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SUMMARY OF FINDINGS

1) © The pyrophospﬁite anion is greatly modified as combared
to the pyrophosphate anion as regards its tendency to form
metal complexes in solution; pyrophosphite is a relatively
weak ligand, (p.57-81).

2) The P-O-P bond in the pyrophosphite unit will not
tolerate further attachment of P-0-P bonds as in the condensed
phosphates, (c.f.p. 100-119).

3) The P-H bond in the phosphite ion undergoes two types
of reaction leading to formation of higher oxy-acids of
phosphorus, namely breakdown to gaseous phosphine, this occurs
where there are P-OH groups attached to the phosphorus, or to
gaseous hydrogen, where there are no P-OH groups present, in
this latter case the formation of P-P bonds is favoured in

the reaction product, (c.f.112-119).

4) The kinetics of the oxidative breakdown of phosphorous
acid have been elucidated in terms of a radical chain reaction,
(c.f.p 107-112).

5) During the study of pyrolysis of metal phosphites
numerous compounds have been prepared, simple and more complex
salts of phosphorous acid which have not been described before.
The properties of several salts which have been described in

the literature have been more thoroughly investigated than

heretofore.



6) Two types of hydrates of pyrophosphorous acid seem

to be obtained best described as H-g 6-P-H (cefep.87).

_ 4+ H6 oidn
and types based on the P=0~ H,0 structure, (c.f.p 85).

7) For the series of alkalismetal hydrogen phosphites and
the corresponding alkaline earth salts the ease of P-0-P

bond formation on heating is related in a simple way to the
sizes of the cations,(c.f.p.91-99)- Oxidative breakdown of
the P-H bonds in these compounds and others are related to the
same function of cations size, cross relationships between

the ease of reaction and infra-red spectral data are also

found particularly with the cases of P-H reactions, (c.£.96).

8) Sublimation of phosphorous acid has been investigated.
The maximum amount of sublimation occurs when the pressure
over the acid is such as to allow sublimation but retard the

formation of pyrophosphorous acid, (c.f. p.100-106).

9) An unknown spot has been obtained on the acid chromatograms‘
of products from the pyrolysis of phosphorous acid.

It appears in advance of pyrophosphate in acid elutions,

and probably corresponds to an unknown phosphofous oxy- anion,
(c.fop 183-191).

10) Pyrolysis of RbZHPO3 leads to a product containing
most of the original oxidation-reduction equivalent of the
- original product but no P-H bonds are detectable by infra-

red spectroscopy (c.f.p.196-197).



INTRODUCTION

The following pages are devoted to the study of phosphites
and related compounds. The work described was carried out
in the’Inorganic Department of Glasgow University under the
supervision of Dr. D.S. Payne, as part of the requirements
for the degree of Doctor of Philosophy of Glasgow University.
Investigations were carried out from September 1959 to March
1962; preliminary work was done as part of the requirement
for the degree of Bachelor of Scienpe with Honours in Chemi-

stry during January to March in 1959.

The work is presented in three main sections, the historic-
al section, the complexing ability of pyrophosphite for a
number of metal ions and the results and tabulation of thermo-
gravimetric experiments on a variety of phosphites and related
~compounds. This last section comprises the bulk of the work
presented. It is given in two sub—sectioﬁs, the first being
a general account of the experiments and the second being a

more detailed experimental section.

This work is a continuation of the work o% Dr.D.S.Payne
on the lower oxy-acids of phosphorus, and much of the experi-
mental data given here was obtained by repeating and extending
the work of previous investigators of this school. In places

the findings of these earlier workers have been radically



reinterpreted, as regards the possible rationalisations of

the observed facts.

Contemporary with this study the whole subject of the
lower oxy-acids of phosphorus underwent a revival. The
consequences of this are that some of the findings obtained
by us have been duplicated by other groups of investigators;
no serious differences are found between the results of
other workers (notably Ebel and Hossenlopp on the question
of the non-existence of polyphosphite units) and ourselves.

Thus independent confirmation of our findings is available.
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GENERAL

The lower oxy—acids of Phosphorus

The study of this group of compoundsrcomprises a separate
discipline within phosphorus chemistry: The lower oxy-acids
are those compounds of phosphorus with oxygen and hydrogen,
the phosphorus being tetrahedrally co-ordinated by oxygen,
hydrogenfand phosphorus atoms. There are covalent P-0, P-H
and P-P bonds present, the oxidation number of the phosphorus
being less than five. All the known lower oxy-acids have the
common structural feature HO-P=0, this hydroxyl group being
dissociated in solution. The oxy-anion is the real structu-
ral unit. Other groups attached to the phosphorus are more

weakly dissociated in solution.

The electronegativiﬁy of phosphorus is similar to that
of hydrogen, the P-H bonds having relatively non-polar char-
acter when compared with N-H bonds and O-H bonds. Their pro-
perties are similar to C-H bonds. They tend to take part in
reactions by homolytic bond breaking, and formation of radicals
rather than by the formation of ions. The presence of P-H or
P-P bonds in a phosphorus oxy-anion defines it as a lower oxy-
anion. A major difference from the fully oxidised series,
the phosphates, are the reactions which P-H and P-P bonds

take part in. Products of pyrolysis of compounds with
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P-H and P-P bonds present are, for example more complex than

the pyrolysis products of corresponding phosphates.

The thermodynamic relationship between lower oxy-acids
i.e. the relationship between different oxidation states of
the phosphorus as regards available energy and the reactions
of the lower oxy-acids, is as applicable to this branch of
chemistry as it is to organic chemistry. This is due to the
fact that there is a large activation energy barrier between

different oxidation states,

Although these oxy-acids have been known for over a
century and a half the constitution of even the simplest
members have only been conclusively demonstrated in the last
thirty years or so. Recently through the work of Bruno
Blaser, who has greatly extended the number of known species,
renewed interest is being shown in the properties of these
compounds. It is considered that at present this subject is
only just beginning as a separate field and in the coming
years it will be greatly extended; there would seem to be no
restriction on the numbers of different oxy-anions which can

be foreseen. ' ‘



Nomenclature.

In 1959 B, Blaser devised a system of nomenclature suitable
for the wriﬁten word based on the oxidation number concept,
(I). Since the location of the numerals either below or
above the symbol have different and quite specific meaning
it is difficult to use in speech, but is a very convenient,
clear and unambiguous form of representation for the written

word.

The classical nomenclature was devised in its present
form by Dulong in 1816, (2). Pelletier, prior te this had

used the "ous", M"ic" suffixes.
Dulong distinguished the four acids,

Phosphoric Hypophosphoric ) :
» Acids
Phosphorous Hypophosphorous )
The nomenclature was later extended by the use of pre-
fixes ortho, pyro and meta denoting different states of de-

hydration of the ortho or fully hydrated form. Thomas

Graham, in 1833 was the first to use the meta prefix.

With increasing khowledge of molecular structure in
modern times the nomenclature was adapted. Species previously

classed under the general term "meta" were now distinguished
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into poly or chain anions and meta or ring anions. Further

classification in terms of the number of phosphorus atoms
present can be made, e.g. tripoly, trimeta and tetra meta
etc. The prefix "ultra" is used to denote species dehydrated
beyond the meta state, containing branched P-0-P chains.

The terms "isohypophosphoric acid" and "diphosphorous
acid" based on an extension of the classical system of nomen-
clature were given to the earliest of theznewsgroup4o£ lower

oxy-acids. These are now referred to as P-0-P and P-P by

Blaser.

Since the oxidation number of tetrahedrally bonded
phosphorus uniquely defines the number of P-H bonds present,
a skeleton structure only is required with the appropriate

oxidation number indicated;

I
thus P is H—g-H
3 H
P " H-gﬁ’ou
H
5
P " Ho-gon
' H
4 4 ’ 8 g
P-P " Ho-b;- ~QH
| HE
4 2
P-P n | Ho-g-g-n
| A_ 2
3 5 o '
P-0-P H-g-e-g-eﬂ

I!I.H



A number of suffixes fell out of use and have not
been employed for about the last half century; thus "bi"
and "sub" were originally used for acid phosphates

"biphosphate of soda"™ was NajH;P;0,. The term "sur phes-
phite" was used for acid phosphites which can be formulated

as M(I)H(HPO3)y(H3P03),.
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Progress in the field of the lower.oxy-acids may be histori-
cally reviewed in two sections. The first deals with the
early work. The outlook in chemistry generally was greatly
altered by the advent of modern theories and techniques and
the development of modern chemistry in this branch is taken
from 1920. The period after Lavoisier up to 1920 may be
considered as a "classical" period; during this time chemists
developed the preparative methods still largely employed and

discovered most "simple compounds' now known.

(1) a The early period

Soon after the discovery of phosphorus by Brandt, about

1674, (3), investigators began to study the easily obtained
oxidation products. When phosphorus is oxidised in moist air
mixtures of lower oxy-acids may be obtained. The Hon. Robert
Boyle was the first to publish an account of the preparation
of phosphorus. He carried out several experiments on the
oxidation of phosphorus being particularly interested in the
glow phenomena which can be observed under certain conditiohs.
(At this time the name"phosphorus" was applied to a variety
of substances which could be made to glow). Boyle observed
the weight increase on oxidation of phosphorus, observed to
be "at least three times" the initial weight. He obtained
mixtures of lower oxy-acids by oxidation of his white phos-

Pherus which on heating gave phosphine, and studied coloured
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products produced in oxidation experiments, (4).

Progress aftef this was slow until Lavoisier correctly
interpreted the experiment on the oxidation of phosphorus.
It became clear that the weight increase was due to combin-
ation with the oxygen of the atmosphere. This experiment

was important in the overthrow of the Phlogiston Theory.

Pelletier, a contemporary of Lavoisier, devoted much
attention to phosphorus chemistry. He was the first clearly
to recognise two classes of phosphorus oxy-acids, which he
demonstrated could be obtained from white phosphorus by
different methods of oxidation. Using the oxidation method
employed by Scheele, and also by Lavoisier, with nitric acid,
phosphoric acid was obtained. The product from a process
due to Sage, who oxidised white phosphorus with moist air,
was found to be different, and named by Pelletier "phosphor-
ous acid", In fact it contained a high proportion of hypop-

hosphoric acid also, (5).

Another acid was prepared by Davy by the hydrolysis of
phosphoerus trichloride, (6). This was clearly distinguished
from the then known acids by Dulong in 1816 and also distin-
guished from hypophosphorous acid which he was able to
isolate from the hydrolysis products of barium phosphide, (2).
He analysed a number of salts of hypophosphorous acid, and

was able, by comparing his own results for the analyses of
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phosphorus oxy-acids and their salts, and studying the
results of other workers, clearly to distinguish between
phosphate, phosphite, hypophosphite and hypophosphate, (2).
Although he established the nomenclature at present used,
and probably appreciated the special position of the phos-
phorus hydrogen bond in phosphorous and hypophosphorous acid,
chemical theory was not well enough developed at this time
to allow true molecular understanding of the phenomena
observed. The relationship between these different oxy-acids
and salts as well as condensed phosphates began to be under-
stood slowly. A large body of analytical data became avail-
able largely owing to the work of Berselius (7), Thompson (8),
Gay Lussac and Rose. The work of Rose is important to our
studies. He studied the products of pyrolysis of hypophos-
phites and phosphites. 1In general hydrogen was obtained on
pyrolysis of normal phosphites while phosphine was observed
with acid phosphites. A variety of coloured residues were
obtained, (9). Rose helped to clarify the inter-relationship
of different oxidation state phosphorus oxy-acids. Thus it
was foeund that normal phosphites on oxidation by heating in

air could give normal phosphates (i.e. neutral), while
hypoﬁhpsphites gave acid phosphates.

I

The similarity between the arsenates and the phosphates

was demonstrated by the phenomenon of isomorphism. Thus

Mitscherlich found that the salts NaHP04I2H;0 and




NaZHASO4IZH20; NaH2PO4H,0 and NaHzAs04H20 were isomorphic.

This was an early example of the use of crystallography in

the understanding of the molecular structure; some concrete
reality was given to the atoms of Dalton by this type of

phenomenon, (10).

In the early years of the nineteenth century a school
of phosphorus chemistry grew up in Glasgow. Clark prepared
pyrophosphates; he was the first to demonstrate the thermal
P-0-P bond forming reaction. Graham alse carried out
investigations of a preparative and analytical nature. The
interrelationship of the different oxy-acids of phosphorus
had presented a theoretical problem since their discovery.
Graham clarified the field of the phosphoric acids and salts;
although he did not recognise the polymeric nature of many
of the compounds which he prepared the existence of certain
classes of phosphates and their stoicheometry became establ-

ished. He was the first to prepare metaphosphates, (11).
Graham classified the phosphates in the following way,

1st. class; phosphoric acid
subphosphate (of soda)
biphosphate (of soda)
phosphate (of soda)

-2nd. class; pyrophosphoric acid
bipyrophosphate (of soda)
pyrophosphate (of soda)

3rd. class; metaphosphoric acid
metaphosphate (of soda) -
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Perhaps the most important aspect of the work of Graham

in this field was the recognition of the fact that condensed

phosphates are related to each other and to ortho phosphates
by loss of successive amounts of water from the ortho phosphate

species,

It had been supposed by Berzelius that the different
acids and salts of oxy-acids of phosphorus were derived from
different phosphorus oxides. The then current theory of
dualism in chemical compounds was modified by Graham'!s work.
This early "electrovalency" conception of chemical interaction
was due to the concepts of Berzelius. All compounds were
thought of as being derived from two entities an electro + ve
part and the electro - ve part. The latter was identified
with the acid and the former with the base in salt formation;
thus a salt was considered to be formed from an acid and a
base where the acid was negatively charged and the base
positively charged. The acid in turn was considered to be
made up of a positive radical while the base was composed of
a different type of positive radical, each combined with

negative oxygen.

The lower oxy-acids of phosphorus had not fitted into
the dualistic scheme; it is possible for this reason that
there was a great deal of work carried out during the early
nineteenth century, on these compounds. When interest in

organic chemistry became dominant about the middle of the
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last century new theoretical approaches to chemical inter-
action were required. Thus with the advent of the substit-
ution theory of Dumas and his contemporaries, which was the
forerunner of the modern concept of covalency, progress was
made in the understanding of the constitution of compounds

with P-~-H bonds present.

A. Wurtz carried out a series of researches on the
analyses and properties of hypophosphites and phosphites
paying particular attention to the analysis for hydrogen not
previously done, (12). He demonstrated the oxidation sequence
Hypophosphite - phosphite -» phosphate. This was correctly
understood in terms of successive replacements of one half
equivalent of oxygen by one equivalent of hydrogen. Wurtz
prepared several normal, hydrogen and acid phosphites; mono
and di esters of phosphorous acid and salts of the mono esters,

e.g. he writes (1846),

R R R
HP , HP , HP
R H M .

He also suggested that the PHp "radical" was present in
hypophosphorous acid and suggested that oxidation of "“PH2",
now known to be PoHy should yield some hypophosphite. A
table was drawn up of the then known oxy-acids. of phosphorus
excluding hypophosphoric acid ( (12)b, p. 230), clearly

demonstrating the interrelationship of the lower oxy-acids
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and phosphoric acids in almost modern terms, aparﬁ from the
ignorance of molecular size; it is interesting to note that
the then unknown pyrophosphorous acid was included. This

was to be prepared some fifty years later, by Auger.

Salzer was the first to undertake a really systematic
investigation on the hypophosphates. The acid and its salts
were obtained in a pure form by treatment of the crude
oxidation product of phosphorus obtained by Pelletier. Numer-
ous salts were studied from the analytical and pyrolysis
product point of view. Salzer seems to have favoured the
correct P-P structure on chemical grounds, (13). However
the subject of the constitution of the hypophosphate unit was
not left to lie, numerous investigators pursued the question
after Salzer. Amongst the classical workers were Philipp,

Sanger, Joly, Drawe, Palme, Bansa and Rosenheim, (14-20).

Amat, a disciple of Joly, investigated pyrophosphites
towards the end of the nineteenth century. Although the
pyrophosphite unit had been obtained earlier in the rearran-
gement products of hypophosphoric acid, (Joly considered that
this was the case) Amat was the first to obtain pyrophosphi-
tes and study them in a systematic way. A series of hydrogen
phosphites were prepared and the pyrophosphite obtained by
heating in vacuum. Difficulties were encountered in the pre-

paration of some alkaline earth pyrophosphites and the
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ammonium salt. He studied the hydrolysis of pyrophosphite

noting the catalytic effect of acid, (21-24).

Amat had attempted to obtain the pyrophosphorous acid
by action of sulphuric acid on the barium salt of pyrophos-
phorous acid, but had not succeeded owing to the ready hyd-
rolysis of the P-0-P bond in this anion. Soon after this
Auger obtained pure pyrophosphorous acid by the reaction of
phosphorus trichloride and phosphorous acid under controlled
conditions, PClz + G5H3PO; = 3 H,Pp0, + 3HC1, (25).
Previous work by Geuter (25a) on the reaction of all the
known oxy-acids and halides and oxy-halides of phosphorus
had failed to identify pyrophosphorous aéid in the reaction
product of phosphorus trichloride and phosphorous acid,
however this older work probably led to the successful pre-

paration of the pyrophosphorous acid by Auger,

Rammelsberg in 1867 and after had made important contri-
butions to the study of phosphites and hypophosphites. He
prepared a large number of salts and investigated their
pyrolysis reactions. Much of the earlier work of Rose and
Wurtz was repeated‘ghd reinterpreted in more modern terms.

In general it was found that hydrogen, phosphine and water
are evolved on heating above a certain temperature and poly-

'phOSphates are left in the residue.
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It was noted that the products from the transition metal
salts were usually more complex, the formation of hydrides
and phosphides, as well as "red phosphorus", was noted, (26).
Indeed the whole'question of pyrolysis products could only
be dealt with in the most general terms, the nature of poly-
meric material still not being recognised. Classical chemis-
try only succeeded in classifying small units like phosphate,
phosphite, hypophosphite and hypophosphate. Metaphosphates

and "meta phosphites" were thought of in similar terms.

Towards the end of the nineteenth century interchange of
ideas between physics and chemistry occurred. Physical aspects
of chemistry began to be studied. Kinetic experiments were
carried out. The variation in reaction rate with temperature
and the study of thermochemistry generally, led to the formu-
lation of classical chemistry thermodynamics. The ionic
theory, initially based on the concept of dissociation in sol-
ution was due to Arrhenius. He carried out the first measure-
ments on the ionisation of P-OH groups, (27).

Oxidation of phosphine produces mixtures of phosphorus
oxy-acids. Early kinetic measurements in this field estab-
lished the pressure limits of the fast reaction. Continuing
the work of Van't Hoff, Van de Stadt obtained a feathery

product which was considered (on the basis of pressure measu-

rements) to be HPO2, metaphosphorous acid. Red products were

usually obtained in these experiments and the initially
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produced colourless material seemed to decompose giving these.
We have repeated this early work and confirmed these observa-
tions. Although the subject will not be discussed at length

in this thesis the related observation on the formation of

red material from the dehydration of phosphorous acid will be
dealt with. Rearrangement of (—H—O—E-O—)n to form (—bggf)n
appears to be a reasonable rationalisation of many of the facts,
migration of the oxygen atoms from the P-0-P chain to the side

groups is envisaged.

Mention of the early kinetic work on the hydrolysis of
P-0-P bonds is appropriate here. Amat studied pyrophosphite
hydrolysis in 1891 (21), and Abott was the first to investi-

gate pyrophosphate hydrolysis, (1907), (29).

