of 4 is found to be
roughly the same at each of the ratios 0, 2, 3, 4.
This seems to indicate that there is no great var-
iation in the number of ions present. Since rhosph-
orus pentabromide and triphenoxyphosphorus dibromide
have been shown to produce the ions PBi:, PBQ; and
(06H50)3P3r+, (C6H50)3PBré respectively, then it
follows that the compounds (CgHg0)oPBrz and

(CgH50) 4PBr ionise in such a way that a phosphorus-

containing anion is produced. TFor example :

+ -
(CgH50) oPBrs = (CgHg0) oPBry + (CgHgO) oPBry

+

(CeH50) PBr = (CgHy0) 4P + (CgHg0) 4PBT,

fhe slight changes in conductance are therefore
due to the change in the structure of the ions when
Br is replaced by 06H5o. Conductance values at the
various ratios are shown in Table 22.

Values of.ﬁLm at mole ratios O and 3, are con~
sistent with the values previously determined for

phosphorus pentabromide and triphenoxyphosphorus di-
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Table 22. Conductance Values in the System CeHgOH

PBr5 - CHSCN.
. 4
Mole Ratio| 1074 Crm A‘m
C6H50H:PBr5 ol'n:n':]‘cm".1 mole.li‘tre":L ohm'Zlcm? 1itre~l
00 57 007207 7+86
O+b 23+ 6 0+ 06585 35«84
1.0 132 Q¢ 06061 21.78
2¢0 7.9 0+ 05229 15.11
30 7.9 0+ 04597 17.18
4+0 8+4 004102 20~ 47

bromide respectivelye.

The value of & at mole ratio 1 (about twice the
value of & at mole ratios 2, 3, 4.) might indicate
that the complex formed at this stage is ionising

as a monomer, for example
+ -
(06H50)P3r4 & PBr, + OCgHg

or alternatively
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(CgHgO)PBr, = (C4l0)PBry + Br

The former of these is perhaps more likely on
account of the known stability of the PBry ion in
acetonitrile and the relatively large size of the
phenoxide ion. In either case, addition of bromine
accompanied by the formation of a phosphorus con-
taining anion, would result in a marked drop in the

conductance of the solution.

The explanation of the conductance maximum at the
mole ratio 0«5 is not immediately obvious, but is con-
ceivably due to the participation of either the cation
or the anion of phosrhorus pentabromide in the react-

ion with phenol.

Hydrolysis and alcoholysis of non-metallic halides
is usually represented as occurring through the inter-
mediate formation of a complex in which the water or
alcohol molecule is coordinated to the non-metal atom,
through donation of electrons from the oxygen atom.

In the case of phosphorus pentabromide, the attack

+
would presumably be on the cation PBr, to produce the

R+
complex N A



Now considering the reaction of phosvhorus penta~
bromide with phenol, attention must be paid to the
distribution of charge in the phenol molecule. By
virtue of a mesomeric +M effect involving the benzene
ring, the oxygen atom must be more positive than it
is in the alcohols, and consequently less able to
donate electrons. This together with a possible
steric effect seems to suggest that the phenol is
unlikely to react with phosphorus pentabromide by
first of all forming a complex of the type :

H

\‘O-+PBr4
/
06H5

The attack would therefore involve the anion PBrg

and the following scheme is suggested @

- + 0CgHs|
PBrz + PBrgBr + HOCgHg —>{PBry + HBr + [1'>Bf- 5]
5

+ - - +
PBry + HBr + OCgHp + Br + PBry

The stoichiometry of this reaction coincides with a
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mole ratio of O¢5 . TFurther addition of phenol till
the mole ratio is 1:0 is considered to produce the

following change.

+ - - + -
2PBr, + CgHs0 + Br + CgHgOH -+ 2PBr, + 20gHg0 + HBr

In these systems it is assumed throughout that
the hydrogen bromide is bound non-ionically as the

iminobromide CHSCBr=NH.

The colour of the solution which was originally
yellow, became colourless at a mole ratio between
5 and 4. This observation is in accord with our
knowledge of the complexes formed at these stoich-
iometric ratios — (CgHg0)zPBro is a yellow solid,
and (CgHg0)4PBr [64] is white.

