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SUMMARY ,

A method is described for the preparation of the di~- and tetra-
sodium salts of hypophosphoric acid and, for their conversion, by

a cation exchange method dinto the free acid in a pure state.

/ Using batch experiments with a cation exchange resin in the
metal form and hypophosphoric acid, complex formation has been shown
to occur between this acid and the divalent metals, beryllium,
magnesium, calcium, sﬁréntium,‘Barium, manganese, iron, cobalt,
nickel, copper, zinc,aﬁd cadmium. Similar experiments have been per-
formed, for purposes of comparisén, with orthophosphoric and
perchloric acids. The reSults:obfained in this wéy with hypophosphoric
acid, have been supported, in most cases, by results of pH titrations

of metal salt solutions with the acid.

The calcium and nickel hypophosphate systems have been invest-
igated Dby batch experiments using anion exchange resins in the hypo=-
phosphate form. The occurrence of negatively charged complex ions

with a metal to ligand ratio of 1:2 is indicated.

In addition, the calcium and cobalt hypophosphate complexes
have been studied by another ion exchange technique using tracer
quantities of radioactive isotopes. Results of these experiments
provide further'evidenge of complexes, in the case of calcium, with
a metal to ligand ratio of 1:2 and with a negative charge, and of a
complex with a 1:1 metal to ligand ratio in the case of cobalt.

Values are obtained for the dissociation constants of these complexes.
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The degree of complexing found with the transitional type and
the non~transitional type divalent metals with hypbphosphoric acid
is discussed .and reasons are suggested for the differences observed
between these two groups and, within the groups themselves. An
attempt is made to correlate the complexing power with the ionic

radius of the metal.

Comparison is made between the hypophosphate ion as a complexing

ligand and the ortho and pyrophosphate ions.
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PART 1.

INTRODUGTION.

Historical Survey,
The Purpose of the Work.
The Scope of the Work.

Ton exchange resins.



1.1 Historical Survey

(2) The preparation of hypopbosphoric acid.
(b) The constitution of the acid.
(c) General properties of the acid and its salt.

(d) Hethods for the analysis of hypophosphates.

l.1la The preparation of hypophosphoric acid

Hypophosphoric acid, H4Pé06’ was isclated first by Salzer1 in
1877 from Pelletier's ‘acide phosphatique's Since that time, numerous
methods for its preparation have been described in the literature, but
most of these involve an oxidation process which is difficult to control
and, as a result, the yields are usually loWe

In the earlier methods, sticks of yellow phosphorus were
immersed in water, or dilute sodium carbonate solution, and allowed to
oxidise slowlyz. These methods not only gave low yields but took a
congiderable time. The reaction time could be reduced by using cdpper

354

niﬁrate as the oxidising agent and this also gave some improvement
in the yield, but had the additional disadvantage that large quantities
of phosphine were produced by the reaction.

The oxidation of the hydrolysis products of the phoéphorus
halides with iodine, has been used by Kolitowska '6, who has also
prepared the aci& by the mild oxidation of phosphorous acid?.

A method involving the‘anodic oxidation of metallic phosphide,

usually that of copper, has given yields as high as 60%. The preparation
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uses a copper cathbde in a 2% solution of sulphuric acid and a potential
of 3 %o 10 volts?. ' ‘

Several methods involving the oxidation of red phosphorus by
some of the more common oxidising agents, e.g. alkaline permanganate ,
iodine9, bleaching powderlo and hypoohloritesll, have been devised. In
1949, Leininger and Chulsk112 prepared the disodium salt of hypophosphoric
acid in good yield, by the carefully controlled oxidation of red
phosphorus by sodium chlorite. Baudler13 modified their procedure to
obtain a larger yield of the product and it is a development of this
method of preparation which has heen used in this work and which will
be described in detail later. .

Recently, Remy and Faliusl4 have reported a similar preparation
using the same starting materials, but with a somewhat simpler apparatus.
No’figures are given for the yield, so any direct comparison of the two
methods is difficult. Undoubtedly the most important factor in any of
these preparations is an efficient cooling and temperature contral. If
the temperature is allowed to rise, side reactions take place which result
in a low yield of the hypophosphoric acid. One method of controlling
the temperature without efficient cooling, is by the very slow addition
of the sodium chlorite solﬁtion° However, this method alone would mean
very long reaction timesy particularly if}it was required to make the

acid in any quantity.