Oxidation of lower oxy-acids has continuned to arouse
interest ever since the work of Steele, (30), (1907), and the
investigations of Sieverts who studied interesting reactions
of the hypophosphite unit giving hydrogen in solutions contai-

ning various catalysts, (31).

Also contemporaneous with this kinetic interest in
chemistry was the development of improved methods of analysis;
there is perhaps a link up between the two fields in that
rapid analytic methods were required for kinetic work.

Volumetric methods of analysis were applied to the oxidation
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of the P-H bond, the use of iodine and permanganate solutions
for this purpose was first investigated at the beginning of
the present century. Thus Rupp and Fink developed the
iodometric technique in 1902, (32), (c.f. KMnO4 oxidation

(33) and the older Hg (II) method, (34) ).

Werner applied his co-ordination theory to phosphorus
oxy-acid chemistry, (35). He recognised the position of the
hydrogen bonded directly to the phosphorus in the hypophos-
phites and the phosphites, and is generally considered to
have been the originator of the correct formulation of these

compounds.
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(1) b The Modern Period

As indicated previously the modern period may be distinguished
by the advent of the electronic theory of valency, (c 1920)

by Kossel, Lewis, Langmuir and Sidgwick, (36).

From time to time the question of the basicity of phos-
phorous acid has attracted attention. There are several
references in the literature to the preparation of salts of
tribasic phosphorous acid viz. M(I)3PO3, c.f. (37); some of
these references being of quite recent date. The electronic
theory and the structural chemistry which derived from it
allowed fresh speculation on this point. Two forms of

phosphorous acid.

P -
H-P-OH HO-P-OH
Q 0
H H
seemed possible. Tautomerism, such as had been found in the
g OH E OH
systems - ~g— -=C-- 3 —g N=C-

appeared to be possible between the two forms of phosphorous
acid shown. The analogy is not now considered to be exact
since the hybridisation of the orbitals of phosphorus changes

between the forms shown above, (41), p.347.

The slow rate of oxidation of phosphorous and hypophos-

phorous acids and  anions has presented a problem. Numerous
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kinetic studies on the oxidation of P-H bonds have been
undertaken, particularly in the years from 1920-1940. There
was a tendency to regard different oxidation states of
elements in oxy-anions as being in reversible equiiibrium
with each other; many oxidation reduction reactions could be
rationalised solely on the basis of the difference in energy
between the oxidised and reduced forms, reactions of the oxy-
anions of sulphur, nitrogen, manganese and chromium being a
case in point. The "problem" of the stability of phosphite

only arises however if kinetic effects are ignored.

Mitchell, (38) and later Griffith and McKeown extended
the results of the earlier workers. The oxidation of the
hypophosphite anion was particularly well investigated, (39).
The results were interpreted as indicating the presence of a
tri-coordinate form of phosphorous and hypophosphorous acid.
Agreement was found between the results of the kinetic experi-
ments and deuterium and later, tritium exchange experiments.
Good summaries of the work are available in textbooks on
phosphorus chemistry, (40), and (41). The most recent work

is that of tritium exchange on the hypophosphite unit, (42).

Only with the most sensitive methods can evidence for
isotope exchange be obtained. The earliest work in this field
suggested that no exchange was occurring but the reaction is

now known to proceed with measurable velocity in all ionic and
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acidic forms of the hypophosphite and phosphite units except

with the _O—E—B— anion. Exchange of the acidic' hydrogens of
the P-0OH groﬁps has been the subject of a number of investi-
gations; it takes place relatively rapidly. Labelled oxygen
‘exchange has also been studied; it proceeds at a slow rate.

No proof for the exchange of 32p between labelled and unlab-

elled anions has been found, (43)-(49).

In the field of the dialkyl phosphonates, recently re-
viewed, there is a similar position as regards the existence
of tautomeric forms to that presently prevailing in the lower
oxy-acid field. With the dialkyl phosphonates there is
kinetic evidence for the existence of a tri-coordinate form.

(50).

It is of some interest at this point to discuss the
exchange of hydrogen bonded to phosphorus which has been
observed as discussed above. The rate of P-0OH oxygen exchange
and fhat of P-H hydrogen exchange display some common features;
both reactions are relatively slow when compared with the rate
of exchange of the P-OH hydrogens; both reactions also display
a variation in rate between the different species which have
been studied, in particular between the exchange when salts
are studied and when the acid is used. Exchange is found to
occur relatively rapidly for the acid form and progressively
slower as the number of phosphorus hydroxy groups becomes

less; thus the HPO%— anion has not been shown to exchange the
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P-H hydrogen with water. Van Wazer has rationalised this
state of affairs by suggesting that hydrogen bonding between
the P-OH and water leads to a more rapid exchange when the
exchange of the oxygen atoms from this group is considered;
It seems that there need not be tautomerism occurring in
this system to explain the exchange of P-H bonded hydrogens
with water. Perhaps rationalisation of the difference in
exchange rates with different anions suggests that the pre-
sence of a P-OH is necessary for the exchange of P-H hydro-
gens. Thus the following scheme:-

H H -H20 H ~H+
0=P-OH + HT 0=P ¢ = ; =
o +Ho0 O_  +H+ )

can be written for the HyPO3 ion. It must be admitted that
hypophosphites are considered the equilibria involved may be

quite different.

It is interesting to note that Mitchell studied the oxi-
dation of phosphorous acid samples, obtained from the hydro-
lysis of phosphorus trichloride, and found that the rate of

oxidation of freshly hydrolysed samples of the trichloride

bl 7

was different from that of solutions of phosphorous acid.
This led to the postulate that there was some P(OH)3 present
in solutions of freshly hydrolysed phosphorus trichloride;
it was to be expected that replacement of the halogen by OH

groups would lead to P(OH)3 which would rearrange to the
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normal P-H form of phosphorous acid. Since the rate of
oxidation of solutions postulated as containing this tri-
coordinate phosphorus species was greater than that of
ordinary phoséhorous acid, these results seemed to confirm
that the oxidation of phosphorous acid in general proceeded
through the intermediate equilibrium involving this M"active
form", i.e. tautomerism occurred, (51). Kolitowska came to
similar conclusions calling the active form of H3PO3 ol
phosphorous acid, (52). However the solutions discussed
above are now known to contain other oxy-acids of phosphorus,
the existence of which was previously unsuspected. Blaser,
in some of his earlier work demonstrated the presence of
species like g—O—g and g—% in these hydrolysis products of
phosphorus trihalides, and this appears to be an adequate

explanation of the results of Mitchell.

The advent of difect physical methods of structure
analysis is very iﬁportant in that direct verification of
chemically postulated structures leaves no doubt as to the
constitution of the lower oxy-anions. With increasing accur-
acy of physical methods it became possible to investigate
complicated structures in the field of the lower oxy-acids;
the great increase in the number of known species in this
field in the last few years demonstrates the effect of new

techniques on the subject, the verification of the structure
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of Blaser's (-P-)¢ ring acid by the use of X-ray structural
analysis methods is a striking example of the importance of
physical methods, (53). Confirmation of the structure of
other species prepared by the Blaser school by N.M.R.,

(Van Wazer), (54) and by Raman spectra (Baudler), (55)
further shows the fundamental importance of the newer tech-

niques.

The first results in this field using physical tech-
niques were not unambiguous however; although early X-ray
work suggested the correct structure for phosphites and
hypophosphites (56), the first spectral investigations

suggested that the tri-coordinate forms were present, (57).

Phosphine was the first substance to be studied by
spectral methods, where there is a P-H bond present, (58);
the assignment of the frequency range of the P-H vibration
allowed further workers to correctly interpret the spectra
of phosphites and hypophosphites. Thus Ananthakrishnan in
1936 showed that the P-H bénd was present in phosphorous
acid and disodium phosphite, and Simon and Feher in 1937
demonstrated the presence of the P-H bond in hypophosphites,
(59) and (60). These latter workers also studied the Raman
spectra of phosphorous and phosphoric acids giving an inter-
esting review of earlier literature on the subject of the

constitution of these oxy-acids.
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Further workers in the field of Raman spectra of the
lower oxy-acids demonstrated that the three P-0 groups of
the phosphite anion were spectroscopically equivalent.
Later infra-red work however showed that the symmetries of
phosphite units was lower than this; one of the phosphorus

oxygen bonds was best represented as P=0, (61) and (62).

Baudler, previously mentioned, has carried out much
important work in the field of phosphorus Raman spectra.
Numerous different kinds of phosphorus compounds have been
investigated; the symmetries of compounds with P-0-P; P=0,
P-OH, P-0-, P-R, P-OR and P-H bonds present have been studied.
Impure PyH, was found to show characteristics suggesting the
presence of condensed P-H units, named by Baudler "phosphanes",
(63), c.f. (41) p. 215-9.

Outside of thezféeld of Raman spectra Baudler also

suggested that the P-P oxy-acid was present in the hydrolysis

products of PZI4, (64).

Pyrophosphorous acid prepared by the method of Auger was
shown to have the P-0-P structure. An interesting point,
from the solid state Raman spectrum, was the absence of the
expected P-0-H hydroxyl frequency. Presumably the acid is

present in the ionised form in the solid state, (63a).
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When molecules are considered which contain more than
two phosphorus atoms, the absolute interpretafion of the
spectra, in the Raman and infra red region, becomes too
complicated. However the characteristics absorption of
stretching vibrations, and other simple deformations of
bonds, may be used to diagnose such bonds. P=0, P-OH, PO-H,
P-H, P-0-, P-0-P, for example may be assigned stretching
and deformation frequencies. The regions of absorption of
the units remain relatively unaltered from compound to com-
pound. Changes occur in the bond absorptions, of a different
order of magnitude from the changes found from one bond to
the next. The position of the absorption is directly re-~
lated to the bond strength, and the intensity to the polar
nature of the bond. So comparison of a number of compounds
containing the same bond, by means of their spectra enables
subtle differences to be dgtected, e.g. P-H bond frequen-
cies (stretching), were found by Baudler to vary from com-
pound to compound., In this case the non-polar nature of the
P-H bond precludes the usual type of polar differences, such
as is found with P=0 bonds, accounting for these observed
differences. An increase in frequency of the P-H bond from
the salt to the acid is found for phosphorous acid, pyropho-
sphorous acid, and hypophosphorous acid, (63). The P-H
stretching shows no hydrogen-bonding effects, (65), and is

double, (66). The cause of this doubling is really not known
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with certainty at the present time although it is possiblyg

due to there being two environments of the P-H bond in such
cases where the doubling is found to occur. Examination for
Fermi resonance has been carried out; no explanation on this

basis is possible, (66).

The spectral techniques provide a means of identifying
types of units present although P-P bonding cannot be identi-
fied by infra-red spectra on account of the non-polar nature
of the P-P bond; however it may be distinguished by Raman

spectroiscopy, at least in theory, (67).

Apart from the diagnostic value of spectral methods
when dealing with unknown compounds, since each chemical
compound gives an individual spectrum, a chemical "finger-
print"; spectra may be used as a criterion of purity. X-ray
diffraction patterns as obtained with powder photographs are

also similar in this respect.

Tabulations of infra-red spectra of phosphorus compounds
have been carried out by Daasch and Smith, (68), the U.S.
Navy, (69) and by Corbridge, (70). The first two are of
organo-~phosphorus compounds and the latter for inorganic
compounds, At the time of writing the amount of published

spectral data in this field is increasing enormously.
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Perhaps preparative chemistry after ¢.1920, in the
lower oxy-acid field has not been studied as much as in the
years preceding this. In the last few years however the
subject has been greatly extended by the work mainly of the
Blaser school. 1In the period 1920-1950 some gaps in the
classical preparative work have been removed however. Thus
Kiehl and Moose succeeded in preparing ammonium pyrophosphite
which Amat had failed to obtain and the previously uninvesti-
gated thallous pyrophosphite was prepared, (71) and (72).
Rosenheim prepared a number of phosphites and hypophosphites
measuring solubilities, Li,HPO3H,0 was found to have a nega-
tive temperature coefficient of solubility, (73). He also
prepared some uranium salts and molybdenum heteropolyacids
based on phosphite, as well as numerous complex phosphites
and hypophosphites, (74). A review of the classical and
early médern work is given by Mellor, (75). There is how-
ever no comprehensive list of salts of the lower oxy-acids
available for compounds prepared after Mellorts treatise was

published (1928).

In the modern period the following salts have been pre-
pared:- Cs and Rb hypophosphites, (76); T1 (I) hypophos-
phite, (77), phosphite,.(72); recent work on the alkali metal
phosphites, (78), alkaline earth phosphites, (79) and T1 (I)

phosphites, (80) as well as Cr (II) and Cr (III) phosphites,(81)
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and ammonium phosphites, (82), has been carried out by Ebert.
Pb phosphite, (83); UO§+ phosphites, (84), complex phosphites
of U(IV), (84); complex phosphites of Nd(III) and Pr(III),
(85), have been studied. Studies on the lanthanide and
uranium salts also covered the appropriate hypophosphites and
often the hypophosphates also. Part of the object of the
earlier studies particularly by Rosenheim et al. was to
investigate the constitution of the lower oxy-anions. 1In
general more hypophosphites have been prepared than phosphites.
The following salts have been prepared in the modern period,
Bi(IIX) and BiOt hypophosphites, (86), and hypophosphites of
Ti(IV), Sn(II), Ge(IV), T1(I), In(IIT), Ga(III) and A13+, (41)
p. 357. More recent studies have indicated the preparation of

the hypophosphites of Sc¢, Zr, Hf, Th, Ta and Ge, (87), (88).

The preparative work of Kiehl and Moose had been briefly
mentioned above; however these workers followed up their
studies on the preparation of ammonium pyrophosphite by
carrying out kinetic measurements on the hydrolysis of the
g—0~% bond and studying the oxidation of the pyrophosphite
anion by iodine, (neutral pH). The rate of hydrolysis of the
g-o—% bond was markedly dependent on the pH, being at a
minimum at neutral pH. There appears to be a number of
discrepancies in their work however; nevertﬂeless this work

is important since it is the only investigation of the hydro-

3 3
lysis of the P-0-P bond, apart from the original work of Amat,
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which appears in the literature, (89). This should be
contrasted with the numerous investigations which have been
undertaken to investigate the hydrolysis of the g—O-g bond,
c.f. (41) p. 452--459.

3 3
The lack of reaction of the P-0-P bond with halogens is

important also; recent investigations by Blaser have shown
that in general where one or more phosphorus atom in the
P-0~P unit have an oxidation number less than five, oxidation
by halogen at neutral pH will not take place. This approach
is used in the cﬁemical approach to the elucidation of the

constitution of unknown oxy-anions.

Of the salts of the lower oxy-acids which were relatively
well known many properties have been investigated and some-
times correlations between pyrolysis reactions have been
possible. An example of this is the study of Ba2+ phosphite

and Ba?t hydrogen phosphite by Simon and Schulze, (90).
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Perhaps the X-ray structural work which has been done
in this field merits special attention. MgHP036H20 has
been studied, (94); H3PO3 (95);5 Cs(POy)g, (53); (NH4)2H2P206,
hypophosphate, symmetry correlations only, (92), and Ti HPO,,
preliminary data only, (93). Perhaps the most interesting
of these crystal structures is that of phosphorous acid.
The short "P-0O" bond is I.47A, this is to be compared to the
value of I.57A found for the similar bond in phosphoric acid
the crystal structure of this compound also being known.
Replacement of the P-OH in this latter compound by P-H in
phosphorous acid produces a shortening of the P-0 bond lengths.
This is likely to be due to an increased amount of U bonding
character with the phosphorous acid. In phosphorous acid the
hydrogen bonding arrangement is as would be expected, the
P-H hydrogen does not take part, the P-0 bond forms two hyd-
rogen bonds while the remaining two oxygen atoms only form
one. Numerous X-ray studies of phosphates and condensed
phosphates as well as organo-phosphorus compounds have begn

published.

.By 1940 the polymeric nature of the condensed phosphates
was appreciated, (96), the biological importance of the
condensed phosphates prompted a number of interchanges
between biochemical organic chemistry and inorganic chemistry.

Techniques used with carbonhydrates and other organic polymers



4\ 4

>)+ +

>E



30.

were applied successfully to the inorganic field. Thus for
condensed phosphates, ultracentrifugation, dial«sysis and
diffusion, end group titrations, viscosity, anistropy of
flowing solutions and conductivity, light scattering and
chromatography, both ion exchange and on filter paper, were
applied. The chromatographic techniques are of especial
importance. Hanes and Isherwood developed the method for
phosphate esters, (97), Ebel and also Westman applied it to
purely inorganic species of phosphorus oxy-anion; the work
of Ebel and co-workers is particularly important, (98-100).
Others who developed the techniques are Thilo and Karl-deupa,

(101) and (102).

The products of pyrolysis of phosphites have been studied
by this method, by Ebel, Japanese and Polish workers (103-105).
However all these investigators only studied the phenomena
in the most general terms, and without reference to the work
of Blaser. The newly discovered lower oxy-acids are difficult
to distinguish from the longer established species by chroma-~

tography alone.

The work of Blaser may now be dealt with. This is found
in two places in the literature, in the literature of both
the 1930 period and that of the present day, the modern work
of the 19508 being to a large extent a continuation of the

older work. The earlier work deals with the polymeric lower
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oxides of phosphorus (10@), the constitution of hypophosphate,
and its oxidation and hydrolysis (107), (ambiguous results
were obtained as to the constitution of the hypophosphate
unit), and the oxidation of P-H bonds by HNO; etc., (108).

The hydrolysis of phosphorus trichloride was studied, (109).
Mention should also be made here of other workers in this
period. Thus, Kolitowska, (110-111); Nylen, (112);

Ipatiev, (113); Hantzsch, (114); Schwarzenbach, (115);

Osipov, (116); Jung, (117); Raistrick, (118), carried out work

in the lower oxy-acid field.

Bléser's modern work deals with the general field of the
lower oxy-acids, outlined on page 1. Opposite pages 31 and
32 are tables of the oxy-acids known at the time of writing;
the chromatographic Rf vaiues, collected from the literature
have been added. All the species which have no classical
names are due to the work of the Blaser school, except the
%-% acid.which, as has been mentioned was considered to be
obtained by Baudler when hydrolysis of P2Iy proceegs. OZhgr
workers played a part in the discovery of the g-O—P and P-P
acids, however the chemistry of these units has largely been

developed by Blaser, (119-128); a note is given of the subjects

studied in the list of references.