These results show that in acetonitrile, the re-
placement of Br by 06H5O occurs quite readily to
yield the series of phenoxyphosphorus bromides. The
composition of the product depends only on the ratio

of the two reactants.
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CONDUCTOMETRIC ANALYSIS OF THE SYSTEM TRIPHENYL

PHOSPHITE - TODINE

The literature contains contradictory evidence
about the existence of a triphenoxyphosphorus di=-
jodide. TForsman and Lipkin [70] studied the tri-
phenyl phosphite - iodine system in some detail but

reported that a 1l:1 addition compound could not be

obtained. Rydon and his school [61] on the other
hand have reported that they obtained triphenoxy-

phosphorus di-iodide as a crystalline solid.

This present investigation is designed to relate
the behaviour of the triphenyl phosphite - iodine
system with that of the better known systems involv-

ing chlorine and bromine.

Conductometric titration of triphenyl phosphite
with iodine in acetonitrile gave the results shown
in Table 23 and Fig. 22. (note: for iodine in aceto-
nitrile, 1\m= 0-18 ohm em® molert at e, = 0-0322).

The form of the graph shows that the system is
quite different from that of bromine - triphenyl
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Table 23. Conductometric Analysis of the System

Triphenyl phosphite - Iodine.

Mole Ratio | 10% Mole Ratio 10%4
T5:(CgHg0) 5P [ohm= o™ Io:(Cqlg0) 5P | ohm=tem??
0-06 1.04 0476 4+54
0+17 1. 62 0-88 505
029 1.88 1.00 5. 48
0+ 35 2.11 1.11 5.83
0-41 2443 1.23 6-12
0+ 53 3+00 1.34 642

0- 65 3.89

phosphite. As in the latter system, an inflection
of the graph occurs at the mole ratio 0¢5, and in
this case the solution at this stage is coloured
yellow-brown. A di-iodide, stable in solution, is
also clearly indicated. The equivalent conductance

-1 2 -1
of the di-iodide is 46+55 ohm. cm. mole "at Cp = 0.0117.

Thus it is seen that in the triphenyl phosphite -

iodine system, the value of Am(andk) is anomalously
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D
I
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I

a4 -1
10« , (ohm. cm.

l I

o5 O
MOLE RATIO, I,: (CeHsO)sP

Fig. 22, Conductometric Analysis of the System

Triphenyl Phosphite - Todine.
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-high at the 1:1 ratio, compared with the values obt-
ained in the triphenyl phosphite - bromine (Amf 3544,
Cp = 0°0110) and triphenyl phosphite - chlorine
(/,,=100:5, ¢, = 0-0117) systems. It is therefore
concluded that the iodine - triphenyl phosphite sys=-
tem undergoes a different series of ionisations. It
is reasonable to suppose that for steric reasons a
phosphorus-containing anion such as (CGH5O)5PI5
would be very unlikely to occur, and this being so
the triphenoxyphosphorus di-iodide would ionise in

the monomeric form -
+ -
On this basis the results can be interpreted
according to the following scheme :-

Mole Ratio O = 0+5

+ -
2 (CgHg0)zP + Ig & -+ (CgHg0)4P + (CgHg0)PIp

Mole Ratio Q5 ~ 10

+ - ' +
(CgHg0) 4P + (CgHg0)gPIg + Ig T-++& 2 (CgHp0)3PI
+ 271
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Mole Ratio 1.0 —

+ - +
2 (CgHg0)zPT + 2T + 2 I &+ 2 (CgHg0)5PI
+ 2 Is

By this scheme the number of ions continuously
increases up to the 1:1 ratio, and at this point there
are theoretically twice the number of ions present
than there would be if the anion was a tri-iodotri-

phenoxyphosphate ion.

Triphenoxyphosphorus tetraiodide which comes into
the above scheme as iodotriphenoxyphosphonium tri-
iodide has been isolated by Forsman and Lipkin [70]
who also obtained triphenoxyphosphorus enneaiodide.
These authors also considered the cation (06H50)3‘PI+
to be present. A preliminary x-ray crystallographic
investigation of triphenoxyphosphorus tetraiodide
has afforded results which are in keeping with a

+ -
crystal built up of (CgHgO0)zPI and Iz units [76].