¥ * X % ¥

l.1b The constitution of the acid
Hypophosphoric acid has the empirical formula, H2P03, but is

accepted generally now as having the double molecular formula, H4P206.
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However, this point has been debated in the past. Evidence for the

double formula has been obtained from x~ray diffraction studies,16’27

magnetic susceptibility measurements,18 freezing point experimentsl and
13,19

Raman spectra.

It is only comparatively recently that the structural formula
of the acid has been established as,

HO OH

b

0=P--~P==0

b

HO OH

mainly as the result of the x~ray studies of Raistrick and bebsl7 and the
Raman spectrum work of Baudler.13’19 , _

Raistrick and Hobbs used the di-ammonium salt and from the results
of their experiments concluded that the only possible structure for

hypophosphoric acid was,

HO OH
! !
0= P—P =0
B
" HO OH

In the course of the discussion of their results, they rejected such

structural isomers as,
HO 0 OH
\N/N\N/
P P
WA
HO 0 OH

which had indeed been previously rejected by Nylén and Stelling,l6 and

HO OH
AN s
Qe P=0-P
w* o

which has been proposed by Blaser and Halpern.zo
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Baudler investigated the Raman spectrum of the acid, its
emmonium salts and methyl eéter; his conclusions with regard to the
structure were in agreement with those of Reistrick and Hobbs. He
found, however, that the six phosphorus to oxygen bonds were all equiva~
lent and were intermediate in character between P-0 and P=0; 1in fact
he postulated that they had a bond order of 1.1/3. From this he
concluded that the hypophosphate ion is a hybrid structure of three

on
conical forms,

-0 0= 0o o- 0 o0~
P ot ]
=P D=0 ~0=P —~—P=0 ~ =P~ P~0~
o L1 R
-0 o0~ -0 0~ -0 0

In addition he could find no vibration frequency which could be ascribed
to the phosphorus to phosphorus bond, but pointed out that this vibration
would probably be so modified by the presence of two large PO3 groups,
that it would be undetectable. CorbridgeZl has come to a similar con-
clusion in his investigation of the infra-red spectrum of the hypophosphate
ion in several of ifs metal salts., :
Some structural evidence is also forthcoming from chemical
methods, for example, the acid can be prepared from PZIA§’6 which would .
suggest the presence of a P - P bond. While recently a new closely
related acid, HAPZOh? Whichéglso contains a P - P bond, has been prepared
from this starting material,” In addition the feeble reducing properties
of hypophosphoric acid indicate the absence of P = H bonds. " However,
isotope exchange e.xperiments,z3 designed to show the presence of a P = P
bond and the equivalence of all P ~ O Bonds, by phosphorus exchangs, have
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met with little success. An example of such a reaction is given by the
23a ,

equation ~
. L%
H3P04 + H3P O3

. : . 3 N - ' .
= (HO)ZOPPO(OH)Z + HO = H,P o4 + H3PO3

Its failure is most probably due to the fact that the position of

equilibrium of the first reaction is to the extreme left of the equation.

* ¥ % X X

l.1c The general properties of the acid and its salts

. . 24 .
Until recently the free acid, H4P206 or H4Pé06.2H20 in

the solid form, has been prepared usually by conversion of the sodium

salt into the lead salt, followed by the precipitation of the lead by
hydrogen sulphide gasl3’25.

technique for obtaining pure solutions of the acid has been developed

In the course of the present work a new

and will be described later. This uses a column of cation exchanger in
the hydrogen form to convert the sodium salts to the free acid.
Hypophosphoric acid is unstable; even at room temperature,
in either the solid form or in concentrated solutions. There appear
to be two different mechanisms of decompositiony; the first operating
in the presence of water and the second iﬁ its absence.
In the presence of water, a non-reversible hydrolysis of the
acid accurs, to give phosphorous and orthophosphoric acids according

