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Multicomponent Polyanions

I. On Yellow and Colourless Molybdophosphates in 3 M Na(ClO,).
A Determination of Formation Constants for Three Colourless
Pentamolybdodiphosphates in the pH-range 3—9

LAGE PETTERSSON

Department of Inorganic Chemistry, University of Umed, S-901 87 Umed, Sweden

Emf data (glass electrode, 25°C, 3 M Na(ClO,)) for the reaction
between H*, MoO,* and HPO,*" in the pH-range 3—9 indicated
formation of two types of species, yellow and colourless. The colourless
products found are (H)g(MoO,);(HPO,),*~, (H),(M0O,);(HPO,),*", and
(H)1,(M00O,)s(HPO,),*~ with log f4,:=61.97+0.02, log PBy5.=
67.07+0.08, and log pi5.="70.86+0.09. The errors given are 3o.
The complexes have been found using a Letagrop-search (see Table 2
and Fig. 4). For the yellow-coloured complexes, the data range
available is too limited to allow a distinct answer. Efforts to extend
the data range are in progress.

Attention to molybdophosphates was first given in 1826 by Berzelius.!
Since then, the molybdophosphates have been the object of very extensive
research activity. In spite of that, the results and conclusions found in the
literature give a rather diffuse and incomplete picture of the behaviour and
characteristics of these ions. This is especially so for aqueous solutions. In
this case, exact knowledge (verified with enough data) about the number and
composition of the various species formed seems to be lacking. Also the
equilibrium conditions, under which the ions are formed, are poorly defined.
The molybdophosphates belong to a group of inorganic compounds, often
named heteropolyanions. These ions may be regarded as composed of three
components: protons (A), and two anions (B and C). Their formulas may
generally be written A,B,C,, where p, ¢, and r may attain values greater than
or equal to unity. The formation equilibria and stability constants may be
written:

PA+¢B+rC2A,BC, (1)

Bsor=[A,BC AT #[B]4[CT™ (1a)

The component with the lowest nuclearity is usually denoted as the hetero-
ion, and is considered being the central group within the complex (C in the
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present paper). The B-component is mostly an anion of elements in groups
5A and 6A. Examples most frequently encountered are molybdates, tungstates,
vanadates, niobates, and tantalates. The ability to act as the central atom
is widely spread, not only amongst the acid forming elements, but also among
the metals of the transition series. Borates, silicates, germanates, phosphates,
arsenates, tellurates, and periodates are common examples. Further details
about the heteropolyanions may be found in reviews in Gmelin,? Mellor,3
and Emeleus-Anderson.4

We will now shortly consider some of the difficulties often encountered in
studies of aqueous heteropolyanions. We may summarize these difficulties under
the following three main points:

(i) Firstly, if one considers the complexity of the system, we may note
that in most of the aqueous heteropolyanion systems, not only 3-component
complexes A,B,C,, but also a series of binary complexes, e.g. A,B, (isopoly-
anions) and A,C (weak acids), are present. Thus it is necessary to consider
binary equilibria (2), (3) in addition to equilibria (1).

PA+¢B=A,B, @)
nA+C=A,C _ ®3)

Consequently, before a successful attack can be made upon a hetero-
polyanion system, the binary systems A—B and A—C must be studied
separately, and accurate determinations of the species formed and their
formation constants made. In some situations it may also be necessary to
consider complex formation between formed complexes and medium ions.

(ii) Secondly, considering the experimental methods. Of suitable experi-
mental methods, one may mention: emf, spectrophotometry, conductometry,
X-ray diffraction, ultracentrifugation, NMR- and Raman-spectroscopy. Among
these methods, emf is without doubt the only one of sufficient accuracy to
be useful in studying complicated heteropolyanion systems. It is then necessary
to be able to measure at least one equilibrium concentration with highest
accuracy. The concentration most readily measurable is that of H. Activity
coefficient variations, impurity contents, slow equilibria and liquid junction
potentials must be under exact control. The accuracy of the determination
would be considerably increased if it were possible to measure also some
additional species, e.g. some of the molybdate or phosphate ions. Suitable
electrodes for such measurements are, however, at present not available.
In order to partly compensate for this lack of measurable quantities it is
therefore necessary to extend the measurements over as wide concentration
ranges as possible (without causing activity coefficient variations). An emf
method alone cannot provide a complete explanation of a complicated hetero-
polyanion system. Complementary types of measurements are mostly necessary.