These results constitute useful corroborative
evidence for the work on triphenoxyphosphorus tetra-

bromide described earlier in Part III.
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EXPERIMENTAL PART

MATERTIALS.

Several of the chemical compounds used in this
part of the thesis were also used in eailier parts,
and a detailed description of their purification is
to be found there. These include the purification of
acetonitrile, bromine, and phosphorus pentabromide.
Compounds encountered for the first time are as

follows :

Hydrogen Chloride.
The hydrogen chloride was prep-

ared by the action of concentrated sulphuric acid on
concentrated hydrochloric acid in a Tucker generator
[77], which was attached to a U-tube trap with a con-

striction and joint as shown in the following sketch :

HC — —== —O——
P,'Os Suowd-‘fube
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The phosphorus pentoxide guard-tube prevents the in-
gress of atmospheric moisture. Hydrogen chloride
was allowed to pass through the trap until all the
air had been swept out. The hydrogen chloride was
then condensed in the trap by surrounding it with
ligquid oxygen, and when about half full the con-
striction was sealed. The trap (still immersed in
the cooling bath) was then attached, by way of the
ground glass joint, to the fractionation line of the
vacuum system. It then became trap A in Fig. 23.
Each section of the vacuum system was evacuated and
purification of the hydrogen chloride was carried
out in the following manner. Traps A and C were
cooled in liquid oxygen and trap B in an acetone =~
solid carbon dioxide mixture (ca. -85 °C). Taps Tq,
T2, and Tz were closed and taps Ty and Ty opened.

The hydrogen chloride in trap A was allowed to warm
up by removing the coolant, and pure hydrogen chloride
began to condense in trap C. Trap B served to pro-
tect trap C from any water vapour which may still
have been present in the distilling hydrogen chloride.
When an adequate amount of the pure compound had con-

densed in trap C, traps A and B were recooled by their




main line

T

}
- N :
> .
H Ta H Ts
A B

Fig. 23. Apparatus for the purification of

hydrogen chloride.




respective cooling baths. Taps T, and T5 were then
closed. The contents of traps A and B were allowed
to warm up, and by opening taps Ty and To, these
unwanted materials were transferred to the general
sludge trap of the vacuum system. The pure hydrogen
chloride was stored in trap C (cooled to liquid

oxygen temperature) until required for use.

Triphenyl Phosphate.,

This material was obtained from
Professor H.N. Rydon. It was recrystallised from
aqueous alcohol and dried in a vacuum desiccator.
The product consisted of white, fine needles of melt-

ing point 47 - 49 °¢C.

Triphenoxyphosphorus Dichloride.

This compound was
received from Professor Rydon. The analytical fig-
ures obtained were Cl, 1890, 18¢95 % (Calculated
for CygH1505PCly ¢ Cl, 18461 %). When it was sus-
Pected that slight hydrolysis of a sample had taken

place, the material was rinsed with anhydrous ether




which dissolves the hydrolysis products, leaving the

triphenoxyphosphorus dichloride unaffected.

Triphenyl Phosphite.

Commercial triphenyl phosphite
(gifted by Messrs. Albright and Wilson) was purified
by fractional distillation under reduced pressure.
The boiling point was 180 °C at about 05 mm. press-

uree.

Iodine.
Commercial (Whiffen) resublimed iodine was

used without further purification.

Phenol.
AnalaR grade phenol (M. and B.) was powder-
ed and resublimed in a vacuum, from 50 °C on to a

cold finger at -80 °C.
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CONDUCTANCE EXPERIMENTS.

These were carried out in
the pipette cell described in Part I of the thesis.
The cell was immersed in a water thermostat at 25°C
and conductance values were obtained using the

Mullard Conductance Bridge.

Conductance of Hydrogen Chloride in Acetonitrile.

A solution of approximately known concen-
tration was prepared in the vacuum system. Referr-
ing back to Fig. 23, p.194, the main line was first
of all shut off from the pumping unit. Then trap C,
containing the hydrogen chloride was allowed to warm
up very slowly, and by opening tap Tz carefully,
sufficient gaseous hydrogen chloride was admitted to
the main-line section until the pressure in it was
equal to a predetermined value (calculated from the
weight of hydrogen chloride required, and the known
capacity of the main-line section). Tap Tz was then

closed and trap C recooled.