25

to the equation =7,

| P 0 H .70
‘H4Eé06 + H2 — 3P04 + Hs 3
The rate of hydrolysis incréases greatly with an increase in the

temperature and also in the presence of an excess of a mineral acid

as might be expected.
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In the absence of moisture, even at room temperature, solid
hypophosphoric acid converts spontaneously without a change in weight,
into a viscous, colourless liquid. The exact nature of the decomposition
products seems a little uncertain, however, phosphorous, orthophosphoric
and pyrophosphoric acids have been identified in the mix‘ture.24 This
reaction has been investigated recently by Remy and Falius and they have
reported the isolation of another new di-phosphoric acid, H4P205 from
among the products of decomposition.2

On the evidence of ionization constants and molar conductances,
Tables 1 and 2§7hypophosphoric acid is comparable in strength with
pyrophosphoric acid.

Acid Ki K2 . K3 K4
-2.2 -2,81 -T7.27 ~10.03
H4P206 10 10 ’ 10 | 10
H P o 10'—0083 10—1. 96 10—6c 34 10"80 44
47277
HyP0, 107196 1g7T-24 14712 -
Table 1;;
Concentration in Conductance in mhos.
moles / litre. BP0 - HPO,
0.050 329.4 353.8
0.0125 417.6 438.6
0.00125 589.7 602,0
Table 2.

A In the twenty five years following its discovery, the main \

A interest in the acid, was centred in the preparation of a wide range of‘

its salts. It’WaS found that all four hydrogen atoms could be replaced

by sodium, potassium and ammonium ions. Unlike the free acid, the

salts are quite stable in either the solid form or in aqueous solution.
The simple hypophosphates so far prepared include those of

ammonia, hydrdxylamine, hydrazine, guanidine, lithium, sodium, potassium,

rubidium, beryllium magnesium, calcium, strontium, barium, copper, silver,
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cadmium, bisputh, chromium, manganese, iron, cobalt, nickel, zinc,

15

aluminium, thallium, zirconium and thoriumy” A notable exception is
mercury, which does not appear to form a hypophosphate.

The di and tetra-sodium salts have a surprisingly low solubility
in water, cf. Fig. ll%ﬂulst those of copper, silver and ferric iron are
insoluble. In contrast to the ferric salt, the ferrous compound is
readily soluble. In addition to these three metals, quadrivalent metals
in general react with hypophosphate ions to form insoluble prec1p1tates?8
In fact this is a quantitative reaction in the case of elements of
Group 4a (Ti, Zr and Hf), the heavier elements of Group 5a (Nb and Ta),
the actinidez Th and U and the lanthanide Celv, It is expected that
Pa, Pu and Np will react in a similar manner and this property has been
made use in the separation of Th, Zr and Nb from one another.

Several dcuble hypophosphateksalts containing either sodium, or
potassium and a divalent metal, have been prepared. These appear to be
of two types, the first having the formulas

I
ut g P50 K H nH0

2 ? 6 ,
where M  can be Mn, Co, Ni, Zn, Cu or Cds and the second has the formula: 1

II .

lwhere M can be Co, Ni, Zn or Cu.

. A few esters of the acid have bheen prepareéﬁg%ainly for the
purpose of investigating the structure of the hypophosphate iona
It would seem from the literature that very Httle work has been
carried out on the properties of the hypophosphate ion as a ligand in
complex formation, However;, it has been reported that it forms anionic
0 2XO (X = Mo or W) with molybdates
1s 47276
and tungstates. The only other complex contalnlng hypophosphate,
mentioned, is Na[ Co(NH3)6] P,0¢. 3H0.

complexes which are of the form Na P

It is possible however, that some of the above divalent metal

compoundsy which were orlglnally thought to be double salts, may well be
complex in nature.
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1.1d. Methods used for the analysis of hypophogphates
There are in general two basic methods available for the

estimation of hypophosphateg?' (1) iodometric and (2) argentometric.
(1) Iodometric , ‘

- This method was developed originally byb Van Name and Huff,agnd
makes use of the factthat hypophosphoric acid is quantitatively

hydrolysed by mineral acids to give equimolecular portions of orthophosphoric

and phosphorous acids. The solution is neutralised, buffered with sodium
di-hydrogen phosphate and the phosphite reacted with excess iodine. After
standing, the remaining iodine is determined by titration with thiosulphafe
solution. This method was tried at the beginning of the present work, bﬁt
was not found to be entitely satisfactory. |
(2) Argentometric ‘ ‘