(iii) Thardly, considering the data treatment. The computational problem
is to determine from a great amount of experimental data, the various pgr-
triplets present, and the corresponding equilibrium constants f,,,. This com-
putation is usually difficult to carry out using hand calculational methods
(see eqns. (7), (8), and (9) on p. 1965). For success it seems necessary to use
electronic computer methods.

Acta Chem. Scand. 25 (1971) No. 6



MULTICOMPONENT POLYANIONS I 1961

Points (i), (ii), and (iii) clearly show that an equilibrium analysis of aqueous
heteropolyanion systems is generally rather complicated. To obtain detailed
information about such a system, very accurate and distinct experimental
and calculational methods are necessary. It is no exaggeration to state that
10 — 15 years ago, such methods were not available or, if so, they were unsatis-
factorily developed. That might be a possible reason why we know so little
about the equilibria in aqueous heteropolyanion systems. However, during
the last years, very accurate experimental and calculational methods have
been developed. The emf and the computer methods, developed in Stockholm
by Sillén and his group, seem to be especially useful.

The aim of the present study is to apply these methods to determine the
composition and formation constants of the various polyanions formed in the
system H™ —Mo0,2 —HPO,>". Thus the equilibria that will be studied are

pH* +¢Mo0,* +rHPO 2 = (H*),(Mo0,2),(HPO 2), (4)

EXPERIMENTAL

Chemicals and analysis. Stock solutions of sodium perchlorate have been prepared
and analysed as described by Sjéberg.® The dilute perchloric acids used were standardized
against KHCO,. All solutions were made using boiled distilled water.

For preparing molybdate stock solutions, crystalline sodium molybdate, Na,M00O,.2H 0
(Mallinckrodt p.a.) recrystallized once, was used. The molybdenum content of the stocks
was determined gravimetrically as PbMoO, according to Vogel.* This analysis agreed
within 0.1 %. In order to check this method, some Mo-analyses were made by evaporating
the water from a known amount of stock solution, drying the residue at 110°C and then
weighing as anhydrous Na,MoO,. The results from these two Mo-determinations agreed
within 0.2 %,

All solutions containing molybdate ions were carefully protected from contact with
glass. This is necessary in order to prevent dissolution of silicate ions from the glass which
contaminate the molybdate solution by forming, e.g., dodecamolybdosilicate ions.
Therefore, the insides of the bottles and vessels used for storing molybdate solutions were
always coated with a paraffin layer. Two different qualities of paraffin were used. One
of them caused ‘‘errors’ in our titrations, indicating some sort of complex formation
between a compound in the paraffin and the molybdate ions. The effect of this complex
formation on our results will be discussed later in this paper.

Phosphate stock solutions were prepared either by using recrystallized NaH,PO,.2H,0
(analytical reagents of BDH quality) or Na,HPO,.12H,0 (Merck p.a.). The stock solutions
were analysed for phosphate and excess HY (over the chosen zero level HPO,2"), using
electrometrical titration methods in combination with a graphical Gran extrapolation
technique. The determinations of phosphorus were checked by gravimetric determina-
tions as magnesium ammonium phosphate according to Vogel.”

Apparatus. The emf measurements were carried out, using the same electrometrical
equipment and arrangement described by S;6berg.® The free H*t-concentration has been
measured with a glass electrode (Beckman, type 40498) and the cell used was

Ag, AgCl 3.000 M Na* 3.000 M Na+ equilibrium glass
2.990 M C10,~ 3.000 M ClO,~ solutions electrode
0.010 M C1~

The thermostating and all additional equipment are as described in Ref. 5.
The free hydrogen ion concentration, h, was calculated from the measured emf,
E, using the equation

E=E,+59.157 log h+ E, (5)

where E, is a constant determined separately in a solution with known A. For the liquid
junction potential, Ej, we have used E;= —16.3 h (expressed in mV M™).
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METHOD

The emf measurements. The present determination has been carried out
experimentally as a series of emf titrations. In each of these titrations, the
total analytical molybdenum and phosphorus concentrations, B and C, have
been kept constant, and the hydrogen ion concentration has been varied by
addition of H* (or OH").

The free hydrogen ion concentration has been measured electrometrically
with a glass electrode (with an accuracy of +0.2 mV) as described in Experi-
mental. To keep the activity factors as constant as possible during the measure-
ments, a ‘“constant’” salt medium background consisting of 3 M Na(ClO,) has
been used.