The hydrogen chloride was then condensed from the

main-line on to an approximately known amount of aceto-
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nitrile contained in a flask in the conductance
section of the system. Solution was assisted by
magnetic stirring after the acetonitrile had melted.
The solution was then transferred to the conductance.
cell and its conductance measured. The molar concen-
tration of the solution was found by estimating the
chloride ion content of measured portions of the

solution (Volhard's method).

Conductances of Triphenyl Phosphate, Phenol, and

Todine in Acetonitrile.

Known solutions of these
substances were prepared by weight, and their con-

ductances determined.

Conductance of Triphenoxyphosphorus Dichloride in

Acetonitrile.

Solutions of this compound were prep-
ared in the dry-box. The conductance was then meas-
ured and finally the concentration was found by chem-
ical analysis. Measured samples of the solutions
- were hydrolysed by sodium hydroxide solution and the
halide ion was estimated by Volhard's method.




CONDUCTOMETRIC ANATLYSES.,

The following conductometric
titrations were carried out in the specially designed
apparatus described in Appendix 3. In every case,

the titration medium was acetonitrile.

Triphenyl Phosphate versus Hydrogen Chloride.

The triphenyl phosphate solution of known concen-
tration was prepared by weight. The solution of
hydrogen chloride in acetonitrile was prepared in
the same manner as described in the section on con-
ductance experiments. Its concentration was deter-
mined by analysing a measured sample for chloride
ion. The triphenyl phosphate solution was run into
the hydrogen chloride solution and the change in con-

ductance of the latter measured.

Bromine versus Triphenyl Phosphite.

The triphenyl phosphite solution was prepared by
adding a known weight of the compound (from a weight-
Pipette) to a known weight of acetonitrile. The brom-
ine solution was made by breaking a bulb-ampoule con-
taining a ¥nown weight of bromine, under a known

weight of acetonitrile. This solution was employed
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as the titrant in the analysis.

Iodine versus Triphenyl Phosvhite.

Each solution was prepared by weight and as before

the halogen solution was the titrant.

Phenol versus Phosphorus Pentabromide.

Both of the solutions were prepared by adding a
known weight of the solute to a known weight of
acetonitrile. The phenol solution was run into the

phosphorus pentabromide solution.

ELECTROLYSIS EXPERIMENTS.

Electrolysis of acetonitrile solutions containing tri-
phenyl phosphite and bromine in various ratios.

Solutions for electrolysis were prepared by the

controlled mixing of standard solutions of bromine
and triphenyl phosphite in acetonitrile (the separ-
ate solutions being themselves prepared by the methods
previously described). The electrolysis was carried
out in a modified Hittorf type of cell which is des-
cribed in detail in Appendix 4. The triphenyl phosph-




ite solution was initially prevared in flask B of the
apparatus, and the reguisite volume of the bromine

solution added to it from the burette of the conduct-

ometric titration apparatus.

After electrolysis the contents of the middle,
cathode, and anode compartments were removed in
standard flasks (100 cc.) tor analysis. Distilled
water was added to each solution until the water in-
soluble product of hydrolysis (triphenyl phosphate)
was just about to come out of solution. The solutions
were then made up to the mark with an acetone-water
mixture. Aliquot portions of these solutions were

then analysed for bromine and phosphorus.

Bromine Estimation :

A portion (20 cc.) of each
solution was taken and added to N NaoH (50 cc.) in

a conical flask. This was boiled for 10 min. and
neutralised with dilute nitric acid. 5 N nitric aciad

(5 cc.) was then added in excess and the bromide ion

estimated by Volhard's method.



Phosphorus Estimation @

L

A 20 cc. portion of the
agueous-acetone solution was evaporated very slowly
(at 25°C) to dryness. The residue consisted of white
crystalline needles and it was necessary to oxidise
this material to ensure that the phosphorus was pre-
gsent as phosphate ion. For this a modification of
the procedure described by Marie [78] was employed.

The amount of phosvhorus to be estimated was about
0-0031 g.