(a) Probstlérecipitated hypophosphate as the silver salt, by the

addition of excess silver nitrate. The precipitate was then filtered off
and converted into the soluble silver ammino complex by the addition of
concentrated ammonia solution. The was treated with hydrochloric acid and
the silver removed and weighed as the chloride. ‘

(b) The procedure’which has been used in the present study, is
due to Jung and Wolf?oand will be described in full detail in Part 2.3a.
Briefly however, it consists of adding excess standard silver nitrate to the
solution, removing the silver hypophosphate precipitate and determining the
remaining silver nitrate,

One other analytical method has been devised by Treadwall and
Schwarzenbach? and consists of a potentiometric titration of hypophosphate

against uranyl sulphate, U0, SO,in sulphuric acid.

2 4
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1.2 'The purpose of the work

It is evident from the preceding historical account, that the
properties of hypophosphoric acid as a ligand in complex formation with
metals, have been scarcely investigated. This is in marked contrast to
some of the other oxyphosphorus acids, especially'orthophosphoric,
pyrophosphoric and the condensed ring and long chain acids?2

It was felt themfore, that hypophosphoric acid might be examined,
firstly as a complexing ligand in ité own right, and secondly in comparison -
with orthophosphoric acid. The prediction was made that hypophosphoric .
acid would complex with metals to a greater degree than orthophosphoric acid
by reason of (1) its being a weaker acid and (2) when acting as a
bidentate ligand it can form a five membered chelate ring, in contrast to
orthophosphoric which must form a four membered ring. It should be added
that in similar circumstances; pyrophosphoric acid will form a six membered
ring. Thege points will be discussed.in detail in Part 3

The range of metals investigated was chosen to show if any
variations exhibited by the metals, with respect to their degreec of complex
formation with hypophosphoric acid, might be simply related to comparatively
well defined parameters, such as lonic radius, or ionization potential.

Thus a series of metals was required which had the same valency and were
closely related in the Periodic Table. vaing andAWilliamsﬁﬁgve discussed
the stabilities of complexes of the metals of Group IIA of the Table, and
of certain other divalent metals including thosé of the first transition
series from which the now, well established, 'Irving-Williams order of

stabilities! was deduced. There metals thercfore appeared to fit the

N i

requirements well.

In the course of work on orthophosphoric acid, Salmon and Genge35
~ had noticed that maximum complexing occurred with a certain optimum size
of metal cation. It was hoped to extend this work to hypophosphoric acid

and in this case the above series of metals would provide a wide range of
ionic radii.
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In addition it was felt that any differences in behaviour of
the transition and non-transition metals would be of interest, since it is
generally held that the metal to ligand bond in complexes of the Group IIA
metals is almost purely electrostatic in nature?BWhereas the same bond in
the case of the other divalent metals contains more covalent character.

Finally, thought was given to the fact that hypophosphoric acid
might possess some particular property by virtue of its containing a
phosphorus to phosphorus bond and this might become apparent if a really

wide range of metals was studied.
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1.3 The scope of the work

As a preliminary to the study which has been outlined in Part

- 1.2, it was first necessary to find a convenient method of preparing
hypophosphoric acid, in good yield and in a high state of purity. It
was imperative also to check that it was sufficiently stable to be usable.

The complexing power of the acid with a wide range of metals was
examineds These were for the most part, members of Group IIA, or the
first transition series of the Periodic Table and included, magnesium,
calcium, strontium, barium, manganese, iron, cobalt, nickel, copper, zinc,
cadmium and beryllium, all of which were in the divalent state. Whilst
zinc, cadmium and beryllium are not members pf either of these two series,
they were included for purposés of comparison and also as they completed the
range of ionic sizes used. ,