In order to check the reversibility of equilibria both backward (increasing
pH) and forward (decreasing pH), titrations have been carried out, and this
check has been made for each B,C-combination. From the free hydrogen ion
concentration, A, calculated by using eqn. (5), and from H, the excess con-
centration of hydrogen ions over the zero level Mo()f‘, HPO* and H,0,
one can calculate 4, the total concentration of bound H™, by using the follow-

ing relation:
A=H-h (6)

The titrations thus give a series of data sets A4(log k)gc or H(log k)gc.
The total concentrations have been varied within the following limits:
5 mM < B <160 mM, 5 mM < C <80 mM, and 0 < H < (1.58 + 1.1C). This means
that for the most extreme concentration cases, about 16 9, of the perchlorate
ions have been replaced by phosphate and molybdate ions. Biedermann and
Sillén 8 have shown that up to around 16 9, of Na* or C10,” in a 3 M NaClO,-
medium may be replaced with 1- or 2-charged ions without producing any
detectible changes in activity coefficients. In the present case, most of the
anions formed are highly charged, and it is probable that for the highest
B and C concentrations one may obtain effects due to activity coefficient
variations. However, in the first instance, we will assume that we have no
activity coefficient variations, and all effects will be explained by using the
law of mass action. The range of pH = —log % has been kept within the limits
3 <pH < 9. This range has a lower limit determined by experimental difficulties
due to precipitation of acid polymolybdates and also partly by the lack of
exact knowledge of the binary molybdate equilibria in more acid solutions.
The upper limit is given by the fact that for pH > 8, no ternary complexes
seem to be formed.

The binary equilibria — assumptions and comments. In order to obtain
composition and concentration of the various ternary species as accurately
as possible, the binary complexes must first be determined in separate experi-
ments. However, in the present work, no separate study of the system H* —
MoO,2 was made. Accurate data for this system has already been presented
by Sasaki and Sillén ? (25°C and 3 M Na(ClO,)). They report the following
species and formation constants:

HMoO,~ (log f#,,=3.89); H;MoO,(log B, ,="7.50); M0,0,," (log fs,=57.74);
HMo,0,,5" (log B,,=62.14); HM0,0,,4 (log p,o,=65.68): H;Mo,0,,> (log
Ba1,,=68.21).
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MULTICOMPONENT POLYANIONS I 1963

Curves (Z(log h),) calculated using their proposals are given in Fig. 1.
The points given are those obtained in some control titrations, and we see
that our experimental points fit the calculated curves satisfactorily. However,

z

Fig. 1. Curves Z(log h)g for the binary
system Ht —MoQO,%". The full curves have
been calculated using the complexes and
formation constants proposed by Sasaki
and Sillén.’ The points are experimentally
obtained from some control titrations.
The symbols stand for the following
total molybdenum concentrations B (in
mM): V20; []40; A80; ©0160. Filled
symbols are obtained in forward titrations
(decreasing pH), and unfilled in reverse
titrations.

5
log h

a more careful analysis shows small systematic deviations in H, which increase
when the molybdenum concentration increases. Initially, it was difficult to
decide whether this effect depended on the formation of additional
polymolybdate complexes or on some impurity. As the investigation proceeded,
we found that the deviations were probably caused by an impurity in the
paraffin used. The effects can be found in most of our titrations and are
more pronounced when a molybdate excess is used. However, to a good
approximation the impurity effects can be neglected compared with the
effects due to formation of the molybdophosphates.

For the ‘“‘mononuclear”” phosphate equilibria we have made a separate
determination. We found that different phosphate concentrations gave small
systematic changes in the equilibrium constants. However, the difference
could be neglected in the pH-range studied. In a Letagrop calculation, using

Z
415

HaPO,~
Fig. 2. Curves Z(log h)c for the binary -10
system HT —HPO,*>". The full curve has
been calculated, using the complexes and
formation constants given in the text. The 405
symbols stand for the following total phos-
%horus concentrations C (in mM): 010; A80.  HpPo 2
illed symbols are obtained in forward 1 1 1 1 1
titrations (decreasing pH), and unfilled -8 -7 -6 -5 -4 -3
in reverse titrations. log h

data with C'<80 mM, we obtained the following ‘“‘best’’ log S, + 3¢:

log B,=8.06710.019; log B,=6.240+0.008; and log f_,= —10.72+0.03.
Calculated curve and experimental points (C=10 and 80 mM) are

shown in Fig. 2.
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Data treatment (pqr-analysis). The equilibria that must be taken into account
have been discussed earlier in this paper and are defined by eqns. (1), (2), and
(3). Applying the law of mass action to these equations, the conditions for the

concentrations give:
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Fig. 3. Residual diagrams 4,(log h)p,c. The residuals 4,=1000(H.y.—H) have been

calculated assuming that only binary phosphates and molybdates are formed. The

constants used are those given in Table 1. Filled symbols are obtained in forward titra-
tions (decreasing pH), and unfilled in reverse titrations.