AnalaR nitric acid (35 cc.) was added to the phos-
phorus~-containing material and the mixture heated to
just below the boiling point. AnalaR potassium per-
manganate (3 g.} was added over a period of 30 min.,
and following this the mixture was heated for a
further hour (constant swirling was necessary to pre-
vent bumping). The mixture was allowed to cool and
the precipitated manganese dioxide dissolved by the
dropwise addition of a 10 % solution of sodium nitrite.
The solution (yellow) was then heated to remove oxides
of nitrogen (solution finally colourless) and after

cooling, some water (25 cc.) was added, followed by



ammonium hydroxide till the solution was slightly
alkaline to litmus (a white precipitate of manganous
hydroxide was formed). Nitric acid was then added
until the manganous hydroxide dissolved and 5 cc. in
excess were used. The vhosphorus was then ready for

precipitation as ammonium phosphomolybdate.

To the solution ammonium nitrate (10 g.) was added
and the solution heated to 45°C. Ammonium molybdate
solution (50 cc., containing 05 g. solute, i.e. a
twofold excess) was heated to the same temperature
and added in drops to the phosphate solution. Stir-
ring was carried out and continued for 10 min. The
precipitate was allowed to stand for 30 min., and then
filtered through a No. 40 Whatman filter paper. The
precipitate was washed by decantation three times
with 5 % ammonium nitrate solution, the bulk of the
precipitate being retained in the original beaker.

The ammonium phosphomolybdate was taken up in a sol-
ution prepared by dissolving citric acid (05 g.) and
concentrated ammonia solution (7cc.) in water (15 cc.).
The apparatus was finally washed with small volumes

of dilute ammonia (1:20) followed by hot water, then
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hot dilute hydrochloric acid (1:20), hot water and
finally with dilute ammonia and hot water (the total
volume of the solution at this stage was about 200 cc.)
The next step was to precipitate the phosphate as

magnesium ammonium phosphate.

The ammoniacal solution was made slightly acid to
methyl red with dilute hydrochloric acid solution.
Magnesia mixture (10 cc., containing 05 g. magnes~
ium chloride hexahydrate) was added dropwise, and
axmonium hydroxide solution (1:1) was then added
with stirring until the solution was alkaline. 5 cc.
in excess were added and the precipitate allowed tol
stand over-night. TFiltration through a No. 42 filter
paper was then carried out and the precipitate was
washed thoroughly with a 1:20 solution of ammonia.

The precipitate was dissolved in warm 1l:4 hydrochlor-

ic acid solution (the volume at this stage was about

100 cc.}, magnesia mixture (5 cc.) added, and the mag
nesium ammonium phosphate precipitated as before.
After standing over=night the solution was filtered
through a porcelain crucible (Royal Worcester 0/4) of

known weight. The precipitate was washed with a 1:20



ammonia solution until free from chloride ion. The

crucible was then dried in an air oven at 120°C and

finally the magnesium ammonium phosvhate was ignited
to magnesium pyrophosphate in a muffle furnace at

900°C.

PREPARATION AND ANATYSTIS OF TRIPHENOXYPHOSPHORUS

TETRABROMIDE ,

An excess of bromine was added to tri-
phenyl phosphite (0005 mole) in ether solution.
This produced a heterogeneous precipitate accompan=-
ied by the evolution of heat. The solvent contain-
ing excess bromine was decanted off. The precipit-
ate was dissolved in acetonitrile in which it is very
soluble. ZEther was then added until a yellow cryst-
alline precipitate was obtained. The solvent was de-
canted and the crystals washed by decantation with
ether until the ether was almost colourless. After
the final decantation the residuval solvent was re-
moved under slightly reduvced pressure. The product
was a very hygroscopic yellow crystalline solid of

melting point (sealed tube), 105 - 106 °C. The yield



was about 60 %.

Analysis was accomplished by hydrolysing a known
weight of the solid with sodium hydroxide solution.
This was carried out in a closed system to avoid the
loss of hydrogen bromide. The resulting solution
was yellow and contained an insoluble white solid.
The bromine was reduced to bromide by passing sulphur
dioxide through the solution. The solid was then re-
moved by filtration and the solution acidified with
dilute nitric acid. Carbon dioxide was then bubbled
through the boiling solution to expel excess sulphur
dioxide. After cooling, the bromide ion content of

the solution was determined by Volhard's method.