 The methods by which these compounds were obtained are

interesting. The simple two phosphorus units are found in the
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2 2
hydrolysis products of phosphorus halides, the P-P species

being the most recently found. The (-P-)¢ species is obtained
in the oxidative breakdown of red phosphorus. The other
P-P-P-P forms are derived from this by degradation, (by action
of alkali and also on reaction with iodine in bicarbonate
“buffer). Bromometric degradation of the (—g~)6 unit leads to
the formation of P-0-P bonds, oxygen being "inserted between™
phosphorus atoms in the P-P-P-P chains, leading to the
P-0-P-P-P type of unit. After this, studies were made to
synthesise P-0-P-P units by means of the reaction step

P-OH + P-OH ~—» P—O—P; chemical reagents being used here

e.g. carboxylic acid anhydrides (c.f. Thilo (129) ), the six

membered ring species

4 4
P - P
- ~
04 40
Np - p”

being so obtained. Degradation of this by breaking one P-0-P
bond gives a chain species. The chemical synthetic route may
be extended to the preparation of g-o-g~2 types of compounds.
This constitutes the first use of synthetic route in this
branch of chemistry. It is expected that in the future
synthetic methods will be extended in their scope, inorganic

phosphorus chemistry developing in a similar way to that

found for organic chemistry after c. 1840,

The position of the synthetic steps which have been used

in other, related branches of phosphorus chemistry can be
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fruitfully discussed in this context. Todd and co-workers
at Cambridge, have succeeded in carrying out syntheses of
C-0-P-0-P and C-0-P-0-P-0-P types of structures where these
are present on sugar groupings in the nucleic acid field,
(130). Several methods have been employed to affect a P-0-P
bond, viz.
(RO)ZPO.O“ + (ﬁO)2P0C1 - (RO)ZPO.O.PO(Oﬁ)Z + Cl1-
2 (R0)2P0.0~ + (R0)2P0.0.PO(OR)p— (RO),P0.0.PO(OR),
+ 2 (RO)ZPO.O‘ ,
o- OR
(R0),P0.0~ + K0.F§  — (R0),P0.0.F0 + NH,
“wH No-
It has been postulated that the intermediate formation of the
metaphosphate monomer RO.PO, occurs in the latter case, the
heterolysis of the P-N bond preceding the formation of the
P-0-P bond. A similar postulate of the intermediate forma-
tion of the monomeric metaphosphate unit is used to explain
oxidative phosphorylation reactions which quinol mono phos-

phate will undergo.

The use of carbodi-imides and keten imides as-reagents
for the formation of P-0-P bonds has been developed. Where
i

two different phosphate esters are used, random mixtures of

all the P-0-P types of compounds are formed. (131).

In nature phosphorylation is considered to proceed

through quniol phosphate types and studies of "oxidative

phosphorylation" as a synthetic route for P-0-P bonds have
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been made. Nucleoside phosphites are required for syntheses
of these quinol phosphate esters. These are prepared from
the reaction of phosphorous acid and the appropriate nucleo-
side with stoicheometric proportions of di-p-tolycarbodi-
imide, (133). The intermediate formation of the "meta
phosphite" monomer O=g=0 is considered to take place. Other
biological intermediates which donate phosphate groups to
other phosphate esters of the adenosine mono and di phosphate
types, like quinol phosphates have a labile C-0-~P bridge.
There is some analogy here to labile types of P~0-P bonds,
such as is found in the pyrophosphite anion. The C atom of
thls C-0-P bridge has =0 or =CH, attached to it. Similarly
C- ﬁ'P bonds are found naturally, the HN=C-NH-P=0(OH), group-

ing being labile, (134).

Other reagents for the formation of P-0-P bonds are
(cN)2, (135), so0Cl,, (136), paraformaldehyde (this has been

used to make labile P-0-P bonds in compounds of the type

R :
* i dQ;P--O--gR » (137), and carboxylic acid anhydrides,

(129)

Elimination of water between two P-0OH bonds has been
long known to lead to P-0-P bonds. Thilo, (138) and Van
Wazer, (139) have extensively studied the chemistry of the

polyphosphates. The former worker carried out a series of
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researches on the pyrolysis of various phosphates; it was
found that the thermal reaction and its products depended

on the size of the cation of the particular salt which was
studied. Paper chromatography is an important tool in these
studies. Transformations of polyphosphates into trimeta-

phosphate have also been studied by Thilo.

When a number of salts of phosphoric acid are compared
as to the velocity of the P-0-P forming reaction, it is found
that this depends on the cation, in a purely dimensional way.
Studies on the dehydration of a series of alkali metal
phosphates of the general formula Mﬁ2P04 showed that the
salts with the smaller cations dehydrated at lower temperat-
ures on heating, it being suggested that polarisation of
oxygen by smaller cations weakens the 0~H bonds and O-P bonds,
(140). A more recent study of P-0-P bond formation in the
same series of salts, using a chemical reagent, acetic anhy-
dride, to form the P-0-P bonds shows that no dependence on
the cation occurs in this case, (141).

A linear relationship between the temperature at which
g-o-g bonds can be observed to be formed and the volume of

the cation may be valid, c.f. (142).

P-0-P bonds may also arise by the thermal or oxidative

breakdown of P-H and P-P bonds, c.f. (121).
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Synthetic methods for the formation of P-P bonds are
less well known than are the ways of making P-0-P bonds.
By analogy with the methods available for the formation of
C-C bonds, the use of Grignard type reactions might be
considered. A npumber of organo substituted P-P-P-P- rings
and chains, with tri-coordinate phosphorus have been studied
by Burg and co-workers, and others. Compounds previously
thought of as containing P=P bonds have been shown to contain
in fact P-P-P-P- etc. chains, (143), (144), p. 22-25. These
compounds with catenated P-P bonds are generally obtained by
polymerisation of the monomer unit. Such units as have been
used are as CF3PIZ, polymerising at room temperature; polymers
with groups other than CF3 may also be prepared, the phenyl-P
polymers are known, of which the four membered P ring member
has been long known, although not understood to be a Py
compound. Attempts to prepare substituted phosphines having
two hydrogen or halogen atoms aftached to the phosphorus,
frequently gives polymers, the polymer form appears to be
thermodynamically favoured. Compounds with a P-H bond may
be used to prepare units containing P~P bonds, (145). The
(PCF3)4 and (PCF3)5 rings may be used to prepare other P-P
compounds. Thus reaction occurs with these compounds and
(CH3) 3P giving (CH3)3PPCF3, a compound containing an inter-
esting electronic structure, the phosphorus chain may be

represented as a -P=P- unit, pictorally, it having a

"bidentate™ phosphorus atom, (151).
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The synthetic properties of compounds with the P-Li

bond have been used to obtain P-P-P-P etc. polymers and to
prepare P substituted polymers. One such reaction is consid-
ered to proceed as follows:;

PPC1 - gPCl1.6PCl - (PP)p — LifP.LifflP -

LigP —» (—g—R—L , the first stages proceeding under the
influenﬁzxof lithium, (146). The action of lithium on dich-~
lorophenyl phosphine oxide gives the (@P=0), polymer which

appears to rearrange to the (-P-0-), polymer.

Other reactions which have been used to obtain P-P bonds
RO OR

are the following, (RO)3PCl + (RO)3P — ‘P-lf\ ,(147a),
rG0 Bor

RQ  OR
and (RO),p-H = (&-1{\ (147b).
S rdS Sor

&

The controlled synthesis of P-H bonds might be considered.
The P-H bond of phosphorous acid can not be thought of as
being formed directly, rather,.when hydrolysis of phosphorous
trichloride proceeds the initially formed P-OH bond rearranges
giving the 0=P-H unit. In reactions where hypophosphorous
acid is formed however, as in the hydrolysis of elemental
phosphorus or certain phosphides the P-H bond can be consid-
ered as arising from the addition of water across the P-P
bonds present. Phosphine is prepared by similar reactions.
Phosphorous and hypophospherous acids when heated rearrange
to phosphine and phosphates mainly, onder specific conditions

this type of reaction can be made to go almost quantitativély.
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Phosphorus hydrogen bonds can also be produced by
chemical reduction of P-X bonds, where X is a halogen, using
reagents like LiAlH,. Attempts to produce phosphine oxide
by this method suggested that the compound PH30, analagous
to the phosphine oxides which are known with organic group-

ings, PR30, decomposes as soon as it is formed, (148).

In the last few years the types of bonds which have
been observed have grown in number. In particular, several
types of "multiple bonds" have been found. This work has
been done with organo phosphorus compounds but the question
is posed as to whether such multiple bonding can occur in
purely inorganic systems. There seems to be no reason why
this should not be so, some authors have considered that
there might be multiple bonding in phosphorus polymers like
"red phosphorus" and "phospham", (149). The colour in many
polymeric phosphorus oxides, hydrides and differently colour-
ed forms of elemental phosphorus might suggest the presence
of electronic energy levels suggesting » bonding. It has
been found that in the (CF3P) , n=4 and 5, compounds some
interaction occurs with the "lone pair" electrons; they play
some part in the bonding and X-ray data is available on this

point, (150).

Recently a genuine case of a P-P bond has been found.

Decomposition was found to occur however to the P-P forms at

normal temperature, (151). Genuine P=C bonds have also been
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found, (152), and the compound ¢3P=C=P¢3 prepared, (153). A

P=C bond analogous to the N=C bond, has been found in HCP,
this compound breaks down at normal temperature giving a

polymer, (154).

To consider for a moment P-0-P bridges, although no

W

){}{structure has ever been obtained, recent X-ray structure
RR S

analysis of (CH3PS,), shows that it contains the 5}{}?

double P-S-P bridge, this may reasonably be expected’;E be
found for a P-0-P system in due course, (155), c.f.p.425=429
of (41). The relative stability would perhaps be expected to
be lower with the double P-0-P bridge owing to the different

size factors.

Studies in the field of multiple bonding in boron phos-
phorus organo derivatives has suggested that true ¥ bond
character is not found. The electronic structure of a

compound containing a formally boron phosphorus double bond

N,
g ©

It is of interest at this point to consider the phos-

seems to be

(156).

phorus oxy-ions as ligands. An experimental section will
deal later with a comparison of the complexing action of
pyrophosphite and pyrophosphate-in solution. The most invest-

igated ion in this respect is the hydrogen ion. Since the



1930s PK values for the phosphorus oxy-acids have received
continuous interest. Van Wazer, (41), p.360 quotes a
tabulation made by Farr in 1950. The values given and that

5 5
of the P-0-0-P oxy-anion are listed, (those of the first

dissociation).
1 4 4
P 1.1 P-P (2.0)
3 5 5
P 1.3 P-0-P 1.0
5 5 5
P 2.1 P-0-0-P -0.3

Investigations of the acid dissociation and complexing action
of the peroxy-diphosphate ion have been carried out recently,
(157). The series %-g, g-O—g and g—O—O—g was compared. It
was found that there was a linear relationship between the
third and fourth dissociation constants in this series and,
arguing from the probable validity of this relationship with
the first and second dissociation constants, these values
were estimated. The appearance of a simple relationship in
this series of acids shows the effect of oxygen bfidges
between the phosphorus atoms on the acid dissociation. The
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order of increasing acid strength is P-0-0-P?P-0-P>P-P.

5 5 5
One P-OH in P-0-P-0-P is completely dissociated in

solution and polyphosphoric acid with long chains of (-P-0-)n
present, titrates as a monobasic strong acid, (158), c.f.(41),
p.438. Meta phosphoric acid behaves similarly, trimetaphos-
phoric écid for example giving a single inflexion at the end

point in the pH titration.



When a number of dissociation constants which have
been corrected for activity are compared, one is really
comparing the relative stabilities of the phosphorus oxy-
anions, since to a good approximation the changes in entropy
from the P-OH to the P-0-, H3O+ ions is the same with the

different oxy-acids. Thus the anionic forms:

_o_g;o- , Ho-g-o-o- , Ho-g;o- , HO-§-0H
G )

a b c d

H—g—(}— s H‘- -OH
Bt

e £

H-ggn

g

form a series proceeding from left to right of decreasing
relative "stability". This "stability" measures the tendency
for the anionic form to be present in solution, in equilibrium
with the non-ionised form. Proceeding from top to bottom

also increases the stability of the anion. (The precise
position of the pyrophosphorous acid on this scheme is not
determined certainly; Van Wazer, (41), p.361 shows a titration
curve, suggesting the apparent dissociation of pyrophosphorous
acid as being between the values of phosphorous acid and

hypophosphorous acid. This point will be dealt with later).



Two trends can be distinguished. Along the top row, a-d,
stability decreases as the number of oxygen atoms taking

part in bridges between phosphorus atoms decreases. Stability
also increases as the number of P-H bonds increases. The
first trend can be rationalised in terms of electronegativity,
if only the bridge oxygens are considered. Since the electro-
negativity of phosphorus is about the same as that of hydrogen
a H-O—E- and -%—0~£- group might have been expected to have
the same stability. The difference arises because of the
different bonding possibilities of the phosphorus atoms, d
orbitals are available. The observation is that where P-0-P
bonds are present there is an increased probability of obtain-
ing the P-0~ group and different kinds of P-0-P bonds can be
compared in terms of electronegativity. Thus comparing ions
a, b, c and d, a has two bridge oxygens, b also has two, but
in a different position; ¢ has one but d has none. The
electronegative nature of oxygen relative to phosphorus tends
to cause a movement of electrons from the -0-H bond -» -0-,
H+. The differences between the acids with P-H bonds how-
ever cannot be explained in terms of electrons being with—'
drawn from the -0-H bond, as has been discussed for different
P-0-P species, since the electronegativity of H and P are
about the same. Nor can this be dealt with in terms of the
number of oxygen atoms co-ordinated to a phosphorus atom,
since the observed effect is in the opposite sense to what

would be expected if differences were simply due to the



attraction of electrons away from the -0-H bond. Perhaps
the effect is due to a tendency for the tetrahedrally
arranged oxy-anion to attract electrons into the molecular
orbitals of the phosphorus, more so when the total number of

electrons in the oxy-anion becomes less.

The sequestering action of many of these anions has been
applied commercially. It was found early that transition
metal pyrophosphates would dissolve in excess pyrophosphoric
acid solution to produce soluble complexes. The colours of
pyrophosphate complexes in solution were often markedly
different from those of simple aqueous solutions of the
cations, (159). Crystalline pyrophésphate complexes may be
obtained from such solutions; salts containing the complex
ions ( M(II) (H2P207)2 )2- can be obtained in the crystalline

state.

Although no X-ray structural data is available on the
manner of co-ordination of the central ion in this tygg of
complex, it has been considered that the bidentate -g?—'
group is present, (160). ?

The complexing action of P=0 bonds is now well known,
organic derivatives like tributyl phosphate finding indust-
rial application as complexing agents, e.g. in extraction of
uranium. Numerous studies have lately been done, particularly

using the infra-red'spectral technique, on these complexes,(161).
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Alkali metal and alkaline earth ions also interact with
phosphate and condensed phosphate ions, although the inter-

action is of a different order of magnitude, (162).

The formation of complexes may accompany catalysis of
reactions involving the phosphate group, e.g. hydrolytic
breakdown of P-0-P bonds is subject to metal ion catalysis
and the effect of metal jons in biological systems involving

these and similar bonds may be similar, (163).

No systematic study has yet been undertaken of the
complexing of metal ions by lower oxy-acids of phosphorus.
It will be shown later that the complexing ability of the
pyrophosphite anion is much weaker than that of the pyro-
phosphate unit. Weak interaction is observed in cases
studied similar in magnitude to the interaction of metal ions
with ortho phosphite. Some metal ions do show complexing
action however, solublg complexes are found with Cr(III) and
U0%+ in solution, with phosphite (Ebert described the species

( Cr(III) (HPO3)3 JH3, recently, (81) ).

This latter complex is formally analogous to the acid
phosphites which may be prepared for the alkali metal and
alkaline earth types of ions. With the chromium salts it
seems likely that there is a centrally co-ordinated chromium
atom present. All the alkali metal salts studied, (see

later), exhibit anomalous spectra, having areas of continuous

§




absorption, c.f. (164). The stability of these salts will
be related to the hydrogen bonding arrangements of the phos-
phite anions and the phosphorous acid units in the crystal,
there being no special effect of co-ordination of the central

metal ion by ligands.

In the past few years important contributions have been
made to the field of phosphorus chemistry by the Van Wazer
school, amongst which the Reorganisation Theory is especially
important. This theory is the result of experiments carried
out on the size distribution of units in polyphosphate type
systems. 1In fields of chemistry where thermodynamicallyv
metastable compounds are dealt with as in phosphorus and
organic chemistries reorganisation equilibria will be dis-
played at a suitable temperature. The theory is probably
valid for "covalent chemistry" in general, (41), p. 80-83,
218, 249, 400, 722-69. The distribution of units like those
present in condensed phosphoric acids may be worked out from
statistical considerations. Agreement has been obtained
between the calculated and theoretical distribution of units.
Application of this theory to the field of the lower oxy-
acids is not as straightforward as it is for the systems like

the polyphosphates.

Systematic studies for a large number of systems are

being reported at present, (165-178).



Studies on rearrangements of the lower oxy-acids have
been reported from time to time in the literature. Hypo-
phosphoric acid when allowed to stand exposed to the atmos-
phere absorbed moisture and underwent rearrangements. Joly,
(16), suggested that the pyrophosphite unit was formed.

3 5
Modern studies using paper chromatography showed that P-0-P

and g—O—g were present in the rearrangement producés, (180).
In pyrolysis studies on disodium dihydrogen hypophosphate
Kolitowska considered that the rearrangement of the di-
hydrogen hypophosphate anion produced, at 2300, pyrolysed
material containing pyrophosphite and pyrophosphate. The
equation 2H2P2062— — H2P2052' + H2P2072— was suggested,
(179). Rearrangements of hyphosphites have also been found
to lead to material which shows the presence of the g—O—g
species on the chromatogram, (105). The pyrolytic breakdown
of phosphorous acid has also been studied and found to proceed,
under suitable conditions according to the equation,
4H3P03 — ?H3 + 3H3PO4 (181), (182).

When attempts were made to condense phosphorous acid
units beyond the pyrophosphorous aoid stage a variety of
coloured products were found by Ebel and Hossenlopp; no

further condensed phosphorous acid unit than the pyro acid
could be prepared. Thermal dehydration, (under vacuum), the
Auger reaction (25), hydrolysis of P406, action of phosphorous
acid on P406 and the dehydration of phosphorous acid with

dicyclohexylcarbodi-imide were studied, (183), (184).
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(11)

The Complexing of Pyrophosphite with Metal Ions

compared with the Complexing Action of Pyrophosphate

As has already been discussed pyrophosphate is a good compl-
exing agent. The P-0-P bond allows the six membered chelate

p” O

ring P to be formed.

\M/

The pyrophosphite anion also has a P-0-P bond. Two of

the pyrophosphate OHs are'replaced by Hs,

\\ //ik\~//ﬂ HO /,OH
N o
These forms are present in solution at neutral pH.

It is likely that the structures of the ions in solution
will be similar, the bent bridge P-0-P bond being present;
spectral studies have been made of pyrophosphate in solution
and of pyrophosphite in solution, (63) and (185).

It was therefore of interest to compare the complexing

3 3
action of the two anions, and possibly stabilise the P-0-P
bond to hydrolysis. If a suitable metal ion could be found
measurements of the dissociation of the pyrophosphite P-0OH

groups in acidic and basic media would have been possible,

Experiments were carried out using firstly a comparison
between the solubilities of pyrophoéphite and pyrophosphates

in excess pyrophosphite or pyrophosphate solution, and
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secondly by polarographic experiments. The results of the
polarographic experiments were compared with published data
on polarographic investigation of the complexing of pyro-

phosphate and metal ions.

Experiments on the Solubiiity of Pyrophosphites and

Pyrophosphates as a Function of the Pyro-Anion Concentration

Bassett and co-workers, (186), and Rodgers and Reynolds, (187),
studied the formation of complex pyrophosphates by redissolu-

tion of an initially precipitated normal salt.

About 0.3g. of various metal salts in 10ml. water were
treated by adding a 0.145M tetra sodium pyrophosphate solution
from a burette, Some of the initially formed precipitates
re-dissolved in excess pyrophosphate solution; a colour change
was evident here, |

- Salt

Ni(NO3), green ppt. dissolved to give a red solution
Ag(NOB) ppt. did not re-dissolve

MgCl,p n " n "
CaCl 2 " " " n
BaCl,p 1" " " "
PbCl9 ppt. may re-dissolve slightly
CoCl, ppt. forms then re-dissolves.