The degree of complexing which occurred between each of the
metals and hypophosphoric acid, was estimated by means of batch experiments
with the metal form of an ion exchange resin and the acid. Similar
experiments were carried out under the same conditions with orthophosphoric |
and perchloric acids, the purpose of the perchloric acid will be explained §
in Part 2,1la. Under these conditio;g it is thought that’if'complexes are ;
i ' %

i

formed, then they are mainly anioni _
In an attempt to detect any cationic complexes that might be ;

formed, a pH titration technique was used, in which solutions of the metal

chlorides were titrated against hypophosphoric acid. 3go§%lof these methods

120,

had bveen used sucessfully by galmon and co-workers

As a result of this work it was decided to study one ~

representative metal from each of the two groups, in further details

nickel and calcium being chosen for this purpose. Therefore batch
experiments were carried out using anion and cation exchange resing, the

aim of which was to detérmine fhe sign and the size of the charge on the
nickel and calcium hypophosphate complexes. This method has been used alsoi
by Salmon in previous work,>7 30 %

In conclusion, it was desired to obtain a more quantitative

‘measure of the existence of the divalent metal hypophosphate complexes.

i
i
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29
Schubert's method for the measurement of dissociation constants; using
ion exchange resins and radioactive tracer quantities of metal, was employed{
The metals chosen were calcium and cobalt, cobalt being_used in preference

to nickel for practical considerations which will be mentioned later.




-20-

1.4 Ion Exchange

Cation and anion exchange techniques have been used in both the

preparative and analytical experiments carried out in this wprka' The use
of modern synthetic ion exchange resins in small and large scale
applications is well established and needs no expianation, but many types
of resins are available commercially and some knowledge of the properties
and differences is required in order to select the type best suited to
any particular application?o

The resins consist of a matrix of polystyrene cross linked with
a compound of the divinyl-benzene type and with approximately one active
exchange centre or group per hydrocarbon ring. In the case of cation
exchangers, the active group is commonly a carboxylic or a sulphonic acid
with, in either case, a labile hydrogen able to exchange with other cations.
The carboxylic acid group gives rise to a weakly acidic cation exchanger,
usable only in neutral or alkaline solutions and showing a slower rate of
exchange. Sulphonic acid groups, on the other hand form strongly acidic
cation exchangers with an exchangew capacity independent of pH and a rapid
rate of exchange. In the same way, there are two main forms of anion .
exchanger; a weakly basic form with amino groups and a strongly basic with
quaternary ammonium groups. The weakly basic type is usable only in acid
solutions and the strongly basic can be used over a wide pH range. The
strong form is more useful for most purposes and all resins used in this
work were sulphonic acid type cation exchangers and Quanteﬁnary ammonium
type anion exchangers. :

These resins may be regarded as an insoluble acid or base with the i
usual properties and reacting stoicheiometrically and in accordance with the E
law of mass action. | |

Oation exchange.

BX + Y  =—=——=>ry + x¥
Anion exchange.

BX + ¥ === RY + X
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The resin can also be regarded as a semi-permeable membrane and Donnan
membrane equilibria theory may be applied to the system.

The actual exchange is largely a diffusion process and the time
required to achieve a state of equilibrium, that is, the rate of the
exchange reaction depends upon one of two steps. The rate determining
step is either diffusion through the layer of solvent adjacent to the resin
bead or diffusion through the bead itself., With small ions as used for
this work the former applies and the time allowed (usually 7 days) was more
than adequate for equilibrium to be attained,

Not all ions have the same affinity for the resin. In dilute
solutions, ions with a high charge are sorbed more strongly than those
with a lower charge and the affinity increases with an increase in the
non-hydrated ionic radius. The higher the polarizability of an ion and
the lower its degree of hydration, the more strongly will it be sorbed by
the resin. .

The two main variables with any given resin are bead size and
degree of cross linking and the choice of value for these is largely a
compromise. A low degree of cross linking permits free passage of ions
but also results in considerablevswelling and shrinking with change of
pH. A high degree of cross linking on the other hand tends 1o slow down
the movement of ions in the resin but reduces the volume changes.

As described later, the resins were required for column elution

experiments and also for batch exohange experiments in flasks. Too large

changes in volume are a nuisance for column work where careful packing of the

column is important. Bead size is also an important consideration. Large
beads tend to give rise to 'channelling' of the eluant and consequent

reduction of the 'effective length' of the colizmn° Small beads pack very

|
]

i

well,bui result in very slow elution. Requirements for the batch experimenté

are less critical, but again a compromise is best, as very small beads tend
to float on the surface of the liquid.