The white solid produced on hydrolysis appears to
be triphenyl phosphate. The melting point of the sub-
stance was found to be 48:0 - 495 °C. An authentic
specimen of triphenyl phosphate melted at 480 - 49.52C
and determination of the mixed melting point resulted

in a value of 485 = 49-5 °C,

Phosphorus analysis was done after oxidation of

tﬁe substance with concentrated nitric acid and pot-
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assium permanganate (as described in the section on
electrolysis experiments, p.202). After an initial
precipitation as ammonium phosphomolybdate the phos-
rhate was precipitated as magnesium ammonium phosph-
ate and finally ignited to the pyrophosphate which

. was weighed.
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APPENDIX 1

THE DRY=-BOX

At all times during the research the trans-
fer of easily hydrolysable materials was carried out
in the Dry-box. This piece of equipment consisted of
a large box (capacity ca. 100 litres) which contained
an efficient desiccating agent (phosphorus pentoxide
or silica gel). In addition to this the pressure in-
side the box was made slightly greater than atmospher-

ic by passing a stream of dry air through the box.

The top surface of the box was constructed of
perspex and the handling of apparatus and materials
inside the box was made possible through a pair of
plastic gloves which were sealed in with the wall of
the box. The introduction of apparatus etc. to the
box from the outside and vice versa was achieved
through a transfer-~box which possessed a double-door

system.

The interior of the box was therefore isolated from

the external atmosphere, and the intrusion of atmos-



pheric moisture was impossible. In this way hygro-
scopic compounds could be handled in a dry atmosph-

ere without hydrolysing.
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APPENDIX 2

THE VACUUM SYSTEM

The use of a vacuum system presents
a very convenient method of handling compounds out of
contact with the atmosphere. Thus in the present
work, in which many of the compounds used hydrolyse
in the presence of atmospheric moisture, vacuum

technique was used to a large extent.

A schematic diagram of the wvacuum system is set
out in Fig. 24. It was constructed of Pyrex glass
and consists essentially of a pumping unit connected
to a main line from which various subsidiary sections
branched off. These sub-sections receive more detail-

ed description elsewhere in the thesis.

The pumping unit was made up of an Edward's
mercury diffusion pump (Type 1 M 1) backed by a
'Metrovac' rotary vacuum pump (Type SR 2). The pumps
were protected from condensable vapours by means of
two removable liguid air-cooled traps. An estimate

of the pressure attained in the pumping section was
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Fige. 24. Schematic Diagram of the Vacuum System.




obtained from the McLeod guage. Each other section
was provided with 2 manometer for the semi-quantit-

ative determination of pressure.

<

Dry air could be admitted to the system by way of
gseveral inlets, and the introduction of compounds was
made through standard joints distributed at several

points in the apparatus.

Vacuum taps were used throughout the system and
these were generally lubricated with Apiezon M grease.
When the compounds being used were unstable in the
presence of Apiezon, Florube W grease was used in its

place.

Volume calibration of any particﬁlar section of
the apparatus was effected by expansion of a known

volume of carbon dioxide at known pressure.



CORDUCTOMETRIC TITRATION AFPARATUS

Physico-chemical investigation of soluticns of non-
metallic halides is often rendered very difficult on
account of the extreme sensitivity of the halides to
traces of moisture. The apparatus illustrated in
Fig. 25 was designed in order that continuous conduct-
ometric titration of anhydrous solutions could be
carried out on a small scale under conditions which
would prevent their deterioration by contact with
atmospheric humidity. By means of this apparatus it
has been possible to make a reliable study of com-
plex formation by certain non-metallic halides ; for
example, the addition compounds formed between phosph-
orus halides and halides of Group IV metals. These
reactions have been studied in indifferent solvents
such as acetonitrile and nitrobenzene. The apparatus
has the additional advantage that the solutions do not

come into direct contact with tap lubricants.