Further experiments were carried out in a more quantit-
ative manner. Solutions of transition metal ions were
obtained and a known quantity of these ions was titrated with
a pyrophosphate solution, the resulting colour changes and

precipitates being noted. It is seen from the above
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experiment that the Mg, Ca, Ba and Ag salts and possibly the

Pb salt do not redissolve in excess of the pyrophosphate

reagent, while those of Co and Ni do; the following salts

were now studies:

Salt Solution, . concentration Pyrophosphate concentrat-
‘M.10-4 ion where re~dissolution ocamrs

Cu(N03)2 2.14 12.8

CrClj, J 0.68 7.22

CoCl, 1.07 1.08

CdClo no re-dissolution observed.

In all cases an insoluble precipitate is produced initia--
1lly, this redissolves at the metal ion and pyrophosphate ion
concentrations shown in the table. Under the experimental
conditions employed Cu pyrophosphate re-dissolves at a 1:5.7,
the Ni at 1:1, the Cr at 1:10.6 and the Co at 1:1 metal to
pyrophosphate ion ratios. As the pyrophosphate solution is
run into the metal salt solution a precipitate is obtained
when the metal is present in excess of the ratios given. Cd
does not re—dissolve, suggesting that, if solution is a meas-
ure of complex formation, this ion forms weaker complexes
than the rest. The solutions have characteristic colours,

different from the original solution of the cation.

The experiment was repeated using pyrophosphite solution

of similar concentration. Sodium pyrophosphite, incidentally

is much more soluble in water than the pyrophosphate.
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Solutions of Cu, Ni, Cr, Co,Cd studied as in the pyro-
phosphate experiments, in no case showed precipitation or
colour change. Slight darkening of the Cu(II) blue colour
may have taken place, although no reduction to the metal or
"red hydride" occurred. Solutions of the metal ions with,
(a), no added phosphorus oxy-anion, (b) with pyrophosphite
solution, (c) with pyrophosphate solution present were made
up and the colours compared visually. Solutions (a) and (b)
showed no visible difference, (c) however was markedly
different. After standing for two days the Cr pyrophosphite
solution showed a colour change.( Oxidation of the P~H may
have been taking place., With Fe(III) chloride solution,
which was also studied, pyrophosphite produced an immediate
discolouration of the brown Fe(III) giving the green colour

of Fe(II).

These direct experiments suggest that in general the
complexing action observed for pyrophosphate is not found

with pyrophosphite.

Quantitative Investigation of the Complexing of Metal

Ions by Pyrophosphite, using Polarographic Methods
a), Theoretical Introduction, c.f. (188).

When a varying potential is applied to a dropping mercury
electrode, in a solution containing metal ions, the current
which is carried by the metal ions in solution varies with

the applied potential. A specific minimum potential is
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required for the discharge of a particular metal ion at the
electrode and the current, (diffusion current) due to this
ion is proportional to its concentration in solution. When
the ion is complexed in solution the voltage at which dis-
charge occurs varies. Equilibrium constants for the complex-
ing process may be obtained by comparing the polarographic
curves of solutions with varying concentrations of ligand and

a constant concentration of metal ion.

Where the electrode process is reversible the equation

E=Ey -~ 0.059 1log i

n 10 ig- 1
may be shown to be obeyed, (188), E is the applied
' potential, volts
for the electrode reaction E,is the standard polaro-
. graphic electrode potent-
in the electrode process ial, volts

n is the number of
electrons involved
i is the current flowing
igq is the diffusion

current.
For the ion association process,
Mot 4 pLZ- = MLg(n-pz) + 5

the equilibrium constant K is defined as

K = ML ( -

Z)+ the terms inside the square
Mn+ L)P

brackets denote activities,

and it may be shown that

El = 0.059 log K - p 0.059 log (L), c.f. (188)
n 10 n 10
where Ei is the value of E when i = id/2, the half wave

potential. Terms inside round brackets are used here to

denote concentration terms.



Dete}mination of values of K and p thus involved deter-
mining Eé values for different concentrations of ligand
and from the linear plot of E% vS. log10 (L) the intercept
on the E% axis is used to calculate the value of K while

the slope of the line is used to obtain p.

When the electrode process is not reversible values of
K and p cannot be obtained by this method. However an esti-
mate of the complexing ability may be obtained by comparison

of the shifts in half wave potential on adding ligand.

The experimental procedure involves first checking the
process being used for reversibility by plotting E against

log10 i and calculating n from the slope of the line

er——

ig-1i
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obtained. For a reversible wave the slope will be linear and

n will be a whole number. Sometimes the process may be made
reversible by addition of wave "maxima depressants'" such as

gelatine solution.

I1f various complexes are being formed in solution over
the ligand concentration range studied the E% vs. log, (L)
plot will not be linear. Different linear sections may be

distinguished, however, corresponding to different values of

P and K.
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- Apparatus employed

The apparatus was a standard commercial polarograph with
automatic recording and voltage sweep devices, (the Tinsley
recording polarograph). A voltage sweep of 3 or 0.3 volts
could be employed. Using the highest sensitivity E% values
of 0.ImV or even better could be obtained. No attempt was
made to obtain diffusion coefficients from the current read-
ings since the absolute accuracy of these is not as great'as
the voltage accuracy. The polarographic cell was immersed in
a thermostat kept at 25+0.05°C using a Circotherm temperature
control. The cell was deoxygenated before a run by bubbling
nitrogen, which had been freed from traces of oxygen, through
it. The apparatus had been in regular use prior to these
experiments and the normal routine procedure was continued.
Washing of the cell between runs was carried out with care
using conductivity water and "Analar" acetone. The starting
voltage was applied to the cell by means of an accumulator
circuit, standardised in turn before each run against a stand-
ard cell, (Weston cell E.M.F. 1.01839V.,, 25°). The polaro-

graphic cell had a saturated KCl calomel electrodé.

Reagents employed

The metal salts were of analytical grade. Sodium pyrophos-
phite was prepared from NaH(HP03)2.5H20 by heating it at 220°C
until the correct amount of water had been lost for the
NagH2P205 stoicheometry. Analysis showed that any oxidised

species present were less than 1%.
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b), Experimental Section.

Complexing of cd?+ by Pyrophosphite

Expt. 1 A (Cdzt) of 1.627. 10-3M, (from CdCls) and KCl base
electrolyte, 2.1 M was employed. The Cd?t wave is reversible,
and Cd2+ solutions are particularly suitable for polarographic

studies for this reason.

(H2P20%™) M ELV step height cm.10~2
o 0.674(2) 571
0.0194 0.676(3) 563
0.0485 0.676 532
0.0969 0.679(5) 558
0.194 0.680(3) 578

The step heights are given for comparison only, they are
proportional to the current.

Values of p=0.151 and log K=0.,32 are obtained.

Expts. 2 and 3 A lower base electrolyte concentration of

0.349 M was used, the (Cd2%) being as above.

Time aféer (H2P20§‘) M ELV step height cm.10-2
disgolu;@on
~-0-F :
1 day 0 0.625(6) 606
" 0.0097 0.629(4) 569
4 days ‘ " 0.624(3) 578
" 0.0485 0.622(6) _ 539
" 0.097 0.626(4) 533

Little change is observed in the position of the wave when
small amounts of phosphite are present in the pyrophosphite
solution, such as is found with pyrophosphite solutions which

have been allowed to stand several days.
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When the experiment was repeated the following values

were obtained.

(H2P20§_) M EL V step height cm.1072
0. 0.624(9) 646
0.00829 . 0.625(8) 632
0.0249 0.628(6) 627
0.0414 0.627(1) 596
0.124‘ 0.630 598
{

giving p=0.14, log K=0,32.

Expt. 4 It appeared that the small shifts obsefved in the
above experiments were due to the swamping effect of the
chloride jion, under the conditions employed this complexed
the Cd2* almost completely, no pyrophosphite complexes being
allowed. This demonstrated the extremely weak complexing
action of pyrophosphite for cd?*. A KN03 base electrolyte
0.336 M was employed in this experiment, the same CdCl2 solut-
ion was employed, giving a constant (Cl-) of 3.254.1073M.
Since the complexing action of the nitrate ion is weaker than
that of the chloride ion it was expected that complexing

action between the pyrophosphite and the Cd2+ would now be

observable,
(Hzpzog-) EL V step height cm.10-2
1) 0.610(5) 561
0.0084 0.614(0) 559
0.1263 0.626(0) ‘ 521

giving, p=0.288, log K=0.703.
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Expt. 5 It appeared from the results of expt. 4 that even
the small chloride ion concentration employed here inhibited
the pyrophosphite complex formation. A chloride free sygtem
was now employed; the cd?* was obtained from Cd(NO3)24H20,
(Cd2+) in the cell was 1.658. 103 M and the base electrolyte

was KNO;, 0.336 M.

No. (H2P20§‘) ELV step height cm.10~2
1 0 0.581(5) 597

2 0.00639 0.584(5) 603

3 0.03195 0.590(9) 577

4 ; 0.0959 0.601(2) 573

Solution 3 was left with nitrogen bubbling through it for

2 hour, EL changed to 0.591(6), solution 4 was allowed to

stand for 2 hours El 0.600(8) was now found. This demon-
strates the stability of the system. The values p=0.733 and
log K=1.408 are obtained. The value of p obtained is consider-

ably higher than in the previous experiments.

Expt. 6. Since the shifts in half wave potential which were
obtained in the foregoing experiments are small it was
necessary to employ larger concentrations of ligand to obtain
large shifts in this value. However in order for the polaro-
graphic theory to be valid the ionic strength must remain
constant in the different solutions of ligand, metal ion and
base electrolyte. This is in general done by having an excess
of an inert electrolyte present, so that the changes in the

ligand concentration do not appreciably alter the ionic
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strength. 1In order to obtain 1arge'shifts in Ef walues it
would be necessary to use a base electrolyte concentration
of about IOM. This did not seem likely to give reliable
results. NaszPZOS however may be treated as a 2:1 strong
electrolyte. It was possible to vary both the pyrophosphite
and inert electrolyte concentrations and thus to keep the
ionic strength constant over a series of solutions.. The
ionic strength is defined as i Zcz2?, c being the ion concen-
tration and z the ion change. The ionic strength of NazH,P, 05
is thus 3(Na,H,P»0¢), and that of KNO; is (KNO3). Weighed
quantities of Na2H2P205 were transferred to 20ml. standard
flasks and the appropriate quantity of KNO3 solution added

to bring the ionic strength to 1.8.

2
NaszPZOSg. miﬁon (H2P205 ) E% \' szz?lgf%ght
o 18 0 0.5797 629
0.1451 16.8 0.0382 0.5866 643
0.4610 14.3 0.1215 0.599 618
1.1224 - 9.1 0.294 0.593(3) 568
1.6922 4.7 0.444 0.608(1) 536

When the E% values are plotted against the pyrophosphite
concentrations a maximum occurs roughly at the point where
half the ionic strength contribution is due to the pyrophos-
phite., The step height also shows a decrease at this point.
The occurrence of this maximum may mean that NagHyP20g
cannot be treated as an inert electrolyte in this, or the

electrode reaction may be different in a predominantly pyro-
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phosphite solution. Alternatively the nitrate ion may play
some part in the mechanism of complex formation. With
Cu(II) solutions discussed later no anomalies are found with
this type of experiment, so the observations may depend on
the presence of cd?t. The values obtained from solutions
where the ionic strength was due mainly to KNO,; are analagous
to the previous experiments, the values of p=0.84 and

lbg K=1.41 are obtained.
Expt. 7. The complexing of cd?* and phosphite was studied.
A 1M KN03 base electrolyte solution with (Cd2+) = 1.658.10’3M,

obtained from Cd(NO3)2, was used. The possibility of precip-

itation was likely since phosphites are less soluble than

pyrophosphites.
(HPO3") EL V step height cm.10"2
0.01269 0.582(1) 556
0.03808 0.586(7) 452
0.02539 0.584(6) 553

and using (Cd?T) = 8.29,10”4

o 0.579(5) 662
0.06348 0.596 628
0.08887 0.585(8) 518

The change of the cd?* concentration produces a marked change
in the E% and step héight values. A trace of cloudiness was
noted in the more concentrated solutions indicating the start
of a precipitation process. The depression of the wave in

the more concentrated cases oécurs at the lowest concentration

employed (phosphite) but when the (Cd%+) = 8.29.10°4 it
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2M. The Ej
2

becomes depressed at about (HPO%") = c. 8.12.10°
values obtained with the highest concentration of phosphite
will be somewhat suspect since precipitation of both cd2+
and phosphite will alter the éoncentration in solution. The
values obtained for the p and log K factors calculated for
the (Cd?*) = 1.658.10"3 are p=0.49 and log K=0.95. It is
found that when the ratio of Cd?t to phosphite is plotted
against the E% values all points lie on the séﬁe curve. How-
ever plots for the two concentrations used give different
curves. This means that the p and log K values obtained
from such data depend on the metal ion concentration, even
although a large excess of ligand is present. This perhaps
serves to demonstrate the weak nature of the interaction

between the two ions.

Discussion of the Results for the Cd2+ Ion

Interaction of only a weak nature occurs with pyrophosphite
and phosphite ligands. Comparison with the data of Souchay
and Fouchere, (189), is interesting. In polarographic
experiments using 3.5 M KC1 base electrolyte, a shift of 85mV
for a variation in pyrophosphate concentration up to 0.2 M,
gave p=2 and log K=4. This shows interaction between the
pyrophosphate and Cd2t to be several orders of magnitude

greater than is observed for pyrophosphite complexing.

The results which have been obtained in the present work

are tabulated:-
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Expt. p log K Base electrolyte (ca?*t), m 10-3
1 0.15 0.32 KC1 2.1 M 1.63
2, 3 0.14 0.32 KC1  0.35M "
4 0.29 0.70 KNO, 0.36M n
5 0.73 1.41 " (c1-),3.25 "
10-3M
6 0.84 1.41 KNO; varies | 0.83
7 0.49 0.95 KNO; 1.0 M 1.66

1-6 are with pyrophosphite and 7 is with phosphite.

These results demonstrate the effect of the chloride ion

d2+ interaction. As the

concentration on the pyrophosphite-C
chloride ion is decreased in amount the p and log K values
also increase, suggesting that the log K value for the

species CdH2P205 may be around 1.4.

Although, as has been described, the values obtained for
the interaction of phosphite and cd?t are markedly dependent
on the ratio of ligand to metal ion in the solution this is
not the case for the interaction with pyrophosphite. Perhaps
an important factor in this is the lower solubility of cadmium

phosphite relative to the pyrophosphite.

The type of interaction of the two ligands phosphite and
pyrophosphite for the metal ion, although weak, is of the
same order of magnitude. This is to be contrasted to the
marked differences between phosphate and pyrophosphate where

Strong complexes are obtained for the pyro-anion with metal

ions whereas phosphate complexes are much less stable.
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Tabulations of stability constants are available for phos-
phate and pyrophosphate ligands, (190), p.57-63. Further

discussion on this point will be made later.

Complexing of Cu(II)

The Cu(II) polarographic wave is suitable for this type of
study, however maxima may occur in the‘wave requiring the
addition of a suppressor. Initial experiments were carried
out to determine the minimum quantity of gelatine required
for this suppression. Pyrophosphite was aléo found to act
as a maximum suppressor, so that when this anion was present

no addition of gelatine was required.

Expt, 8. 1In this experiment, Cu(II) = 1.2710.10~3 M (from

Cu(NO3)23H20) with a KNO, base electrolyte 0.336M, was employ-

ed.
(HyP 0%-) Ei1 V Nature of the curve
2-5 5

-0 ' +0.010(5) max.
6.39.10"3 +0.012 "

1.92.10~2 +0.007(5) "

3.20.10-2 +0,006(8) no max.
9.59.10-2 -0.005(5) noon

It is found that the critical concentration of pyrophosphite
for suppression is about 2.5.10~2 M. It appears that the

same diffusion current is found over the concentration range
studied. The wave was tested for revérsibility by plotting

log i E. A good straight line was obtained and the
ig-i vs.



value of n found, 2, agrees with the reversible electrode
process Cu(II) + 2e = Cu(0), as expected. The
presence of maxima and the possible distortion of the curve
is revealed in a plbt of E% against the pyrophosphite concen-
tration. The best approximation may be a linear one, which
gives a logarithmic curve when E% is plotted against log
'(H2P20§-). From this a tangent for the value p=I, may be
constructed, giving log K=1.54. Only weak complexing action

was observed, similar to that found with Cd2t.

Expt. 9. The method of varying the amount of base electro- -
lyte used with cd?t was also employed here. The calculated
ionic strength was adjusted to 1.8, as before, using various

amounts of KN03 solution and solid Na,H,P,_O_.

2727255
“ ) 2- . R
Na,H, P, 0.g. ml. 2M (H,P_0%7) Ei1 V step height
2727275 KNOB - 272 5 5 cm.10-2
0. 18 0 +0.013(1) 466
0.2165 16.3 0.057 +0.007(5) 477
0.3542 15.2 0.0932 +0.,005(6) . 458
0.7158 12.4 0.1882 -0.001(2) 456
1.8231 3.6 0.479 ~-0.014(4) 414
2.2318 0.6 0.588 -0.019(0) 417

-The shift obtained in E% is now comparatively large. No
maximg were obtained at this ionic strength, in the Cu(II)
Qave. The plot of E% vs. the pyrophosphite concentration

is a smooth curve, with no irregularities, such as were noted
in a similar experiment using Cd2+, expt. 6. The plot of

El vs. log (H2P20§') becomes linear above the pyropheospliite



63.
concentration of 0.3M. Different log K and p values may be
calculated for the upper and the lowest sections of the
curve., It is suggested that there is a range of different
complexes present at intermediate ranges of concentration.

The upper section gives p=2.0 and log K=1.44, while the low-
est section, p=0.5, log K 0.51. The value p=2 corresponds

to the species (Cu(II). (Hzpzos)z)z‘ in solution.

Expt. 10. The complexing of Cu(II) and phosphite was studied

using 1.4M KNO, as base electrolyte, with Cu(II) 0.65.10"3M.

3
Difficulties were encountered due to chemical reactions dis-
torting the shape of the Cu(II) wave, a phenomenon not noted
with pyrophosphite. The solutions were made up in a series
of standard flasks before transferring to the polarographic

cell by adding a Cu(II) nitrate solution, a KNOS and a phos-

phite solution (from NaH(HPOz).Z.SHZO), in that order.

No. (HZPOE) Ey -V step height cm.10~2
1 0 +0.0199 553
2 1.27.1072 +0.0065 486
3 2.539.10"2 +0.0178 486
4 3.81. 10~2 +0.0063 438
5 5.08. 10-2 +0.0163 523
6 1.016.10"1 +0.0158 511

Solutions No. 2 and 4 gave differently shaped polaro—'
graphic waves from the remainder which were normal. No. 2
appeared to be stable (reproducible), while No, 4 was found

to drift with time. Considering only Nos. 1, 3, 5, and 6 a
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smooth variation of E% with concentration is found. It'
seems best to explaip:the divergencieslnoted with Nos. 2
and 4 as arising from irreversible interaction of the phos-
phite anion and the Cu(II) ions in solution. This is not
unexpected, but it is surprising perhaps that it does not
occur in all cases. A log T_iv vs. E plot for wave No. 2
gave a value of n of 1.16 w;g;; suggests that a different
electrode reaction is occurring in this case. It seems
more likely that chemical reduction of the Cu(II) to Cu(I)
occurs and the electrode reaction in this case is mainly
Cu(I) + e == Cu(I). Where no chemical reduction seems
to have occurred the values p=0.114 and log K=0.26, are

found.