For all the applications in this work, cation exchangers of
cross linking about 10% divinylbenzene and bead size 20~50 mesh were usecd.



Anion exchangers of the same bead size and with a water regain value of
about 0,8 were used., The porcent divinyl benzene is an accurate measure
of crosslinking in cation exchangers but with anion exchangers, side
reactions which occur in the preparation maeke it an unreliable measure.
Water regain is a value of the swelling or water uptake under fixed
conditions and is a very useful way of expressing crosslinking in the case
of anion exchangers. The details of the experiments for determining the
capacities, bead sizes and so on for the various resins used are given in
the appropriate experimental sections. The actual resins used were

Zeo Karb 225 cation exchanger and Deacidite FF anion exchanger.
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PART 2
TECHNIQUES

2.1 Ion exchange.
2,2 pH titrations,
2.3 Analytical methods,



-2l

2.1 Ion exchange methods

(a) Batch experiments for estimating the degree 6f complex
formation, ' ‘ '

(b) The determination of the sign and size of the charge on
the complex ion. |

(c) The measurement of the dissociation constants of the

complexes .,

- 2.1a Batch experiments for estimating the degree of complex formation

A qualitative estimate of the degree of compléx formation
occurring bétween a metal and a particular ligand, can be obtaimed from
simple batch experiments using a cation exchanger which has been converted
into the metal form., The amount of metal removed from the resin by the
ligand is compared, under identical conditions, with the gmount removed by
a non-complexing eluant. In the work described the eluants used have been
in the acid form, namely hypophosphoric, orthophosphoric and perchloric
acids, ' '

If a sample of the metal form resin is placed in contact with a
solution of the mon-complexingtacid, the reaction which takes place is
a simple exchange on the resin of metal ions for protons, so that the

following equilibrium is set up:

IR+ D | ¢ )

The position of this equilibrium will be influenced by the nature of the
metal ion and the concentration of the hydrogen ions. It ig to be expected,
therefore, that different amounts of metal will be removed from the resin
as the pH of the ambient solution is varied.

If the experiment is repeated under identical physicai conditions
with a complexing acid, HPL, equilibrium (l) is established and, in addition,

a further equilibrium due to complex formation is set up, i.e.

™ 4+ s HpL s==[M B L] (nx 47 = 90) (o0 2 L., (2)




2.

This Teduces the concentration of free M ions in the external solution,
to an extent governed by the position of equilibrium (2), and an

equivalent amount of uxt is released from the resin to maintain equilbrium
(1). Thus if the results of this experiment with the complexing acid

are compared with those of the previous one, it is found that the acid,
H.L, has removed more of the metal from the resin, for any given hydrogen
ion concentration. This in 1tse1f indicates that complex formation has
occurred and the excess amount of metal removed by EPL compared with the
other non-complexing acid, gives some measure of the degree to which it has
taken place, 4 ' )

In the present study, batch experiments of this type Wefe carried
out with cation exchange resins in various metal forms, using hypophosphoric
acid, orthophosphoric acid and perchloric acid. The results are given in
Part 2.3. From these it is possible to compare the degrees of complexing
of hypophosphoric and orthophosphoric acids. There is no evidence that
perchloric acid complexes with bivalent metals under the conditions used,
and the results obtained with this acid were used for comparison as
explained above.

o * K K ¥ ¥

2.1b The determination of the sign and size of the charge on the complex

ion

The detection of complexes has been described in ‘Section 2.la,
but before it is possible'to assign formulae to these, information
concerning the sign and the size of the charge must be obtained, An ion
exchange batch technique for this purpose has been developed by Salmon and‘
co-workers, 37,38, '

The sign of the complex ovr complexes is determined simply by
allowing a sample of cetion or anion exchanger to come to equilibrium with
the complex solution. Then if the cationic resin, when analysed is found
to contain some of the anionic ligand, this is evidence for the formation
of a cationic complex. Similarly, if it is found that some of the metal
1s sorbed by an anion exchanger, then this is an indication that anionic
complexes are presenﬁ. It is, of course, possible for the two types to




















































































































































































































































































































































































































