The procedure employed in a conductometric tit-

ration was as follows. Before use the apparatus was
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Fig. 25. Conductometric Titration Apparatus.




baked at 120 °C for 4 hours. The titrant of known
concentration was prepared in a separate flask. To
this the burette F (capacity 25 cc.) was attached

and filled by gentle application of reduced pressure
through tap T, (tap Tz was opened to a system of dry-
ing tubes). Tap T4 was then closed and the burette
attached to the main system which was arranged as

shown in the diagram.

Flask C (capacity 50 cc.) initially contained a
known volume (ca. 25 cc.) of the solution of known
concentration to be titrated. During titration tap T3
was permanently closed and tap T permanently open.
Small additions of the titrant were made by opening
tap T, (the flow of liquid from the burette was con-
veniently "damped" by the very fine constriction E).
Complete mixing was ensured by the use of a magnetic
stirrer D. To measure the conductance of the solution
at each stage in the titration a sample was introduced
through the capillary tube into the electrode chamber
B by gently applying reduced pressure through tap Tqe
The sample was held there by closing Ty After noting

the conductance the sample was returned to the titrat-
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ing flask.

A standard pair of smooth platinum dipping elect-
rodes, A, (area 1 cmg, cell constant 0-324 cm?l) was
used. The conductance wag measured by the Mullard
Conductance Bridge (E7566) when equilibrium had been
attained after each addition of the titrant.




APPENDIX 4

APPARATUS FOR THE DETERMINATION OF TRANSPORT NUMEERS

The determination of transport numbers by the
Hittorf method involves the measurement of small
changes in the amount of electrolyte which take place
in the solution in the vicinity of the electrodes
when the solution is electrolysed. Although the
method is straight forward in theory, there are
several experimental difficulties to be overcome and
this is reflected in the variety of forms of apparatus
described in the literrture for the determination of

transport numbers by this method.

Since the concentration changes to be measured are
usually small, it is important that mixing of the
anode and cathode solutions is minimised. Mixing of
the solutions within the apparatus may be brought
about by diffusion, convection, or vibration.
Attempts to reduce these errors by, for example,inter-
posing & partition of sintered glass,or lengthening

the column of the solution, only results in an in-



creased resistance of the system and consequently
smaller concentration chenges. Conversely attempts
to increase the concentration changes by prolonged
electrolysis or increased currents results in an en-
hancement of the above errors. The problem is one of
constructing an apparatus with the optimum dimensions
which will result in a maximum current with a2 minimum

of diffusione.

Transport number determination in phosphorus halide
systems is rendered more difficult because of the
sensitivity of these compounds to moisture and tap-
grease, and it was for the handling of these comp-

ounds that the following cell was designed.

The electrolysis cell was of the H-type with a
middle (U-shaped) compartment as shown in Fig. 26.
The inner diameter of the tubing was 14 mm. and at
each electrode the width was enlarged. This is re-
ported to reduce the resistance of the filled cell
[79]. Instead of fitting glass taps for the purpose
of emptying each compartment of the cell, fine, easily
broken spindles were drawn out. This had the two-

fold advantage of eliminating the use of tap grease
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Fig. 26 Electroj-;ESiS Cell.



and enabling the cell to be immersed in a thermostat,
thus dissipating the effect of local heating. The
electrodes congisted of coiled smooth platinum foil
and each had a total surface area of 37+5 cm% ; their

distance apart was about 40 cm.

The remainder of the apparatus was designed in
order that the solutions could be manipulated by press-
ure difference in a closed circuit. The following is
a description of the experimental procedure adopted in

using the cell.

The apparatus was attached at joint E to the vacuum
system and before use it was flamed out in vacuo.
Following this, dry air was allowed into the system.
Flask B was then detached and the openings stoppered.
The solution to be electrolysed was prepared in flask
B, and when this was done B was rejoined to the
apparatus. Taps Tl and T2 were closed at this stage
and the main line evacuated. The solution was then
transferred to flask A by rotating B about the through
joint F. The cell was filled by suction to level C-D
(by opening tap T;) and dry air was then admitted to

the system (via the main line) by careful adjustment
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of taps Ty and Ty (after this the delivery tube con-
tained no solution and the pressure above the solution
was atmospheric). The H-cell was then immersed in a
well stirred thermostat (at room temperature) and the
solution electrolysed by the passage of direct current

supplied by high tension batteries (up to 240 V).