Pqr
B=b+B,+ zlzlzlqﬁm,hﬁch' (7
P qr
C=c+Cy+ 22 1B, hbic (8)
111
P qr
H=h+B,Z,+C,Z,+ %%%pﬁmﬁf’b%’ (9)

where b=[Mo0,27], c¢=[HPO27], h=[H"], Bogy=[A,B,CJh?b7%c”, and
B,, C,, B,Z, and C,Z, are the “known’’ quantities for the qbinary equilibria:
B, =[AB]+[A;B]+ 7[AgB;]+ T[AgB;] + 7[A4B,] +
T[A11B7] = B1,1hb + By, 1h°b + T By k%7 + T 1167 +
7B10,721%7 + 7 By 1107 (10)
B,Z,=[AB]+2[A,B] + 8[AB;] + 9[AyB;] + 10[A, B,] +
11[A,B;]=By,1hb + 2,1 h?b + 885 ;17 +

985 7h%7 + 10,4 ;2197 + 118, ;h11b7 (11)
0y =[A7IC] + [AC] + [A,C] = B_iJi" o+ Byho+ Bohic (12)
C1Zy= —[AIC] + [AC] + 2[A0] = — f-ihlo+ Biho+280%  (13)
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The main problem of the present data treatment is to try to find out which
equilibrium model (set of pgr-triplets) and corresponding equilibrium constants
(Bpe) can “best” explain the experimental data, H(log k)sc. For this search
a trial and error method was used based on the least squares program LETA-
GROPVRID 1° (mainly using version ETITR ). Assuming that only one
pqr-complex is present, different values of p, ¢, and r were tested. That pgr-set
giving the lowest error squares sum was considered being the ‘‘best’” one.
When proved necessary, additional pgr-complexes will be added and tested.
However, the main aims of the search will be to explain the data with as
few complexes as possible.

In the Letagrop calculations we have assumed that the emf ¥ is without
error and that all errors are in H. The quantity (H_,.— H)? is calculated on

calc
all experimental points giving the error squares sum:

U=2(Hey—H) (14)

As “best’” B,,,-values we consider those giving the lowest error squares sum.
U in- The standard deviations g(H) and o(f,,,) given are defined and calculated
according to Sillén.12,® The computer calculations have been carried out by
using both the CD 3600 (Uppsala) and the CD 3200 (Umea).

DESCRIPTION OF DATA

It is difficult from the data, H(log k)g,c or A(log h)sc, to decide directly
whether ternary complexes are formed or not. In order to make this decision
easier, we have made use of plots Ay(log h)sc, where 4=H_ —H. H_,
have been calculated assuming that only binary phosphates and molybdates
are formed (species and constants given above). These plots, including all our
experimental points, are given in Fig. 3. By inspecting the plots we see that
over the pH-range studied there are marked ‘effects’, which in some cases
rise up to over 100 mM. We will consider that these effects are caused by
formation of ternary complexes. One may note particularly that for most
sets of BC there are two characteristic pits, a sharp one at around pH 6 and
a broader one between pH 3 and 5. The two pits are changed systematically
through all the B and C concentrations studied. They will, in the following,
be denoted as the alkaline and the acid pit respectively. The plots 4,(log )s,c
in Fig. 3 seem to indicate formation of at least two types of complexes. Both
are strongly dependent on the total molybdenum concentration. The type
that corresponds to the alkaline pit seems, however, to be more dependent on
the total phosphorus concentration than the type corresponding to the acid pit.
Furthermore, the residual plots show that there is good reversibility between
forward and backward titrations (filled and unfilled symbols in Fig. 3).

In order to simplify the data treatment and also to obtain a more detailed
data description, it was found convenient to devide data into five different
groups:

Data I. Experimental points from pH=:7.5 to the bottom of the alkaline pit.
Uncoloured solutions.

Data II. The remaining part of the alkaline pit (from the bottom to
pH=6—5). Uncoloured solutions.
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Data I11. Data between the two pits. Uncoloured solutions.