Discussion of the Results for the Cu(II) Ion

It appears from the results given above that Cu(II) is some-
what more complexed by pyrophosphite than by phosphite.
Interaction in both cases is still weak however. Numerous
investigators have reported stability constants of the pyro-
phosphate Cu(II) complexes, (190). All the values are
several orders of magnitude greater than the present results
suggest for the pyrophosphite complexes. In the present
case when compared with the results of the interaction with
Cd2+, Cu(II) is appreciably complexed by the pyrophosphite
anion and the difference in the degree of interaction when

compared with that between phosphite and Cu(II) is probably



due to the fact that copper is a transition metal element.
Relative stabilisation of interaction when there is a P-0-P
bénd present can be interpreted as a chelation effect; the
structure of the complex found with pyrophosphite for example
might be similar to that which has been suggested for the
Cu(II) di-pyrophosphate. complex, viz.

H 0O
K

o/P/O\\\Cu///O\§S§
H;%}O//’ \\O’H\H

Complexing of Ni (II)

The Ni(II) polarographic wave is not reversible and the
standard procedure cannot be used to obtain p and log K
values. The shape of the wave also changes as the ligand
concentration alters. A speciél method has beeg used to

4

obtain stability constants from the results.

Expt. 11 A series of experiments was carried out using the
variable base electrolyte method, varying the amounts of

KNO3 and Na2H2P205 present. The ionic strength was adjusted
to the calculated value in each case, (1.8); the Ni(II) was

1.021.1072M, (from Ni(N03),6H,0).

Na2H,P,0.g. ml. 2M (HoP,02~) EL V étep height
27275 KNO3 2"275 2 cm.10-2
0 18 ' 0 1.035 289
0.0184 17.9 0.00484 1.039- 321
0.1553 16.8 0.0408 1.0395 257
1.1743 10.8 0.308 1.0516 298

1.3187 6.6 0347 1.0525 292
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This shift in E% although not as great as was found for

Cu(II) suggests that some complex formation is occurring here.

Treatment of Results

When the E% values obtained by the standard procedure from
the experimental graph are plotted against the ligand concen-
tration a smooth curve is obtained. The upper Section probably
becomes linear. As the ligand concentration is increased,

two effects can be distinguished. One is the shift of the
wave to more negative voltages with increasing ligand concen-
tration, while the other effect is a variation in the curva-
ture of the wave. When log __iT is plotted against E for
these waves a linear sectionlg;lobtained, around the centre

of the curve. The value of n obtained from the slope of this
line, varies over the above concentrations from 1.023 to 0.645
with increasing ligand concentration. Since the relationship
between E% and the logarithm of the ligand concentration

is derived by substituting the concentration terms of the

definition of K in the term _i__, this being possible due to

the direct proportionality begween the current i and the

concentration of metal ions in solution, then if an equation
for the irreversible wave be set up of the same form as that
of the reversible wave, providing that the i values are still
related to the concentration of the metal ions in seolution,

it will be possible to obtain K values from irreversible waves.

The difficulty is that two variables are present, both E and n
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values changing with changing ligand concentration. It is

therefore necessary to correct E% values for changes in the
n values.
On plotting _i against E for each wave the following

ig-1i
values were found;

(H2P20§-) n )
o 1.023
0.00484 1,042
0.0408 1.128
0.1473 1.145
0.308 0.978
0.347 0.642

It is seen that the value of n is about 1 in all cases
except the last. There may be some correlation between the
observed yalue.of n and the amount. of KNO3 base electrolyte
present, in the last case there is less contribution to the
ionic strength from the KNO3 present than from the NayH,P,0g,
in the other cases there is excess KN03. An analogous
situation was found in expt. 6 when the discrepancies found
in the variation of E% with increasing ligand concentration
occurred when KNO3 ceased to be present in excess. A mean
value of n obtained from the first five values shown may be
employed in the usual equations and a plot of E% vs. log(L)
may be made in the usual way, giving p=0.45 and log K=0.52,
corresponding to the species (Ni(II)z(HzPZOS))2+ being

formed in solution when the ligand concentration is less

than 0.1IM. At this point a break occurs in the E% vs.

log(L) plot.
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Complexing of Pb(II)

The complexing with pyrophosphite was studied. Difficulties
were encountered due to the tendency for some of the lead to
precipitate, presumably as the normal pyrophosphite. The

(Pb(IT) ) used was 1.729.10"3M, from Pb(NO3);

Na,H,P,0.g. ml. 2M (HyP50%2”) EL V  step height
2727255 KNO, 3 2 cm.10~2
0 18 0 0.413(3) 578
2.6067 o 0.686 0.427(9) 341

From this data for p=I, log K=0.68. This shows that
interaction again is of a weak nature. An estimate may be
made of the solubility of PbH2P205 from the step height data.
If equilibrium has been reached this is, expressed as a

concentration, 1.02.1073m,

It should be mentioned that Pb(II) gives a reversible
polarographic wave with a n value of about 2 corresponding

to the electrode reaction Pb(II) + 2e == Pb(0).

The Complexing of Co(II)

This experiment was carried out in the same way as the

previous one. The Co(II) was 1.667.10"3M, from Co(N03)26H20

NaoHoP,0,.g. ml. 2M (H,P»0%") EL V step height
2 275 KNO3 272 5 2 cm.10-2
o 18 0 1.368 648
1.3663 578

1.8975 0 0.498  1.424 600
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The first solution was studied at several different
sensitivities, the second value quoted is probably more
accurate. The presence of pyrophosphite appears to change
the shape of the wave, producing a continuous current
increase. It.was therefore not certain to what extent the
shift observed is a property of the complexing of the Co(II)
by the pyrophosphite or is due to a change in the electrode
reaction which the presence of pyrophosphite brings about.
From a plot of log _i _ vs. E for the wave when no pyrophos-

is-i
phite was present a value of n=0.79 was obtained. Since

p=E n | » for postulated values of p, values of
log 10(L). 0.059
B% may be obtained, enabling log K values to be worked
Togyo(L)

out, employing the experimental value of E%. The experi-
mental data fits the theoretical relationship for small values
of p. Thus for p=I, log K=1.08; p=2, log K=1.42. This
provides an estimate of the type of’interaction occurring and

this is seen to be of a weak nature.

The Complexing of Ba2t

Expt. 14. The same approach was used as in the previous

experiment. The (Ba2t) was 1.64.10"3M,‘from Ba(NO3),

NagHsPy05g. ml. 2M (HyP2087)  EL V  step height
KNO cm.10-2
o 18 ' o below continues
1.56

1.1315 0 0.297 " 1"
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The waves are best compared by superposing traces made from
the experimental plots. When this is done it was found that
the presence of pyrophosphite shifted the wave in the oppo-
site sense to what is expected for complex formation. Thus
no complexing is revealed between pyrophosphite and Ba2t,
The positive shift in potential was 18mV. Perhaps this is
due to the method employed. Where there is no KNO3 in the
solution the ionic strength may actually be less than 1.8,
the Na2H2P205 not behaving as a strong electrolyte in these

circumstances.

The Complexing of Cr(IIT)

The same approach was used again. The (Cr (III) ) was

9.508.10-4M, from Cr(NO3)3.6H20

Na2H2P205 ml., 2M (H2P20§_) E, V step height
KN03 2 cm.10°2
o 18 ' 0 0.893 128
1.040 0 0.274 0.995 100
0.971 , 92
The Cr(III) + e Cr(II) wave was used. It was found to

be reversible when no pyrophosphite was present, having a
value of n obtained from the log Ti_T plot of 1.065. Where
pPyrophosphite was present the wav:d;:s‘flattened, however

a relatively large shift in the position of the wave on the
voltage scale also was obvious, indicaﬁing complexing between

the Cr(III) and the pyrophosphite. The El value of 0.971 V

was obtained at a higher sensitivity than the other shown for

~
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this solution. B% was obtained from the shift in E% at
a seleqted current reading. An indication of the type of
interaction involved here is obtained from the following
figures. For p=I, log K=1.92; p=I.5 log K=2.15; p=2, log K=
3.04. This suggests that the complexing is stronger than
for the cations previously discussed. This is expected for

a (formally) M3+ transition metal ion, compared with M2+ jons.

The Complexing of T1(I)

The same routine was employed. The Ti(I) + e s T1(0)

‘" polarographic wave is suitable for this type of study since
it is reversible. A value of n of 1.07 was found. A diffi-
culty arises due to the formation of maxima when pyrophos-
phite is not present, there being some similarity to the
phenomena encountered with the Cu(II) wave previously
discussed. Addition of gelatine suppresses the maximum. The

(T1(I) ) was 1.313.10"3M, from TINOj.

NagH,Py0zg.  Ml. 2M (HyPp0%™) EL V  Step height
{ KNO, 2 cm.10-2

0 - 18 0 0.483 369

1.6119 0 0.423 - 0.479 269

This shows a shift of E% in the opposite sense to that
expected for complex formation, similar to what has already
been noted for Ba2+, expt. 14. The rationalisation of the

’

direction of the shift will be the same as for Ba?t., No

complex formation is indicatéd.
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The Complexing of UO%+

Studies were carried out to investigate the interaction
between the uranyl ion and pyrophosphite using the constant
base electrolyte method. Both nitrate aﬁd perchlorate media
were employed. Reversible waves can be obtained in the
polarographic reduction of uranyl solutions, the ion is this
suitable for this type of investigation. It is also well
known that uranyl will complex with a variety of oxy anions
which do not normally form complexes with other central metal
units. It was therefore expected that positive complex
formation would be observed in this case; as‘was in fact
found. The studies are somewhat complicated by the tendency
for insoluble phases to be formed at relatively high ion
concentrations. There is also the possibility in the present
case of chemical interation occurring leading to reduction

of the uranyl species.

Expt. 17. NaCl0, base electrolyte, 2.3M and (UO§+) -
1.128.1073M, from UOZ(N03)2.6H20, was used. Different

weights of Na,H,P,0, were taken and dissolved immediately

prior to use.

No. (HpPp037) EL V
1 0 0.167(5)
2 0.1376 0.505

0.555

3 0.2065 0.809
, 0.906
4 0.0462 (0.298(7) ).
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The results are complicated by changes in the waves,
other than purely due to complex formation. Chemical inter~
action probably occurs between the pyrophosphite and the
uranyl ions. Similar phenomena were encountered with Cu(II)
and phosphite, expt. 10. As in the Cu(II) experiments a
regular chemical behaviour with respect to concentration and
other factors cannot be distinguished. Rather, it seems as
though reaction, probably reduction of the uranyl by the
pyrophosphite, occurs in a random fashion. Perhaps some
subtle reaction initiation occurs. The reaction is not !
observed in all cases. When no pyrophosphite is present,
No.I, a single wave is found; No. 4 shows two distinct waves
in the same voltage region, one of them being shifted by
twice the voltage shift of the other. No. 2 shows two "fused"
waves, different in appearance from the previous ones. No. 3

shows two waves, more distinctly than with No. 2.

The colour changes which can be observed when solutions
containing uranyl and pyrophosphite ions are allowed to stand
demonstrated the oxidation reduction reactions which are
occurring. There is also a tendency for precipitation to
occur after standing for several hours. In one case the
solution was kept in the polarographic cell overnight. On
running a polarograph on this, no current rise was observed
before 1.05 vV, indicating that all the uranyl ions had pre-

cipitated (and any other uranium ions which might have been

formed also).
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Strone coamplexine i« howevor dindicated by tF

@]
n

2 resnlts,
several orders of maconitude sreanter than observerd {or the

other coation«s studied.

_r_\_p_t_._*]‘_&__ The conmniexine of pyrophosphite hy l,i(_)gJr in 1.,0K8Y
KN03 base electrolyte using the same uranyl concentration

as before was investigated. In the previous case several
oxidation-reduction possibilities existed, one involvine a
poSsjb]e oxidation of pyrophosphite by perchlorate. Anv

such oxidation would have produced species in solution which
would have been expected to cdmplex strongly with the uranyl.

It was therefore of interest to see if large shifts were aleo

observed where no perchlorate was present.

The results are presented in the table below. Th=
polarographic curves obtained experimentally are also pre-

sented.

9.

No. (HoP»0% ) iV step height cw.1072
1 0.36.]0—% 0.345(4) 676

2 2.01.10-2 0.42 2

3 " 1.052 rises

4 0 0.105 502

5 0 0.171 662

6 7.88.1073 0.200 523

7 2.40.1072 0.327 670

8 6.50,10°2 0.305 722

0 2.15.10-2 0.401 552
10 1.16.10°! 1.0672 530

Nos. 1-4 were carried out in the same wayv, with the same
instrument sensitivitv, full <cale deflection 2 A;: Noe, 5-10

were carried ount in a series, nsinog a different sensitivity,
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full scale deflection, 4 A. Nos. 1-4 were studies on
solutions which -had been made up and left to stand overnight
before taking the polarographs. The irregular results
indicate that chemical reaction has occurred. It is some-
what surprising to note that the position of the wave changes
even when there is no pyrophosphite present, presumably the
nsolution state" of the uranyl ion changes on standing,
hydrolysis or ion association of the uranyl ions may occur.
The waves obtained are close to a reversible shape. Thus
for No. 6 a value of n=1.17 was found, corresponding to an

apparent one electron reaction.

Some differences are also apparent in the waves from
Nos. 5-10. The symmetries of waves, 5, 6, and 9 are the
same, the othere having somewhat distorted waves. This may
be due to chemical reaction, as discuséed for the previous

experiment.

It is apparent however that large shifts are also found
in nitrate medium. Using waves 5, 6, and 9 the values p=3.94

and log K=10.49 can be obtained.
§§EE;_12; Another study was undertaken in perchlorate medium,
(NaC10,) = 2.3M and (U03") = 1.128.10-3M. Again weighed

amounts of NayH,P205 were used.
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No. (Hzpzog“) E; V step height
2 cm.10-2
1 0 0.1815 640
2 4.32.10"3 0.2405% 161
3 1.80.10-2 0.3306 632
4 3.76.1072 0.3198 612
5 " 0.3338 563
6 7.62.1072 0.3551 645
Vi 1.38.10"1 0.3601 713

Precipitation appears to occur in certain cases only.
Opalescence was noted particularly in No. 2, which shows a
low step height, confirming the removal of U0§+ from solut-
ion. No. 5 is a re-run of No. 4 after some Qpalescence

appeared in the solution. This demonstrates the changes

which this phenomenon produces in the wave.

On plotting E% against the concentration of ligand two
regions are distinguishable in the curve. 1In the lower
region of ligand concentration up to about 2.10"2M, large
E% shifts indicate strong complex formation. Above this
limit the E% values increase more slowly with increasing
ligand concentration. The waves at the lower ligand concen-
tration appear reversible, giving, from the customary plot,
8 value of n close to 1. However some distortion occurs in
the higher concentration range. Some reaction other than
complex formation may be taking place here. From the lower
concentration range the values p=2.0 and log K=6.69 may be
obtained. This corresponds to the species (UO§+(H2P205)2)2',

Present in solution.
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c), Discussion of Results.

General Discussion of the Results of the Polarographic

Experiments

The results are summarised in tabular form:-

Expt. MRt L~ Ionic medium Complex unit¥* log K
No. 3 3 suggested
5  cd?t  p-0-P KNO, 0.36M Cd(HP,05) c.1.4
6 n " "  varying " "
3 2
7 " P " I M Cd, (HPO,) + 0.95
‘ 3 3
9 Cu(II) P-0-P " varying Cu(HZPZOS)g' 1.4
11 Ni(II) » " " Niz(H2P205)2+ 0.52
12 Pb(II) » n " PbH,P,05 * 0.7
13 Co(II) " " " CoHyP,05 * 1.1
14 BaZ+t " n n no complexing observed
15,  Cr(ITI) " " Cr(HZPZOS)IfS 2.2
16 Ti(I1) " " " no complexing observed
2+ ; 6 .
18 uoy " "OT.OM U0, (H,P,05)§"  10.5
19 " " NaCloy 2.3M UO2 (HyP,05) 2" 6.7

With the cases marked thué ¥ the log K values were obtained
by assuming the stoicheometry for the complex formed. These
values are thus only indications of the type of ionic inter-
aétion occurring, but they may be profitably compared with

the other values.
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When the interaction between the pyrophoshite anion
and various metal cations are compared, it becomes ob?ious
that the formally 2+ cations Cd, Ni, Co, and probably Pp
too, behave similarly although Ba2* shows no complex for-
mation. Comparison with the published values for the
complexing of various cations by pyrophosphate shows that
different tendencies can be seen in this latter system, (190).
Complexing occurs with increasing stability of complexes in
the series T1(I), Ba ', Pb(IT), Cd2*, cu(II)

B2, 1.0 4.5 5.3 4.2 12

the B, values quoted in (190) are equivalent to the log K
values used in the preceding pages. Interaction between
pyrophosphate and cations is of a higher order of magnitude
than interaction between pyrophosphite and cations. There is
however probably a particular increase in stabilisation of
transition metal complexes with the pyrophosphate anion. It
seems that a special factor is at play in the pyrophosphate
series stabilising pyrophosphate-metal ion bonding in solu-
tion, which is absent in the pyrophosphite series. The
effect of the charge on the anions which enter into complex
formation will be important; the pyrophosphate case can be
written as a formally 4~ anion while the pyrophosphite is 2-.
However aqueous solutions of the two anions at pH around 7
exist predominantly in the 2- form. Often it is not known

with certainty which anions in snlution are actually complex-

ing with the metal ion.
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Differences between the complexing ability of pyro-

phosphate and pyrophosphite can be discussed in terms of
the effect which "replacement" of two pyrophosphate OH
groups by H in pyrophosphite has on this complexing ability.
It seems likely that the effect is due to differences in
the P-0-P bonds. It is found that, for example, the P-0-P
bond in the pyrophosphite anion is subject to acid cataly-
sed hydrolysis in the same way as is found for the pyrophos-
phate anion, but hydrolysis occurs several orders of
magnitude more rapidly for pyrophosphite than for pyrophos-
phate under similar conditions. Also it is found that
catenation of g-0~g bonds is not obtained beyond the pyro-
stage; dehydration like HO-%—O—%—OH — (-%—0—)n is not
found to be possible whereas such condensed P-0-P bonds are
easily formed from the pyrophosphate unit. These points are
discussed more fully later. Some insight into the problem

is obtained when valence bond structures are written for

possible electronic distributions in the two anions, thus

H.O-g-.ﬁ-‘-g—OH HO~$-0=8+0H~ Ho-g-o=gjr_on "H0+$=O=$+OH'

- 0- 0-~ 0- 0.7 0 0~ O-
2 forms 2 forms
l ’ for pyrophosphate
| Hofgi():g*cm
0, 0,.
and,

u-3~§_3_n H-E-gﬁﬁ{ H~g"=o=3tﬂ

6.7 o . Og. 02 O2_
2 forms

for pyrophosphite
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It is seen that seven forms may be written for the
pyrophosphate anion and four for the pyrophosphite anion,
considering the ions in neutral éolution, (the same number
of these structures may be written for the other ionised
forms of the pyrophosphate anion), with different electron
distributions along the P-0-P bonds. The P-H bond being
between two atoms of like electonegativity need not be con-
sidered to "ionise" in such valence bond structures. The
tendency for the -Pt H™ to for& will be much less than for
the distribution -PT 02- arising from a P-0- bond. However
hypothetical ionis‘ation like -P-H _P~ Ht is more probable.
Additional structures for the pyrophosphite anion can be
considered, having lesser "weight" than the above forms viz.,

fab e fabe ofsbe

2 forms 2 forms
These latter forms can be considered to lead to a destabilis~-~-
ation of the P-0-P; the forms written initially increase the

electron density between phosphorus and oxygen in the P-0-P

bridge.