After electrolysis the compartments were emptied
(middle first) and the separate solutions analysed.
The amount of current passed was determined from the
increase in weight of the cathode of a silver coulom-
eter*‘incorporated in the circuit. A sensitive milli-
ameter was also included in the circuit and during

electrolysis the current was adjusted to about 10 mA.

*
Design of Silver Coulometer. A sintered glass

crucible (H4) was placed in a beaker (250 cc.) and the
beaker filled with silver nitrate solution (10%) so
that the crucible was about three-quarters filled with
solution. The anode consisted of a cylinder of silver
gauze interposed between the outer wall of the crucible
and the inner wall of the beaker. The cathode was a

platinum electrode (area 1 cm?) immersed in the sol-
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ution within the crucible. The crucible served to
trap any silver which may have become disengaged from

the cathode.

The cathode + crucible were weighed before the
experiment. After the current had passed, cathode
and crucible were washed with distilled water then
acetone and finally dried in an air oven at 120°C.
Reweighing enabled the weight of silver deposited to

be calculated.
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APPENDIX 5

CRYOSCOPIC CELL

A cryoscopic cell has been designed
specially for the study of solutions of non-metallic
halides. The apparatus, which was made of Pyrex glass,
is shown diagrammatically in Fig. 27 (to avoid confus-
ion two side-views are shown and in each of these one

of the attachments is omittedj.

The ground glass interchangeable joint A carries
three attachments, namely, a. thermometer pocket (B),
a stirrer guide (C), and a bulb-breaker chute (D).
These are arranged as cempactly as possible as shown
in the plan view, Fig. 27(a). Stirring was achieved
by the coil E of 2:5 mm. glass rod, at the top of which
wag a glass~enclosed soft iron core F. The stirrer
was operated-magnetically (an Eclipse Power Magnet
used manually), rising and falling apout 75 times per
minute. The thermometer pocket B was constructed of
thin walled tubing with an inner diameter such that a
5° Beckmann thermometer fitted into it neatly. To en-

sure good thermal contact between thermometer and sol-
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Fig. 27 . Cryoscopic Cell.
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ution, sufficient mercury was introduced into the pock-
et to cover the bulb of the thermometer when in place.
The base of the thermometer pocket was situated about

1 cm. from the bottom of the cell.

The bulb-breaker chute consisted of 0¢85 cm. inner
diameter tubing which allowed a bulb of ca. 0:25 cc.
capacity to be used. At the bottom of the tube was
fixed a bulb-trap which prevented the buld from leav-
ing the chute, whilst holding it in position for
breaking just below the surface of the solvent. The
breaker D was a stout piece of glass rod which could
move up and down freely within the chute. The end of
this rod was jagged to facilitate fracturing of the
bulb. It was usually necessary to allow the breaker
to drop under gravity only about 2 - 3 cm. to effect
the breakage.

The over~&ll length of tube H, was about 19 cm.,
and the amount of solvent used was in the region of
80 cc. The tube H was placed in an air-jacket with
a side-arm and this was in turn placed in the cooling

bath. The purpose of the side-arm on the air-jacket



was to provide access to the surface of tube H. This
was made use of when super-cooling proved troublesome,
for in such circumstances a piece of solid carbon
dioxide, fixed to a holder, was introduced through the
side-arm and pressed firmly against the wall of the
cell. This practice effectively induced crystallis-

ation of the solvent.

Procedure. To prevent the slow ingress of moisture
during freezing point determination the joints were
greased with Florube W grease. The cell was weighed
empty and then again when charged with solvent. The
freezing point of the pure solvent was then determined
(each freezing point was determined in duplicate or
triplicate). Cap I was removed and the breaker ex-
tracted from the chute. A bulb containing a known
weight of solute was dropped down the chute followed
by the breaker which was allowed to fall on the buldb
and shatter it. After replacing cap I, the freezing
point of the solution was found. Further additions of
the same or different solutes were made and the freez~

ing point determined in the same way.
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With this apparatus it is possible to measure
freezing points of solutions to within * 0-002 °C.
The apparatus has been successfully used to measure

freezing points down to about <25 °C,.
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