Data IV. Points in the acid pit region and with B/C >4. Yellow coloured
solutions. The 4,-changes indicate the existence of complexes with B/C ratio
between 8 and 12.

Data V. Data from the same pH-range as data IV but with B/C <2. Un-
coloured solutions. For this case, one can find no typical pit, but there are
still 4, residuals. In this region, the existence of uncoloured complexes with
B/C < 4 seems probable.

The data of the present work consist of over 1200 experimental points,
and in order to simplify the data treatment (and save computer time) only
a restricted number of the total number of points in each of the groups will
be used in the calculations. These points have been arbitrarily chosen so that
they are evenly distributed over the B and C concentrations. However, in the
final calculations, most of the data have been used.

LETAGROP SEARCH FOR COMPLEXES

The Letagrop-search was started in the data I region. The results of the
calculations of main interest are given in Table 2 and Fig. 4. The lowest error
squares sum was obtained for the complex A B,C,. By extending the calculations
to include data II and then testing successively additional complexes we found
that a model with AgB,C,and AgB;C,gave the best explanationof the alkaline pit.

P N r=1 P | r=2 P r=3 5
107
15: ISt . 5r Z:L::s
9 4 126
13— 13— ?ZZ 33 '3\— %2 %3
B B %5%7?7! B %4%7%1
nr nr B % e “L % %
™ P R L %8 Vs B3 %s Re
9‘ c‘%ﬁ%ﬂ 9 %6053 9— 3714
- §7|0 B %GQXS‘IKSG -
m Bs S De Uy %o th Uy
[ Do T M -
SF 1?753329 5 5r
T e s ™ i
3—1534%976 3— 3-
1_;\65373 B 1-
'%’91 TR N T N T O I ! [T R S N T A S PSR N N N N R )
't 3 5 7 9 q 1 3 5 7 9 q 1 3 5 7 9 q

Fig. 4. Letagrop-search. Results of the calculations using Data I. Error squares sums
103U i, as a function of various (p,q,r)-sets. All details of the calculations are given in
Table 2.

An analysis of the remaining data with uncoloured solutions (data III and V)
gave evidence for an additional complex A,;;B;C,. A refinement of data III
and V together with data I and II, assuming formation of AgB,C,, AyB;C,,
and A,(B;C,, gave the following ‘‘best’”” log (f,,, + 30) values:

log (Be5 + 30) =61.97 £ 0.02

log (By5.2 + 30) = 67.07 +0.08
log (Byo.5,2 + 30) =70.86 + 0.09
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Data used and residuals (4,=H . —H) obtained are given in Table 1. The
residuals show that the data within the experimental errors (in emf, in analysis,
and in the effects due to the impurity level) are satisfactorily explained.

Table 1. Experimental H(log k)p,c data for molybdophosphate equilibria (colourless solu-

tions). For each point, the quantities —log h, H, 4,, 4, and 4, are given. The quantity

4 is the residual H,.— H. The indices 0, 1, and 2 refer to three different assumptions.

0. Only binary complexes with the following constants:
log Bia,0=3.89, log By1,="7.50, log Bys,0=57.74, log f,,,0=62.14, log By, =65.68,
10g Pi1,2,0=1068.21.10g B ;.= —10.72, log By, =6.24, and log B,,,, = 8.07.

1. Binary complexes and constants given under 0 together with proposed ternary com-
f)lexes with the following constants:

08 Bas,s=61.97, log B,s,=67.08, and log By,5,,= 70.86.

2. The same complexes as in 1. First, the setwise E,-values were adjusted, and then the
ternary constants together with the binary phosphate constants were refined. The
following “best” log (8+ 3g(B)) were obtained and used in the calculation of A4
log  Pio1=6.241+£0.005, log Pu,1=8.08+0.06, log PBg,=62.0431+0.012, log
Bas,s=067.12+0.05, log Pyose="70.92+0.07. (o(H)=0.38 mM, U=0.056x107%.)

AE; in mV for the various 19 sets of titrations were: 0, —0.5, 0.3, —0.4, —0.2, —0.7,
-0.3, —0.5, 0.7, 0.6, —0.2, —0.4, —0.5, —0.3, 0.9, 0.2, 1.1, 0.5, 0.5.

Note that the —log h values given in the table do not exactly correspond to the
residual given.