Such difference in the P-0-P bond as is suggested by
this simple approach can be used to compére the properties
of these types of P-0-P bonds. Thus the case of hydrolysis
of the S—O—g bond compared with the g—0~g bond seems (see

later) to be explicable in terms of a greater localisation
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of the bridge oxygen electrons with P-0-P increasing the
possibility. of intéraction with HY. Again the non-existence
of polyphosphites (at least the great difference between the
energetics of formation or decomposition of (S—O—EL chains
and polyphosphate chains is clear), indicates either that

the activation energy of formation of these units is very
high or that they very easily rearrange, which seems more
likely, and which in turn can be correlated with the presence
of a reactive P-0-P bohd. The differences in complexing
ability, too, between the g-o—g and g—O-g units will be a

function of electron distributions in the two species.

If it‘is accepted that increasing the electron density
along the P-0-P bond may increase the degree of interaction
between g-O—g bonds with transition metals then a likely
postulate of the nature of the stabilisation can be see,

again in valence bond terms, assuming the formation of a

chelate ring;



(III) THERMOGRAVIMETRIC AND DERIVED EXPERIMENTS
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(II1)
a) Some Experiments on Pyrophosphorous Acid
and Pyrophosphites
(i) The Hydrolysis of the Pyrophosphite Anion

As has been indicated this has been studied by Amat, (21)
and Kiehl and Moose, (89). Blaser has recently presented
some data on the rate of hydrolysis of the anion and on the
rate of hydrolysis of other P-0-P bonds in lower oxy-acids.
He quotes for example the half life of the g-o—g bond with

a variety of reagents; in 0.2N HCl1l it is about 1 minute.

The variation of the rate of the reaction with pH, being a
minimum near pH7, is in general confirmed by this work. The
work of Kiehl and Moose is similar although they givé more
data than Blaser. Thus they measured the rate of hydrolysis
of ammonium pyrophosphite in 0.1 M NaOH, 0.01 M NaOH,
distilled water, 0.1 M acetic acid, 0.1 M KHSO4 and 0.1M HC1,
using the iodometric method of analysis for phosphite in the
presence of pyrophosphite (pyrophosphite reacts much more
slowly with iodine than phosphite at pH c.7.). During the
hydrolysis as studied by them the pH changes; this was
measured and it was shown that the rate of hydrolysis is
fast in acid and alkaline media, displaying a minimum in the
rate of neutral pH. They considered that the reaction was

of "unimolecular type" and seem to have also considered that
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the reverse reaction was possible in the neutral pH region.
Amat studied the hydrolysis of sodium pyrophosphite using
acid-base titrations to follow the course of the reaction.

He considered that a simple first order process was occurr-
ing although some of the figures he gives do not fit the

first order reaction curve very well.

As the subject stands it is poorly documented. Experi-
ments have been carried out in the present work on the
hydrolysis of the pyrophosphite anion as a sequel to thermo-
balance experiments. It was hoped to be able to measure
the rate of hydrolysis of solutions obtained by exchanging
cations in pyrolysis products by H+, using an ion exchange
resin, and obtain data diagnostic of g—O—g bonds. It was also
hoped to stud& the titration curves of pyrophosphorous acid
solutions and from accurate pH measurements work out the
dissociation constants. The results obtained are of a
derived nature but it is worthwhile to discuss them as a
separate topic since apart from the lack of temperature
control (room temperature was used, this was virtually con-
stant over the time of the exp;riments), the experiments
were carried out as accurately as possible. A variety of
different types of investigation have been conducted on the
hydrolysis of the pyrophosphite unit apart from solution

rate measurements. They are all usefully discussed in this

section. All the data presented here are more fully dealt

with“in the experimental section.
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The hydrolysis of the pyrophosphite Pﬁit displays a
number of surprising features. Thus the rate of hydrolysis
varies with the concentration of the pyrophosphite unit, at
least when the pyrophosphorous acid is considered. Hydrolysis
is very slow in solutions with the molar ratio of water to
pyrophosphorous acid up to 5.1. When pyrophosphorous acid
is added to water, however in an attempt to obtain a solution
of the acid, hydrolysis virtﬁally occurs as solution takes
place. When dilute solutions of thé acid are studied such
as can easily be prepared by use of an ion exchange column,
it is found that hydrolysis is relatively slow. Kinetic
measurements can be made in this case. The reaction is found
to follow a second order rate curve. For the low concen-
trations studied about 10-2 to 1073 M, the rate of hydrolysis
at ¢.19°C increases with the concentration; the pH shows a
parallel increase in this region. Possibly the hydrogen ion
concentration will be the controlling factor. During a
hydrolysis run the pH of the solution remains virtually un-
changed, the strongly dissociated hydroxyl groups of the
ortho and pyrophosphorous acids are similar; at the concen-
trations studied the dissociation is‘nearly complete. An
eéxample of the rate of hydrolysis is, hydrolysis of a 1.14.10—3M
solution was 30% complete in 33.5 minutes, the rate constant
was 1.16.10T moles L. 1litres. min, Y. When HCl was added to a

Nazﬁszossolution and the pH adjusted to the value obtained
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using the same concentration of pyrophosphorous acid, it was
found that the reaction proceeded sensibly faster than that

of the free acid.

Rate curves, the second order rate plot and a plot of
this rate constant against the concentration of pyrophosphite

in solution are shown, Figs. 2a, b and c.

Studies on the uptake of water by pyrophosphorous acid
(obtained by the vacuum dehydration of the ortho acid) were
conducted using a thermobalance. A nitrogen stream with a
partial pressure of water vapour of 6mm Hg was used. Water
uptake approached the 5:1 ratio of water to g-0~g, and no
hydrolysis of the P-0-P bond accompanied this. The following
steps were observed in the hydration curve:- (20°C)

H4P205-—+ H4P2050.2H20 —* HyPy0gH0 — H4P2g52H20
H4P2054.5H50 - H Py054H50 ~— (H4P2053H20)
On raising the temperature this hydration water is lost again,

details are given later.

It is of interest at this point to mention the growth of
crystals from pyrophosphorous acid obtained by the Auger
reaction (25). When the viscous reaction product was left
to stand in a vacuum desiccator over a period of two years

it was found that crystals were formed. Potassium hydroxide
and phosphorus pentoxide were also present in the desiccator,

3s Auger describes. The crystals obtained were analysed by
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the ceriometric, pH titration, chromatographic and thermo-
gravimetric techniques comparing the results with the
behaviour of phosphorous acid and pyrophosphorous acid. All
these techniques suggested that the material was simply

ortho phosphorous acid. Some of the viscous reaction product
of the Auger reaction was exposed to the atmosphere for one
day and the formation of crystals noted. It seemed then that
the initially formed pyrophosphorous acid takes up moisture
from its surroundings and crystals of phosphorous acid are
formed. However this is out of line with the thermobalance
experiments described above where the hydration levels are
found without the breaking of the P-0-P bond. It should be
noted that this is conclusively proved by the fact that on
increasing the temperature with these hydrates ready loss of
water takes place about 1009, a situation totally different
from the thermobalance plot of phosphorous acid where little

| weight loss occurs on heating at atmospheric pressure, except
at higher temperatures, then this is due to the oxidative
breakdown of the P-H bonds. The infra-red spectrum of the
crystalline product being discussed showed that it was totally
different from ortho-phosphorous acid; the presence of a

P-0-P bond was indicated. No water absorption frequency was
present, although there was rather unusual absorption in the
0-H stretching region. The crystals dé not lose water on
heating, yet the species present on dissolution of these

¢rystals is undoubtedly phosphorous acid. It is tentatively
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suggested that these crystals contain a hydrated P-0-P bond,
the thermobalance hydration experiment described giving rise
to hydrated P-0 bonds, P-0" H3O. The hydrated P-0-P bond

ean be written thus,

2/" ~

No-H

Data are presented in the experimental section.p. 134-136

The infra-red spectrum is given opposite page 136

3 3
The available data on the hydrolysis of the P~-0-~P bond

will now be discussed. It is evident that it shows the same
pH dependence as the hydrolysis of the g-O—g bond, display-
ing a minimum rate at neutral pH. However with the pyro-
phosphite case the rate is several orders of magnitude

5 5

faster than for P-0-P bond hydrolysis under comparable condi-
5 5

tions. With pyrophosphate and other P-0-P bonds the reaction

is first order in contrast to the second order kinetics found

3 3
for the P-0~P bond hydrolysis. The rate also appears to be

greater than that of the g-o-g species; thus with the
increasing oxidation number on the phosphorus atoms the
"hydrolysis stability" of the P-0-P bond increases. In this
context other types of systems might be discussed. Acetyl
phosphate appears to hydrolyse at a much faster rate than
Pyrophosphate; the stability is however higher than pyro-

phosphite although of a similar magnitude. When the



hydrolysis of the P-0-P bonds in the (CF3P02)n polymers
are considered, it is found that very rapid hydrolysis to
the H2(CF3P02—0~P02CF3) acid takes place. It is customary
to rationalise differences in the rates of hydrolysis of
P-0-P bonds and P-0-C bonds in terms of bonding in the
side oxygens of the P-0-P chain; differences in bond lengths
obtained from X-ray structural studies demonstrate differ-
ences in the bonding between the phosphorus atoms and these
oxygen atoms. Hydrolysis is considered to proceed by way of
attack of a proton on the side oxygen atom. Such correla-
tions as that hydrolysis of polyphosphates proceeds by way
of hydrolysis of terminal P-0-P bonds only are used as
supporting evidence for this type of hydrolysis mechanism,
c.f.(41) p.437 and 695, (191). The hydrolysis mechanism in
the alkaline region is perhaps somewhat different. There is
some doubt as to whether the OH™ ion displays any catalytic
effect on the reaction with polyphosphates, it ;ppears to do
so with metaphosphates. The normally obtéined acceleration
with polyphosphates is considered to be due to catalysis of

the reaction by the cation present.

The alternative explanation of the phenomena observed
appears to be attack on the P-0-P bond directly by the
solvent. As outlined previously, p.79-81 , it is possible

3 3

to compare the properties of the P-0-P species as regards

its low complexing activity, its ready hydrolysis and its
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inability to take part in extended P-0-P-0-P etc. chains,

as a function of the P-0-P bond itself rather than as a

function of the P-0 side groups.

The fact that hydrates of pvrophosphorous acid can be
obtained where no P-0-P bond scission occurs, in a situation
where the expected reaction velocity for the hydrolysis
reaction should be at a maximum, suggests strongly that in
the case of pyrophosphite at least, hydrolyvsis proceeds by
way of interactions with the electrons in the P-0-P bond
oxygens. It can be seen that the P-0 H30+ grouping which
will be present in the hydrates of this strongly acidic
compound does not lead to hydrolysis, whereas when a certain
ratio of water to acid molecules is surpassed hydrolysis
proceeds immediately. Such a circumstance can be seen to

have the implication that P-0-P attack now becomes possible.

In biological systems, ease of hydrolysis of P-0-C
bonds is accompanied by the presence of an unsaturated group-
ing on the carbon atom. This can be understood to lead to
electronic "enrichment" of the P-0-P bond, c.f. p.34.
Their ease of hydrolysis can be correlated with electron
localisation in the P-0-M bond in a similar way to that

2 K|
proposed for the P-0-FP bond.

3 2
Kiehl and Moose, (89) considered the formation of P-O0-P

bonds in solution as being conceivable. There appears to be

PO evidence for this however. Concentrated solutions of
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phosphites have been found to show no tendency for formation
of P-0-P bonds when allowed to stand for long periods, nor
when phosphorous acid is allowed to become liquid by the
uptake of moisture and left to stand, do paper chromatograms
of the product reveal the presence of anything other than
ortho phosphite. The formation of P-0-P bonds will not be
energetically favoured in the case of the phosphite and
hydrggen phosphite anions. The activation energy for the

3

P-0-P bond forming and breaking reactions will be too high

to allow equilibrium to be attained at room temperature.

3 3

Studies on the P-0-P bond forming reaction show that
this may proceed at a similar temperature to the loss of
hydrate water as with NaH(HP03)2.5H20, see p.140-142 ;
however in general two processes, loss of hydrate water and
then loss of OH group water, can be distinguished by thermo-
balance plots. In cases like this Na salt, solid ppase
hydrates containing P-0-P bonds exist in the product at
appropriate temperatures. This state of affairs is similar
to the\hydration of pyrophosphorous acid discussed earlier.
In the polyphosphate field several examples of this type of
phenomenon have also been found, pyrolysis reactions giving
initially hydrated condensed phosphates. This demonstrates

the irreversible nature of the P-0-P bond forming reaction,

and the kinetic barrier to bond hydrolysis.
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, 3 3
(ii) The Formation of P-0-P Bonds

Pyrophosphites were first obtained by Amat, (21), using

the thermal P-0-P bond forming reaction of hydrogen phosphites,

~

A_ 1
H-P-OH — L H-P-0-P-H +

H,0

Nofm

This reaction is also well knéwn in the phosphate series.
The ease of elimination of water is related to the cation
present, (14). This is valid for studies conducted with
single salt phases, no dependence on the cation is found when
different salts are treated with a chemical dehydrating agent

however, (141).

A good example of the dependence of the reaction temper-
ature and the‘nature of the products, in the phosphite series
is to be found in the differences between pyrolysis reactions
gf NaH(HP03) and KH(HP03), c.f. (w2). NaH(HPO3) undergoes
P-O—g bond formation, the reaction being detectable at 140O
and rapid at 160°. At 330° in air oxidative breakdown occurs,
all P-H bonds in the still solid product are then oxidised,
with a simultaneous oxygen up-take, water loss, and possibly
some hydrogen and phosphine loss. Condensed phosphate types
of products are produced. KH(HPO3), on the other hand
undergoes an oxidative breakéown reaction gnvolving the P-H

3

- bonds at a similar temperature to the P-0-P bond forming

reaction. The oxidation process becomes rapid at 200°, while




82,
3 3
the formation of P-0-P bonds is detectable at 150° althousgh

it does not proceed to completion at this temperature.

At 200° KH(HPO3) is a liquid. It is probable that rearrange-
ment reactions are favoured by the molten state. NaH(HPOS),
as normally obtained has 2.5 hydrate water molecules; on
heating this phase, the solid first melts, then, as the
pyrophosphite is formed solidification occurs. When the
infra-red spectra of NaH(HPOB) and KH(HPO3) are compared
differences are found in the P-H and P-0 absorption regions.
With the sodium salt the main peak in the P-H absorption
region is at 2404cm~™l. The bond strength of the P-H in the
sodium salt is actually greater then than in the potassium
salt. Differences can be seen to arise due to the variations
in the polarising of the anion by the cation. Perhaps the
most imporﬁant physical difference between these two salts

is the occurrence of liquid phases at different points. This
may control the reaction path on heating. This difference
"in the melting points could also arise from differences in
the interaction between the cation and the hydrogen phos-

phite anion.

Thermobalance experiments were carried out to study
3 3 : :
effects on the P-0-P bond forming reactions of the alkali
metal, the alkaline earth, the ammonium and thallous ions.

Hydrogen phosphites of the general formula M'H(HP03) or

Mz+H2(HP03)2, were prepared. Several other different types
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of acid phosphites may be obtained for most ions, of general
formula M} H (HPO } or MZtH (HPO,) Pyrolysis

X x+§y 3 3 +y X 2y 3 x+y”’
also leads to P-O-P bond being formed in these cases, and

several salts of this type have been studied.

The results of the thermobalance experiments will now
be discussed. 1In general three reactions are met with in
these studies, loss of hydrate water, formation of g-o-g
bonds and the oxidation of the P-H bond. Some discussion of
the techniques employed and the accuracy of the methods is
appropriate here. Although the problem of obtaining an
accurate temperaturé of the sample in the crucible by meas-
uring the furnace temperature is well known, (192), it is
considered that from a éomparative point of view reaction
temperatures can be obtained with an acuuracy of about 5° by
using the standard Stanton thermobalance. Although, as hés
been mentioned, Rammelsberg, Wurtz and Rose studied the
pyrolysis of numerous phosphites, the real nature of the
Pyrolysis products is still not understood. It must be
admitted that whilst our work suggests that this field pre-
sents many new problems and types of product the full study
of many reactions was not possible in a: study such as this.
The data presented, does however broadly outline the types

of phenomena which occur.
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Discussion of the P-0-P bond forming reaction

temperatures

For the series of salts M'H,POj, M2+ (H3P03) 5, where MY is
Li, Na, K, Rb, Cs, Tl, and NHy; M2t is Be, Mg, Ca, Sr and
Ba, a simple variation of the temperature at which the P-0-P
forming reaction proceeds with appreciable velocity (this
term is somewhat arbitrary but all the thermobalance curves
can be treated in the same way) with the size of the cation
is found, Fig. 3. Smooth curves can be drawn through the
alkali metal and alkaline earth series of points. In both
these series the minimum temperature at which the reaction

- occurs is found for the cations with radii around IX, CaZt
and Nat. It ig interesting to note that the LiT salt behaves
similarly to the Mg2* salt, the cations have similar sizes.
The special position of the Be?* is evident from the highly
polarising nature of this small cation. Apart from the
special effects of the very small cations on the reaction

the general tendency is seen to be an increase in the temper-
ature of the reaction with increasing size of the cation,
this state of affairs is quite general when series of diff-
erent‘salts are studied in this way, e.g. with the decomposi-
tion of various carbonates. 1In the present series to draw

dn analogy with the pyrolysis of hydrogen phosphates the
increasing temperature of reaction from Ca-Ba and Na-Cs may

be considered as being due to the decreasing polarising
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action in this sequence, although it must be admitted that
rationalisations involving polarising actions of the cations
should include the experimental observations for the cases
where this becomes important, i.e. with Li+ and Be2t,
Specific interaction between the P-OH groups and the cation
may be occurring here, preventing the approach of P-OH groups

which will be necessary for the formation of P-0-P bonds.

At first sight when the characteristics of a solid
phase reaction like this are presented in this way, it is
surprising that smooth variation is apparent between different
compounds; the variation of crystal structure here isg an
unknown factor. However the position of the cations relative
to the phosphite unit cannot vary very much, the electro-
static attraction between opposite charges will lead to a
proximity of the two units. Perhaps the differences between

’the smaller cations and the rest reflects a rather different
crystal structure of the compounds in question. When infra-
red spectra of the salts are examined, correlations hecome
possible between the ease of water elimination from P-OH
groups and the frequency of the P-OH and PO~-H vibrations.
‘There is the problew here however that the position of the
former vibration is not entirely unambiguous. The data are
Presented in graphical form, Fig, 42 and b, and c. There
appears to be some tendency for the ease of reaction to be

related to the ascribed P-OH frequency rather than the PO-H
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frequency, which may indicate that explanations of the

differences in reactions based on varying polarisation of

0-H bonds are in error.

Comparison of the variations in P-0~P bond forming

temperatures noted with data on the oxidation of P-H bonds

This has been studied for a series of normal phosphites using
" a wider range of cations than was employed with the g—O—g bond
forminc reactions just dealt with. Experimentally the temp-
erature at which weight increase occurs is obtained from the
thermobalance experiment (oxidation by atmospheric oxygen
takes place at this point). As is discussed later, normal

- phosphites show no complicating factors to this type of study;
the oxidation generally occurs at a rather sharply defined
temperature. The same type of variation with the cation is
noted as was found for the P-0-P bond forming reaction; when
the temperature of the reaction is plotted against the ionic
radius of the cation, minima are found in the curves for the
alkali metal ions and the alkaline earth ions at Na’ and
Ca’t, as was found for the P-0-P bond forming reactions.
jbwever the ions Co(II), Mn(II), Cd2+, Pb2* Sn(IT), Ni(IT)
“m,in2+ do not show any obvious variation in behaviour with
lonic size on this plot, Fig. 5. A plot of the infra-red

P-H absorption frequency against the temperature of break-

down of the P-H bond for these cases does however show

Teasonably smooth varijation; those P-H honds with higher

P
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bond energies oxidise at higher temperatures, Fig. 6. The

P-H absorptions of some other species have been inserted

for comparison.