Bs 0,020 C= 0,005 B2'0,040  C=0.010 ] B=o.00s C= c.040
7.881 0.00 0411 0,11 0,11 8,059 0.00 6.13 0,43 0,15

7e345  0.35  0.08 0. tod | 70305 o0.74  0.08 2.944 32,000 -0.83 -
6.5/5 0.74 0.05 7.064  1.47 = 34007 51,49 -0.86

6,796 1.1 0,01 6,521 2,18 =0.42 3.073 50,98 -0.88
6.687 1.46  =0.11 8453 2,88 -0.88 0,22 0,01 3,237 50.00 -0.96
6,613 2,45 -0.62 6,793 4,24 -2.00 =0,38 0,08 30457 49,06 -1.03
6.4%8 3.45  =1.62 6,704 8,02 =-%.39 =0,68. 0,21 3.7%8 48,15 -1,11
6,439 5.23  -3.19 6,603 14.50 -11,29 1,00 0,12 3.664 47,71 -1.1%
64319 8,76  =6.26 64454 24,30 19,05 #1,18 0,18 4,174 47,28 -1,21
5.202 12,31 -8.63 64290 32,41 -19.24 0,90 e0,21 4,358 46,85 -1.29
6,055 15,69  ~8.3% 6,100 38.91 -12.95 <0.,48 0,09 4,530 40,44 -1.37
5.912 18,60  <-h.17 5.942 43,72 =8.95 =0,22 0,05 :g:; :;~:; ':;:
2 - f N . -1,

5.680 22,41 =302 <0.00 9402 400%4 44,84 -1.77
Bas.040  C=0.020" S.u00 4% el
5,316 0,00 0,03 0,08 0,18 5.121  41.95 =2.97
«0,38 «0,14 0.85 ~0.07 <0,06 0,05 5,486 40,01 <-3.89
«0.11 =0,07 1.69 =0.25 0,23 *0,2% 5,613 37,70 -4.65
0,41 0,07 2.54 =0.44 <0.42 0,43 5.770 35.15 ~5.01
-0.08 0,04 3,31 -0.71 *0.63 0,61 5.918 31,73 -4.57
«0.07 #0,03 3,37 0,75 =0.66 w0,64 6,029 28.91 =4.10

«0.01 0,02 4.8/ =1.50 =0.89 «0,73 6.108 26,55 =3.49 =0,14 0,04

«0.01 0,02 7,82  =3.74 1,00 #0,43 0.201 23.66 =2.72 «0,27 0,07

«0,03 0,01 13,12  -3.31 =0,61 0,20 60273 21.33 =2.07 0,37 =0,18

19,85 -14,27 =0.,67 0,53

27.90 -21.30 <0.83 9,32

33.57 =25.83 *0,74 0,32
2,

0,19 =049 38,23 -28,97 -1.n; “0,08 B= 0,005 C= 0.040

0,23 42,13 -30.55 *1.07 0,20 -
:0.28 :g:gg 46,93 -30.77 *1.19 0,45 &.l:l 0.00 0.04 o,o: 0325
*0.,25 «0,21 50,76 -29.28 =1.18 =059 8.u38  0.51 0,03 0,04 0413

7.615 1,02 -0.03 0,02 0,04
7.680 1.51 -0.04 -o.og 0,08
T.%48 2,00 ~0.,14 0,13 0,08
<0.28 0,12 | B=g.0a0  C=0.320 7ii69  2.94 -0.18 0,16 s0j1%

. on: . . “0.27 =0.24 o
“0.42 20,07 | 2.824 86,00 4,45 0,92 *0;84 ;.3:; :".:: _‘;,i, .:,:; .2::;
~0.,48 0,04 34107 84,31 -5.86 =0.73 0,68 6,557 6.37 =0.41 0,37 0,3
<0.46 0,07 | 3.403 82,69 -6.85 0,60 *0,53 ore3) .55 -0.46 =0.40 033
“D.44 016 3.673  B1,13  =7.40 =0,54 e0,46 0ue71  11.36 -0.52- =0.44 e0,34
“0,53 0,13 | 3.825 79,63 -7.,74 =0,56 w048 60495 14.83 -0.52. =0,29 w0314
4.177 78,18 -8.06 =0.65 0,60 6un27 19,47 -1.44- 0,26 0304
4,472 76,78  -8.31 0,76 *0,73 6,17/ 24.31  =2.83 =0.44 0517
. 40650 75,44 8,49 0,86 »0,8% 6.050 27.90 +3.78 «0,03 0,24
011 0,33 | 4,853 7414  -8.65 ~0,94 ©0)%4 5,559  30.66 -4.35 0,40 05983
0,07 0407 | 5,109 72,27 -9,04 =1,00 0,99 . ° ° . e
3 .g.o: 0,03 | S.a31 69.35 -10.72 «1,03 *0394
104 0,02 5,627 66.15 -13.94 1,03 «0,8
«0.0% 0503 | Sievs 52,32 -14.47 e1.04 -oioi B= 0,000 C= 0,040
«0,01 20,03 | 6,052 58,10 =3>3,14 =1,06 0,45 g .
0104 00105 | bi172 53.75 27010 e1.06 0428 | 20943 59.30 -t.ai o008 fild
~0.04-00,01 | 6.278 4886 -30.13 <1,14 0,11 e oat 1023 =0.01 =002
“0.03 0,08 | 6.363 43.78 -30.67 *0.89 0436 3.086 58,34 -1.29 . 1