Comparison of the variatijion in reaction temperature

with cation size with data for the thermal removal of

hydration water

0f the phosphites which have been studied by the thermo-

gravimetric technique hany salts contained water of hydration.

- Intermediate dehydration steps on the thermobalance plots

were often found. A well known classical example of this is

the dehydration curve of CuSO45H20, where loss of 4 HZO

proceeds prior to the loss of the last water molecule; this

has a structural cause, four of the water molecules are co-
ordinated by the Cu(II) while the remaining one is associa~
ted with the anion. A similar state of affairs will probably
be found in the cases where such marked différences of rate
of dehydration for the different numbers of water molecules
hlthe‘crystalline hydrate in the phosphite field occur. Thus
the following sequences may be distinguished;

FeHPO;TOH,0 —above 502+ FeHPO,H,q —above 100%— FeHPO3

CoHPO4I.5H,0 — to 130%— CoHPOéO.75H20-—250°——' CoHPO3

NiHPO42. 5Hy g — 459 NiHPO3L.5H20 —125°— NiHPO3H20

NiHPO3 - 2400— NiHPOsﬂ.SHZO
» Fig, 7.



ooz [- X7 oo/ oS
a ) . . » . . L L 2 2 J . v v

"GHO

OWSTUNW P
AGTE

0170400 Y2]




98,
ZnHP032H20 — (ZnHPOsl.SHZO}—4 ZnHP03O.5H20-—186Q—QZnHPO3

Changes in colour occur during the dehydration of the Fe(II),

Co(II) and NI(II) salts.

.Below are lists of the alkali metal andalkaline earth

phosphites obtained in this investigation on hydrates.

Li,HPO32H,0  Li,HPO H,0 LiH(HPO )
NagHPO3SH,0  Na2HPO3P.25H;0  NaH(HP03)2.5H,0 Naﬂ§§§gg%
K HP0,0.66H,0 (60°) KH(HPO4)
Rb,HPO, . RbH (HPO4)
CspHP032.4H0 Cs,HP0,2H,0 ‘ CsH(HPO4)H,0
BeHPO H , 0 BeH, (HPO3) ,I.5H,0
MgHPO,5H,0  MgHPO4H,0 MgH, (HPO3) 5 5H0
CaHPO 4H,0 | CaH, (HPO,) 6H,0
STHPO4H 50 SrHy (HPO3)
BaHP03 BaHj (HPO4) ,T. 5H0

Wheie two hydrates are shown these may be easily distin-
guished on the thermobalance curve. In addition to these
markedly different degrees of hydration presumably due to
differené types of interaction between the water molecules
and the jons present, further hydration levels may often be
distinguished by the appearance of irregularities in the
weight vs, time on the thermobalance plot. Detail of this
and other relevant information is presented in the experi-

mental section for all the salts which are discussed here.
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Comparison between the data which has been obtained
and the jonic radii and infra-red spectral data can be made
here in’a similar way to the previous study of the correl-
ations possibie for the g—O»g bond forming reactions. Similar
trends are noted. The O0-H stretching vibration in the infra-

red is plotted against the temperature of the final dehydration

stage of the hydrate in question, Fig. 8.

As the hydrate O0~H frequency falls to lower wave number
the hydrate water is more firmly bound, Co(II), Ni(II), and
Be2+, for example showing a greater interaction with the
water than Na' does. This is due to the strong complexing
activity of these ions, the first two because of covalent
overlap of suitable orbitals and the Be2t on account of its
highly polarising character, Fig. 9, shows the temperature
of dehydration plotted against the appropriate ionic radius.
A similar type of variation in reaction temperaturé with the
cation siie is suggested by these results, to that found
between the formation of 3—0—% bond‘reactions, although the

relationship is not as simple here. Minima occur in the

curves around cations with radii about I 2.
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(I11)
b) Some Experiments on Phasphorous Acid
and Phosphites
(i) Vacuum Pyrolysis of Phosphorous Acid

Previous worker§ had reported the formation of condensed
phosphorous acid units. '"Meta phosphorous acid" was deseribed
as a product of the combustion of phosphine, (28), and studies
on the kinetics of weight loss of H3P03 heated in vacuum at
120° appeared to suggest the formation of several "poly or

meta phosphorous acid" units, (193).

Experiments had been conducted to study the latter
process. The main evidence for the formation of condensed
phosphorous acid units had been the presence of breaks on the
weight vs. time curve of the phosphorous acid heated under
vacuum at 1200. Actual weight losses observed had approached
the value required for the HPO, stoicheometry, breaks being
observed at j and § Hp0/H3PO3 on the weight vs. time curve.
It had also been observed that as the weight loss approached

%HZO/H3PO3 some sublimation occurred. It seemed possible

that volatile units like H\\g//o\\g which contain no P-OH
O\‘p/’\H groups and hence would

P
Ty
0

H not be hydrogen

bonded as the oxy-acids are, should sublime, (193).
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In the présent work samples of phosphorous acid, in
platinum crucibles weré heated in vacuum (p = 10’4mm.Hg).
As the temperature of the phosphorous acid was slowly in-
creased in an isolated area of the vacuum system a sudden
increase in pressure was found at the melting point of the
acid. Equilibria, involving formation of water molecules
form the condensation of ortho phosphorous acid units, occur
much more easily in the liquid state than in the crystalline
étate. However, in this case true equilibria do not appear
to be active, since on allowing the system to cool down to
room temperature again, then reheating, much larger pressure

increases occurred, indicating that P-0-P bonds, once formed,

in this case rehydrate without P-0-P bond hydrolysis.

When the temperature is maintained at 120° for several
hours the weight loss approaches the éHZO/HBPOB, level. Beyond
. this level, contrary to the results of (193), no further
umdensed phosphorous acid are obtained. Heating pyrophos-
phorous acid (formed at thisstage) at 120° induces an oxidat-
ive rearrangement. Slow evolution of phosphine and the build
up of a red product was observed. This reaction is a slow
one distinct from the oxidative breakdown of phosphorous or
Pﬁmphosphorous acids at higher temperatures, for which the
fquation 4H,P0O; — 3H,;PO4 + PHj3 is usually given. This
réaction is discussed later. It seems likely that in the

Present case the oxidative reaction may proceed through the
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intermediate formation of further condensed phosphorous acid

units than the pyro acid,

e.g. g 0-8 H» H—g-O—g—H - H- ~o_$_c>.li;5)_o_g_ —

OH H OH b H oH

SR LIS PO DY T T SN T

H Wi OH OH OHOHOH
‘
H-§-0~g-g;§-gwg-g-o-g-n - H—f’-O—Q—g—g—O—-g-g-S—O— -H
H OHOHOHOHOHOH OH O OubOun & OHOH OH

etc.

Coloured products may bé produced by the formation of
P-P bonds by the rearrangement of P-0-P bonds. Other rearr-
angements, possible involving radicals can be thought of as
giving rise to gaseous phosphine. The red product is water
" in-soluble and may be isolated from the soiuble reaction
products, however treatment with water may cause decomposition
of the red solid initially produced. It appears to be pro-
duced in different forms by such reactions and has a percentage
of phosphorus always higher than phosphorous acid and may vary
up to 95%. From spectral comparison of this type of product
with red phosphorus the presence of P-H and P-0 and P-0-P
bonds in a general P-P-P-P-P-P type of structure seems likely.
In the breakdown of pyrophosphorous acid the formation of

variable amounts of gaseous hydrogen is also possible.

Although the bulk of the phosphorous acid decomposition

Products cannot be rationalised in terms of formation of




103,
3 3

colligative P-0-P bonds, it remained possible that the sub-
limate observed could have been due to these types of
compounds. Experiments were conducted with a‘view to obtain-
ing sufficient quantities of this sublimate for analysis and
other studies. It was found that the sublimation process
was pressure dependent. Around 104 mm.Hg virtually no
sublimation occurred, whereas when the pressure in the system
was several mm. Hg considerable sublimation occurred on
heating at 120° for 1-2 days (the term "considerable" is
relative only, the amount of sublimation under these condit-
ions was about 3%). In the cases where sublimation occurred
the dehydration of phosphorous acid had not proceeded beyond
the pyrophosphorous acid stage, at least from the overall
reaction point of view. Analysis of the sublimate showed
that it was phosphorous acid. Where the experiment was con-
ducted beyond the phosphine evolution stage in the hope of
obtgining more sublimate, the products were less pure. In
addition, in some cases where very little crystalline sub-
limate was obtained, traces of a liquid were observed. The
results of acid-base and cerium (IV) oxidation analyses agreed
with the phosphorous acid formulation. Initially the infra-
red spectrum was thought to be somewhat different from a
Spectrum of phosphorous acid. However, thié was found to be
due to a descrepancy in the infra-red technique used. When
3 series of different amounts of phosphorous acid are mulled

with the same amount of Nujol the spectra depend on the
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®concentration™ of the acid in the Nujol. The nature of

the variation suggests that some form of solution of phos-
phorous acid in Nujol occurs. Intermolecular hydrogen

bonding between H3P03 units which is dependent on concen-
tration factors changes the relative intensities and moves

the absorption frequency of several absorptions in the P-0
region. When the spectra of the sublimate are intefpreted,
taking into account the concentration factors mentioned, no
discrepancy is observed in the P-0 region between these and

the spectra of phosphorous acid.

When observations were made to find when sublimation
actually occurred in the process, it appeared that the rate
ofsublimation decreased as the phosphorous acid content of
the melt decreased. This also explains the dependence of the
amount of sublimate obtained in a given experiment on tﬁe
pressure in the system. At lower pressures the formation of
pyrophosphorous acid and other reaction products is faster
than at the higher pressures studied. The length of time

for which sublimation of the phosphorous acid can occur is

therefore greater.

Sublimation has not been observed for the other phos-
phorous oxy-acids. Perhaps with phosphorous acid special
features are operating, e.g. the non-polar nature of the P-H
bond allows the hydrogen bonding interaction to occur in a

ny s .
linear" manner, viz.
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..H.. .'o-§=o. ..H.. .U—E=O. ..H
H

h-F=Ou..etc
OH gH

H
or ...H.. .‘o-'ﬁ-OH.. H.. .'O—E—OH. .H.. .‘o-g-on...etc.

A distinction has been drawn between the strongly and weakly
acidic P-OHs. In the crystal structure of phosphorous acid
(95) each P=0 forms two hydrogen bonds while each P-OH forms
one such bond, no distinction between the two types of P-OH
can be made. However the situation in the vapour phase
might be quite different. It is expected that differences

in hydrogen bonding may lead to small units in the wvapour

phase, c.f.
H\ A \P’,OH
\\O -H-- /,\\ Pyrophosphorous acid,
of similar molecular size has no "weakly ionised P-OHs". It

does not sublime.

The volatile products of the vacuum pyrolysis of H3503
were éxamined in a vacuum system. The phosphine was shown
to be pure by infra-red spectra and vapour density measure-
ments. It might be added here that the pyrolysis of phos-
phorous acid is a convenient source of phosphine particularly
for vacuum system work. Water produced in the experiments
was condensed into a‘weighed finger. ©Substantial agreement
was found between the weight loss; ceriometric oxidation and

Phosphine pressure measurements supporting the hypothesis
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that phosphine evolution and the resultant increase in
oxidation equivalent of the residue takes place after the
formation of pyrophosphorous acid at 120°. The results

are presented in detail in the experimental section.
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(ii) Pyrolysis of Phosphorous Acid at Atmospheric

Pressure

Studies were conducted using a thermobalance with both
nitrogen and air atmospheres. Some of the runs were con-
ducted with controlled humidity conditions. Formation of
pyrophosphorous acid in general cannot be obtained at atmos-
pheric pressure other than in amounts of a few percent

- admixed with phosphorous acid. Two types of oxidation
reduction rearrangements can be distinguished, a slow one
and a fast one. The fast process occurs at a temperature
which tends to be specific for the particular conditions
employed, e.g. at 225° using a linear temperature increment
in air. The slow process pccurs below this temperature. It
can be observed at temperatures above 140° when the phosphor-
ous acid melt is held at constant temperature. The slow
reaction would appear to occur by a reorganisation mechanism
whereby gaseous phosphine is produced which escapes from the
melt thereby reducing the P-H bond content of the overall
composition. The fast reaction has the features of an explos-
ive chain reaction. The rate of phosphine evolution increases
rapidly. A1l P-H bonds tend to be removed from the product

as phosphine. Some evolution of gaseous hydrogen also occurs

however.

There is an analogy between this oxidative breakdown of

P-H bonds and the phenomena encountered in the oxidation of
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gaseous phosphine, which is known to procéed by a radical
reaction and its explosive nature at certain pressures of
reacting gases displays the features of an explosive chain
reaction. With the phosphorous acid case that a fast and
a slow reaction occur in this way indicates perhaps that the
presence of reaction intermediates capable of initiating an
explosivé reaction occurs below the fast reaction temperature,
and that the explosive nature of the fast reaction is contro-
1led by the nature of these intermediates. When this explo-
sive breakdown for a number of phosphites containing the P-OH
group is compared it is found that the P-H absorption frequen-
cy is often directly related to the temperature at which the
reaction occurs, as has already been discussed. This suggests
-that, since the P-H bond energy is related directly to the
P-H stretching frequency, breaking of the P-H bond to form
radicals is important in the process. There is no direct
proof that radicals are present in the phosphorous acid melt,
however it is a likely postulate. The rapid rearrangement of
H—B—OH to H-ﬁg, whereby three P-H bonds are formed on the
samg phosphorus atom is difficult to rationalise in any other
way. The scheme

H3P03- HO. + HoPOo .

— H - + H2P03.
— HO3- + H,PO -
HyPOyg— H + + HPO, -

OH. + HPO
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H + H3P03-(HL + H3P02 - H- + H2PO, fk-
H- + H3P02 — OH" + H3P0
H3P0 — 0 + H3P
H- 4+ OH- ~—H,0
HoPOg + OH- —~H3P04
HoPOg -+ HoPO2 —H4 P20y
H2PO3,+ H2P03._»H4P206
H2P04-+ H2P03-—~H2P207 etc., which accounts
for all the observations which have been made on the fast
reaction, may be written. Experimentally the evolution of
about 7 Hp0 / H;PO3, less than § PH3/ H,PO; and some hydrogen
is found during the fast reaction. The products present
during the fast reaction are difficult to assess experiment-
ally. Paper chromatography shows that there is a variety of
condensed phosphate units present after the evolution of
phosphine has come to an end, chiefly pyrophosphate and tri-
polyphosphate. Ortho phosphate and ortho phosphite (possibly
from‘g—O—g) as well as an unknown oxy-anion are present to a
‘lesser extent. If the explosion step is cut short a reddish
liquid is obtained, which on dissolution in water evolves
phosphine. Samples removed after the explosion step showed
no colour, nor is the evolution of phosphine now noted.
Perhaps units like (P—Pi')n as well as dissolved phosphine

are present in the welt, formation of red products would

indicate the presence of colligative P-P bonds. <Studies of
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the cerijiometric oxidation of the reaction products confirms
the rapid drop in the amounts of oxidisable units present
during the fast reaction. Some oxidisable material remains
however largely correlatable as due to the presence of the
unknown oxy-anion mentioned above. The presence of P-P bonds

is indicated since P-H bonds have less pyrolysis stability.

No hypophosphite has been found in the pyrolysis
"~ products, the presence of the two P-H bonds make it less
stable than phosphite to oxidative breakdown under these
conditions. It is conceivable however that it may be a
reaction intermediate in the radical scheme outlined above.
It seems likely that phosphine will be built up through the
medium of an unstable intermediate having two P-H bonds per
phosphorus atom. This need not, of course be hypophosphite,
other types of unit indicated above may be responsible. A
series of pH titrations carried out on the products studied
by chromatography confirms this as far as possible. The
equivalent weight at the inflexion dve to strongly ionised
phosphorus (there being one for each phosphorus atom present
in the product) agrees with the overall stoicheometry H4P207
after the evolution of phosphine stage; the equation for the
overall reaction can be written,

8H3P03 — 3H4P207 + 3H,0 + 2PHj3,
In addition about 10% of the P-H bonds originally present

give rise to hydrogen.
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When the reaction under nitrogen is compared with that
in air it is found that the fast reaction starts more gradu-~
ally. This is due to the burning of phosphine in the furnace
increasing the temperature. No temperature increase is
observed under nitrogen. This shows that the acceleration of
the reaction is not due to thermal effects. Sometimes two
sections can be observed in the explosion step, the first
approximating to the weight loss required for the formation
of 13>-0—I3> in the melt, but it is obvious that the oxidative
breakdown reaction occurs as this progresses. When the
nitrogen stream is specially dried by passing through silica
gel and phosphorus pentoxide columns before passing through
the furnace the weight loss curve proceeds slightly different-
ly. This suggests that 7% pyrophosphorous acid forms in the

melt before the oxidative breakdown. Again under this dry

nitrogen the rate of the fast reaction does not increase

quite as much as under moist nitrogen. Water vapour may play

an integral part in the chain reaction occurring in the melt.

Apart from the studies undertaken to investigate the
oxidative breakdown reaction the uptake of water by phosphor-
ous acid may be studied. Phosphorous acid is hygroscopic at
room temperature, up to 118° weight increase occurs in air.
Under atmospheric conditions uptake of water occurs to about
the‘H3P03I.5H20 stoicheometry. The composition was found to

vary from day to day and comparison of the weights of
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phosphorous acid hydrates from day to day may be used to

obtain comparative humidity measurements.

(iii) Some_Salts of Phosphorous Acid, (Phosphites)

Three main types of phosphites may be distinguished,

normal phosphites, the “O—E-O' anion being present
hydrogen phosphites, the
HO-P-0" anion being present
H
acid phosphites, the
HO-P-0~ HO-Y-0OH
H H

species being present, in simple ratios.

Properties of the three classes are different, some-
times markedly different. The difference between the infra-
red absorptions of these units shown above may be used to
distinguish which units are present. In general a major
distinction exists between the properties of compounds where
P-OH groups are present and those with only P-0~ present.
Lossvof water from hydroxyl groups leads to the formation of
%-O—g bonds. 1In addition the fast oxidation reduction reaction
discussed for H3P03 in general is also found to océur only
when P-OH groups are present, although this reaction may be

3 3
preceded by the P-0-P bond forming reaction, if all P-OH

3 3
bonds are transformed into P-0O-P bonds no oxidative break-
down involving the loss of phosphine will be found to occur.

The controlling factor of the presence of P-OH groups for

this to occur may be related to the rossibility of the
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formation of radicals; OH radicals can be formed by the
breaking of the P-OH bond. Another type of reaction is
found with the '0—§~O_ anion. Oxidative breakdown now
involves the formation of hydrogen, phosphine being only a
minor product. The thermal reactions of acid phosphites can
be interpreted in terms of the different units, phosphorous
acid and hydrogen phosphite anion, present. In the molten
state these salts behave as intimate mixtures of the approp-
riate hydrogen phosphite and phosphorous acid. It appears
that they owe their separate existence in the crystalline
state to special hydrogen bonding phenomena, their infra-red
spectra displaying the special feature of almost total absorp-

tion over the infra-red region.

The effect of the cation on the general properties of
phosphites has already been outlined. A distinction can be
drawn between the alkali metal, the alkaline earth and the
transition metal salts. The special effect of the polaris-

ation of the anion by cations like Lit and Be2t is important.

Basic phosphites can be obtained from a variety of
metal ions; on heating water loss from OH groups can be
considered’to build up M-0-M bonds in the product. Such
basic phosphites are sometimes produced by the hydrolysis of
hydrogen phosphites in solution, this seems to be the case for

the salt SrHo (HPO3)2 .
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Phosrhites are frequently obtained from solution in a
hydrated state. For a particular cation regularities are
observed between the number of water molecules associated
with the salt and the ratio of hydrogen to oxygen atoms
present, excluding the hydrogens of the P-H bonds. Such
crystalline hydrates present interesting dehydration curves
on the thermobalance. Discussion has already been ﬁade of
the well defined hydration states met with for a number of
salts, p.97-99 . The kinetics of water loss from the solid
state shows that there are three main types of reaction
observed, viz, linear, logarithmic and hyperbolic. Hyper-
bolic curves, are found where large numbers of water molecules
are associated with the phosphite. In these cases the hydrate
water is loosely bound. This is analogous to zeolitic
dehydration. Perhaps the most common situation, however, is
the logarithmic dehydration. During a dehydration stage a
uniform reaction is followed. 1In these cases it appears that
interaction between the hydrate water and the ionic units
present controls the rate of the reaction. During a single
rate step this interaction will not change. Sometimes as in
the curve of NaH(HP03)2.5H,0 a logarithmic process changes

to a linear one. The change in the kinetics of water loss
will be related to the change of structure which occurs at
this point. In the case mentioned the linear stage occurs
t?Wards the end of the dehydration stage and re-orientation

of the phosphite units may occur c.f.




115,

H\P/O" H\0 H-O\P/O - H\P/OT..H-O\/O o

07 No-H H -0 OH 0 No-H..:0” Nm
The alternative explanation of the phenomenon is that P-0-P
bonds are formed alongside the dehydration of structure water.
Both factors may be of importance. Sometimes dehydration may
proceed at several well defined linear rates there heing no
stoicheometric correlation possible between the change of
rate and the amount of dehydration which has occurred. 1In
these cases, e.g. with SrHZ(HPOB)z, the phenomenon may be
related to different hydrogen bonding arrangements being
possible during the dehydration step. Arguments from such
breaks in linear dehydration curves are open to question; the
previous work on the dehydration of phosphorous acid is a case

in point, (/93).

When salts of phosphorous acid are obtained from solu-
tions other than aqueous, similar solvent participation in
the crystal structure is encountered. This is found for
example with the salts obtainable from acetone, dimethyl
formamide and methanol solutions. Experimental details will
only be given for salts obtained from aqueous solutions in

the present account.

The methods which have been used to prepare phosphites
are straightforward. The appropriate metal hydroxide or

carbonate is mixed with the required quantity of phosphorous
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acid solution and crystallisation allowed to proceed slowly.
In some cases insoluble normal or basic salts precipitate
from solution of different overall stoicheometry. In general
the phosphite anion is stable under normal conditions to
oxidation by atmospheric oxygen and no special precautions
need to be taken to exclude air. A nitrogen atmosphere is
required when dealing with easily oxidised metal ibns like

Fe(II).

Crystallisation of acid phosphites from solution is in
general difficult. Often a viscous solution may not form

crystals easily, unless seeded.

Although the experiments which are reported here have
often been investigated in classical times, e.g. by Rammel-
sberg, (26), re-interpretation of these experiments in modern
terms is often necessary. A recent investigation, the
pyrolysis of NaH(HP03) by Ebel using chromatography to invest-
igate the products, and the other similar work, demonstrates
the growing interest in the products obtained by the pyrolysis
of phosphites. It seemed that by use of modern techniques of
controlled pyrolysis and by using modern methods of analysis
the nature of these pyrolysed phosphites should become
clearer. Progress has been made in the solution of the prob-
lem. Thermobalance experiments were carried out on all
Products obtained. Analysis of the products by means of

infra-red spectroscopy, paper chromatography, pH titrations
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and ceriometric analysis was carried out. The bonds present
in the product may be obtained from the infra-red spectra,
however the presence of P-P bonds cannot be ascertained by
this method. The absence of P-H absorption in the infra-red
accompanied by the presence of oxidisable material in cerio-
metric oxidation has been used to diagnose the presence of

P-P bonds.

Since the ceriometric analytical method is important
to the interpretation of the nature of the pyrolysis products
a special study was undertaken of the oxidation of phosphite
by cerium (IV) and the possibility of the oxidation of water
by the cerium (IV) during the experiments. The effect of
various types of cations on the ceriometric oxidation was
also investigated. These results which enabled an accurate
estimate of the amount of oxidisable phosphorus present in

a sample to be made, will not be dealt with further here, (194).

The techniques of pH titration and paper chromatography
can only be used if the products are soluble, or can be hy-
drolysed. Treating the pyrolysis product with different
reagents sometimes allows the detection of different polymer
fragments in solution, although the "structural" interpre-

tation to be put on such data are perhaps doubtful.

In general the pyrolysis of phosphites leads to the

formation of condensed phosphates in which there is to be
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found some P-P bonds but no P-H bonds. Above a certain
temperature which depends on the nature of the anion being
studied as well as on the cation, P-H bonds become energeti-~
cally unfavourable, and reactions occur leading to the
disappearance of these bonds. As discussed above phosphine

is formed where P-OH bonds are also present.

When ammonium and substituted ammonium salts are
considered, additional possibilities exist. Ammonia is
evolved with the formation of P-OH bonds; in addition there
is some evidence that rearrangements leading to structures
like P-E-P and P-NHy; occur. The amount of P-P bonding in

this system is negligible.

Products are frequently coloured and there seems to be
a correlation between the ceriometric equivalent and the
"amount of colour!". Polyphosphates are known to be colourless
and the presence of P-P bonds is indicated in these coloured
products. This correlation was confirmed when it was found
rthat the hypophosphate anion also gave rise to coloured
products on heating, with little accompanying weight change,
the scheme

2n —O:g—g:O’ — n(~§:) + n~0—§:0'

coloured
may be written. The coloured product gave a yellow, (possibly

colloidal) solution, which when studied by paper chromatography,

gave a yellow gzero spot, confirming the polymeric nature of
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the species. The tetra sodium salt was studied., This work

will not be further dealt with here.

Variations of the oxidation temperatures etc. with the

cation size have already been discussed, a comparison being

3 3
drawn with P-0-P formation, c.f.p. 96 et seq.

Studies have been undertaken of several acid salts
particularly those of the alkali metals. The salts all behave
similarly in the thermobalance experiments. On increasing the

temperature loss of water is first found with the formation of
3 3
P-0-P bonds between the ~0-P-OH present, no condensation of

the phosphorous acid units present takes place e.g. NaHs(HPoz)

2

and KH3(HP03)9 behave similarly. Minor differences are obser-

3 3

ved between the temperature of P-0-P bond forﬁation between
3 3

these salts and the appropriate hydrogen phosphites, P-0-P

bond forming reactions for NaH3(HPO3) and NaH(HPOs) take

place at different temperatures, the former case at 40° more

than for the latter.
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c)

General Discussion

0f the compounds which can be formed hetween the elgments,
phosphorus, oxygen and hydrogen, two main types can be
distinguished, viz. those with a tetra-co-ordinate phosphorus
and those with tri-co-ordinate phosphorus. 1In the first

3

class sp” hybridisation of the ofbitals of phosphorus can be
considered to give rise to a tetrahedrally co-ordinated

phosphorus, bonding arising from the donation of oxygen 2p
electrons into the vacant 3d energy levels of the phosphorus.
With the tri-co-ordinate forms the 2s electrons of the phos-
phorus can be considered not to take part in bond formation;
the oxidation state of the phosphorus is lower than with the

compounds with tetra-co-ordinate forms. The types of unit

which can be envisaged are considered

g
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All P-H and P-0-P bonds can in theory be replaced by
P-P bonds, for example three forms can be derived from

structure tat by replacing the P-0-P bonds by P~P bonds up

/{:g\x

The total number of forms which are theoretically possible

to the structure

for these two co-ordination numbers are written
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£ fl £* £*1 (for an explanation
g gx of terms, see below)
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The numbers after the form shown in this table refer to
thé number of P-0-P bonds which we are replaciﬁg by P-P bonds;
when the replacemenk of P-H bonds by P-P bonds is considered
we merely duplicate structures obtained by the replacement of
P-0-P bonds. These forty forms are the basic units which can
be formed, in theory, from phosphorus, oxygen and hydrogen.
Tﬁe number of chémical compounds which can be formed from
these units, however, will be much larger, indeed it is in-
finite, since each phosphorus atom shown in the above struc-
tures can be "replaced" by any of the other structures having
a P-P or a P-0-P bond. Of these forty basic structures about

fourteen are known at present. About twice as many of the

tetré-COOrdinate structures than the tri~co-ordinate structures

are known.

In addition to these structures another series of tetra-
co-ordinate structures can be derived from the tri-co-Ordinate
structures by adding H* forming the phosphonium type of unit
and additional forms are thus obtained. Also the addition of
hypothetical units like -P-0t and -Pt to the tri-co-ordinate
forms can be considered to build up nemerous basic structures,
greatly extending the number theoretically possible. The
interaction of two of the tri-co-ordinate forms by overlap of

the orbitals of the lone pair electrons would lead to




phosphorus -~ phosphorus R bonding, again increasing the

number of possible forms.

It does not seem possible from a theoretical point of
view to determine the relative possibilities of the various
forms envisaged. Thermodynamically speaking, those forms
with higher oxidation number on the phosphorus atom are
more stable, however the kinetics factors remain unknown.
From the present work it appears to be likely that where P-H
bonds are present in the tetra-co-ordinate forms, if rearrange-
ment can occur giving a non P-H bonded form, this will occur.
The attempts to obtain polyphosphites by dehydration of ortho
phosphorous acid were not successful since migration of the
P-H and P-0-P bonds will lead to the formation of the (—g~)n
unit. There may be a tendency for the formation 6f the P-0~
ionised form where this is possible. When all the known oxy
hydrogen phosphorus compounds are considered, c.f. the tables
given opposite pages 31l and 32, it is seen that only those
containing this P-0~ bond have been characterised. Phosphorus

- oxides and phosphorus hydrides, are of course known where
there is no ionised group on the phosphorus. The generalisa-
tion is valid for compounds containing all three elements.
Although it must be admitted however that this is the case
for compounds stable at room temperature the situation may
be considerably different at lower temperatures. Attempts

to prepare the form 'j! suggested that it was indeed formed
at liquid air temperatures but rapidly rearranged, (148).
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The question of the formation of tri-coordinate phos-
phorus species by rearrangement of the H-P=0 structure has
been greatly discussed in the literature, the question of
"tautomerism" of fhe rhosphite uiiit being considered. 1In
the thermobalance experiments which have been carried out in
the present study, whilst it must be admitted that the bulk
of the results can be fully rationalised simply by the break-
down of P-H bonds at a certain temperature leading to the
formation of P-0-P and P-P bonds, where the phosphorus is
tetra-co-ordinated, the formation of tri-coordinate phosphor-
us is also possible. This appears to occur in the pyrloysis
of RbZHPOB’ the product may correspond to the form 'c¥*! in
the above tabulation. As has been suecgested by Simon, (185),

the same type of reaction may occur in the case of BaHPO_.

The experimental techniques which are at present avail-
able involving the solution of a sample, for example for
paper chromatography, do not allow the isolation of material
which is easily hydrolysed. It is expected that with the
advent of new methods, overcoming this difficulty, the

numbers of fundamental units which are known will increase.
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(I1I1) Experimental Section

)

(i) The Hvdrolysis of the Pyrophosphite Anion

Using an ion exchange column, workine on the hydrogeh éycle,
employing Amberlite TR 120 resin, solutions of sodium pyro-
phosphite were exchanged. By titration of the acid solution
using a pH meter (Cambridge) the titration curve for pyro-
phosphorous acid was obtained. When the acid solutions are
allowed to stand hydrolysis occurs to phosphorous acid, and
the amount of hydrolysis which has occurred may be obtained
directly from the titration curve, by measuring the amount

of weakly dissociated P-OH present. The ratio of the strongly
to weakly dissociated P-OH groups may be determined after

hydrolysis for various lengths of time.

Regeneration of the resin between experiments was
carried out by slowly running 2N HCl through the column for

- about one hour and then washing it with water until free of

c1-.

Expt. 1 34.22 mg. NagH,P,0s was dissolved in 150 ml. H,0 and
passed rapidly through a 4 cm. column. 89% exchange occurred.
The acid was titrated rapidly using the pH meter. The pH
titration of the HyP505 is shown, Fig.10. On attempting to
obtain complete exchange of the sodium salt by passing through

2 longer column the effect of hydrolysis became more notice-
/
able in the titration curve.
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In the following experiments the following method of
exchange was adhered to. The freshly prepared solution of
NagHoP50¢ was added to the top of a column containing 12 ml.
resin, in § or 10 ml. amounts. This was run through at a
drop rate of one drop per second. Care was taken always to
keep the surface of the solution in the column above the
resin surface. When half of the solution added had descended
the column the tap was shut and 10 ml. water added to the top
of the column. Elution was then continued at the same drop
rate. When the liquid surface passed a mark above the resin
top the time was noted, and taken as the start of the reaction.
Washing was conducted by twice filling the space above the
resin with water and dropping through at 5 drops/ second.

15 ml. water was added to the pH meter cell before the pyro-

phosphorous acid solution was run in. Exchange was virtually

complete.

Expt. 2§ ml. portions of a 2.846.1072M NagH,P,0; freshly
madgiup solution were exchanged. The pH of the eluted solu-
tions was 3.2. After hydrolysis for various lengths of time
the solutions were titrated. The termination of the hydrolysis

reaction was taken at pH c.4.5. The curves are shown, Fig.1ll.

EHE@_Q 10 ml. portions of a 3.522.10"2M solution of NajsHP,0g,

freshly made up were exchanged, the pH was 2.2.




Ratio : Time of hydrolysis
1st./2nd end point
1.088 37m. 35 s.
1.095 - 3m. 50 s.
1.136 ‘ : 8m. 20 s.
1.462 77m. 25 s.
1.860 21h.
2.012 24h.
Expt. 4 A freshly made up 4.63.1072M Na,H,P,05 solution

was exchanged, 5 ml. portions being employed.

Ratio . Time
1st./2nd e.p.
1.082 2m. 30 s.
1.124 3m. 15 s.
1.133 6m. 20 s.
1.211 14m. 50 s.
1.436 ‘ 58m. 5§ s.
1.536 85m. 13 s.

Expt. 5 Exchange of 5 ml. portions of a 0.2388M NazH,P,0¢

solution was studied.

Ratio Time
1st./2nd e.p.
1.219 . ~ 36m. 50 s.
1.241 45m. 33 s.
1.226 44m. 45 s.
1.362 . " 88m. 20 s.
1.442 122m. 40 s.

Expt, 6 A 1.93.10’2M solution of NayH,P,0. was taken in
ZXpt, O 2724 2¥5

§ml. portions and 1 ml. 0.1 N HCl added with 50 ml. H.O.

2
The reaction was now stopped by adding 1 ml. 0.1 N NaOH

Ssolution, and then titrated.
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Ratio Time
lst./2nd e.p.

1.14¢0 L 10m.
1.180 - 19m.
1.280 22.5m.
1.226 25m.
1.282 33m.
1.378 44m.
1.462 74.5m
1.4908 85m.
2.046 24h.

Expt. 7 The alkaline hydrolysis of sodium pyrophosphite was
studied. 1 ml. of 0.1N NaOH was added to‘a solution contain-
ing 5§ ml. of a 3.46.10'2M Na?HZPZOS solution. The pH was

10.7. The reaction was stopped by adding 1 ml. 0.1N HCl

solution.
Ratio Time
1st./2nd e.p.
1.L07 ' - 12m.
1.127 17m.
1.140 25m.
1.225 74m.
1.276 220m.
1.267 246m.
1.2901 157m.

Several experiments were carried out on the hydrolysis
of Na2H2P205 in this way. Frequently the results, on plotting
against time showed maxima in the grapﬁs. In these cases
since no attempt was made to buffer the solution, pH changes
accompanied hydrolysis. Perhaps the results are to be explai-
ed as being due to small differences in pH in this range
Producing markedly different rates. Such differences in pH
from solutioh to solution could arise by volume errors in

Pipetting the 1 ml. quantities of NaOH.
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Expt. 8 The hydrolysis of the pyrophosphite bond in 4N

sulphuric acid solution was studied to determine whether a
simple hydrolysis to ortho phosphite was occurring in this
case; the reaction would have been expected to be very
rapid. Naszfzos solutions were added to 4N sulphuric acid
solutions and hydrolysis allowed to proceed finally neutral-
ising the sulphuric acid with a similar concentration of
sodium hydroxide,:then titrating with a 0.1 N NaOH solution.

The accuracy of the results is now less.

Ratio Time
1st./2nd e.p.

1.85 4.5 m.

2.06 14.5m.

2.00 23.7m.

2.15 30.0m.

Information has been gathered on the stability of the
pyrophosphite anion in the pH range near 7 by observation of
the intensity of the chromatographic spot due to the pyro-
phosphite anion 6n the basic chromatograms, as a solution
containing pyrophosphite and various other phosphorus oxy-
aniéns was allowed to stand over several months. Day to day
observations of the pyrophosphite present were made. The spot
intensities were estimated visually by comparison with spots

which did not chanse in intensity with time.

Expt. 9 1In a solution containing NaH(HPO,), 8.24.1073M
NayP,0, 5.53.1073M KH,POz 1.25.1072M, NaH»PO, 6.5.10-3M and
a pyrophosphite concentration of 6.13.10"3 the pyrophosphite

concentration fell by a factor of 259 in 8 days. Complete
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hydrolysis had occurred by 14 weeks. The initial pH was 4.5

and as hydrolysis proceeded the hydrogen ion concentration

increased.

Expt. 10 TIn a solution with the following concentrations
Na,HPO3 4.2.1072, NagP,0,, 2.2.1072M, KH,PO, 5.0.10-2M,
NagHPO, 2.9.10~2M, Na,Py04 1.9.10-2M, and a pyrophosphite

concentration of 4.1.10‘2M, the concentration of the pyro-

- phosphite decreases by about 807 in 30 days. The initial pH

was 9, and the reaction shows a minimum rate at pH close to 7,
as observed from the little change in the pyrophosphite con-
centration at this level, as before the pH decreases as the

hydrolysis proceeds. The pyrophosphite concentration decreased

to virtually zero after 130 days.

The Uptake of Water by Pyrophosphorous Acid

Thermobalance and analytical experiments were conducted. The
sample of pyrophosphorous acid used was obtained from vacuum
dehydration of ortho phosphorous acid. Details of this method

of preparing the acid have been dealt with recently by Ebel

and Hossenlopp, (183).

A controlled humidity nitrogen stream, (6mm H,0 partial
Pressure) was flowed over the pyrophosphorous acid contained
in a platinum crucible, at 200, on a standard Stanton thermo-

balance with a silica muffle fitted to the furnace, c.f.

Fig, 21p. pl3.Equilibrium wright was reached after 63 hours,













































































































































































































































































































































































