*0.40 0,07 | 5.¢34 39,09 -20,35 «0,91 0452 30173 87,77 glgt

6.344 13193 Zolze 0,45 0103 | s.ate 3Is.24 -27.09 0,96 0,61 3250 37.22 0301
b.z44 17.98  .12,39 *0.22 «0,0% 3.3 56.14 B+
5,141 21,48  .13.73% 0,22 0,08 3.678 55,61 :lg‘
s
4,220 54,10 0,04

4,378 53.61 0,07

4,540 53.13 0,04

4.265 52,66 ~2.17- 0,41 0,09
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Table 1. Continued.

4,787 52020 -2.36

4,649 51,30 57
5.082 50.44
5.189 49,60
5.273 48,78
S.410  47.24

5,521 45,79 =-%.43

5.675 43,13 -6,98

S.e18  40.22 -8.72

5,979 37.21  =9.67

6,054  33.85 9.3

6,158  30.38 =-8.40

54245 27,07 <7.14

W31 24041 =6.00

B= 0,010 C= 0,040

8.445  0.00 0.04

0,59 0,01

1.16 =0.02

1.73  -0.04

2,28 -0.08

2.83 -0.09

3436 -0.18

4,40 -0.2?

5.40 =0.25

6.37 =0.24

8,20 -0.36

9.90 ~0.45

11,50 -0.50

. 13,00 -0.40

15,73 ~1.7%

19,28 =3.36

34,69 -9.36
B= 0.020 = 0.040
8,447 0,00 0,04
7.978 0,74 =0.02
7.624 1,46 =-0.08
70505 2,18 -0.13
7.385 2,87 -0.21
7.2%8 3.56 -0.27
7,700 4,23 =0.27
7.075 5,53 -0.43
6,475 6,79 «0.55
6,815 9.17  -1.05
5./53  11.39 =1.98
6.669 15,42 =4.52
5.525 24,23 -10.52
64013 31,28 -15.12
6,300 37.37 -18,47
[6.145  44.12 -19.81
B= 0.020 C= 04940
3.014  74.80 -2.79
3.114 74,06 =3.01
3.203  73.34  =3.05
10222 -3.23%
3.472 ~3.50
J.578 =-1.43
3./28 5 -1.56
3.E93% 69.91 -3.70

69,22 =3.89

68,63  =3.99

68,04  =4.07

67,40

66.80

66.21

65,63

64,50

63.41

62,35

00.34

58,46  =8.,50

55.84  =10.88

0,07

0,04
0,02
=0,01
=0,03
=0.06

“0.40
-0.41
*0.32

-0, 49

0,46
0,30
0,25
0,29
*0,09
«0.07
*0,09
«0.47
=0.17
“0.16

~0,00
«0,04

°0301
004
0,05
0,05
0,09
0,14
0,10
0,20
0914
0,09
0,05
e0.08
00,14
“0,28

S.E47 33,45 =14.09 .9,51 «0,34
5.647 50,57 =16.12 0,22 *0,00
6,103  45.64 =19.37 0,29 0,05
6.229 40,68 -19.68 0,38 0,09
64379 35.99 . -17.83 <g,49 0,11
6.425° 30,68  ~14.79 «0.50 0,23
B= 0.040 C= 0,040
0.00  -0.00 =0,00 0,28
1.13  -u.17 =0.16 0,10
2,22 -0.42 *0.40 0,35
4.15  -0.72 #0.68 0,63
6.1y =1.18 «0.98 0,86
9,82  -3.21 1,31 #0,68
16443 ~8.42 «1,46 0,05
24.93  -15.45 «1.25 0349
35.15 23,97 4
42.19 =-29.54
48,01 -33.73
52,90 36,63
6,278 58,89 -38.2%
64257 63.74  =37.00
B= v,040 C= 0,040
2,829 106,93  -3.65 0,10 0,03
2.544 105.78 -4.24 0,02 0,413
3.207.103.85  -5.54 0.02 0,10.
3.432 101,89  -6.28 0,17 0,2¢
34768 100,00  ~6.81 0,19 0,25
4,025 © Y8 k8. -7,00 0.30 0,33
4.%%4 94,73 =7.59 ?
40292 93,10 -7.82
5.142 90,00  -8.61
5,398 87,09 -10.34
5.732 81,81  -15.89, 20,20 *0,11
77,44 =22,00 «0,33 #0,12
72,97 £28.20 <0.76 0,43
68,35
64,23
59,99
55410
49.09 0'26
44,26 =30.97 «0,87 (,33
B= 0.150 C= 0.740
0.00 0.12
2,83 -0.52
5.60  =2.54
8.32 -4,68
16,16 =12.19
25.96  =21.50-
39.39  -34.31
62,43  =56,03
92,66  -80.76
6,792 119,61 -88.69
6etC2 139.97 -75.53
6,417 158,68 <44.77
B= 0.020 C= 0,080
8.512 0,00 -0.0h 0,06 0,42
8,052 1.17 ~0.12 «0,41 0,04
7.r14 2.31
7.646 3,43
7.526 4,53
7.426  5.61
7.243 6407
7.214 873
7,112 10,71
64437 14.47
6,618 19,64
6./16 25,78
64630 32,46
6,248 39.29
0,429 4a8.54
6,307  57.13
641U3 69,19 -19,80 0,84 0,63

= 0,020

2,628
2,495
3052
J.1%2
3205
42
‘3,560
Je785
34983

4,0y
4,482
4,624
4,835
4,995

B= 0.040

8486
7,590
7.7726

b4
7.3a3
7.6,
741483
7.087
5,957
6.912
6.£04
b.e54
Bevru
ba.aha
ba2t

b.28/

B= 0.040

J.Ur5
3a199
3.324
J.274
3.e%20
d.790
3J.v2y
4,103
4,270
4,431
4,573
4.710
4,756
a7
5+¢1206
Se249
54249
£15
5.t44
54753
S.t43
5.918
b.049
64350
6,221
6e231
64522
6.%806

C=

118,00
116,33
115,69
114.57
113,47
112,39
111.33
110.29
109,27

1v
106432
105.38
103.53
101.75
100.02
96,75
¥5.19
92,22
86,80
79472
70,23
61.51
43,81

C=

0.00
1.45

04380,

“2.42
-2.11

“14.19
-19,48
-21.19
~16.98

0.030

-0.01
~0.20
-0.42
-0.65
-0.86
“1.14
~1.35

*0.,09
0.1

0,76

0,01

90,19

80.12
46,70

C=
147.00
145,55
144,12
142,73
141,35
140,01
138469
137.40
136443
124,89
133,66
132.33

131,27
128,97
126,75
124461
122,53
116,59
114.88
111,41
108,13
105,05

99,38
91.v6
83.56
75.06
66,88
60.30

-41,07
-34,01

0.080.
<4.90
-5.42
=5.85
~6.23
~6.47
~6,74
=H.6%
-6.48
~7.06
-7.2%
-7.34
=7.44
=7.37
-7,55
-7.9n
-8.58
~9.29
-11.19
“13.45
-16.20
-19.04
-?21.75
27,68
-34.88
~40.59
~a1.7%
-34.84
=35.22

1969

In order to test the influence of an error in £, a calculation was made where
the E,-values were setwise adjusted. This calculation lowered the error squares
sum, but did not change the overall picture. The results are given in Table 1.

Data of the data IV region (yellow coloured solutions) were treated
separately. The results of this pgr-analysis are given in Fig. 5. It is seen that
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although the lowest error squares sum is obtained for the complex A,,B,,C,
equally valid explanations with other pgr-values cannot be ruled out.

Pr— r=2 ?25;3

P r=1 - ({w ({12.3
21 _ R&l 30— O\M c(ﬁ
20 O\&QO\M 29— ?ALO\J_Z_J_
19 , ?ﬂ 60@_g %@ 28— c{@ c\'_l"l_.fl
18 ?ﬁ; ({}18 27— 01@5 ?M
17 C{M Zsr O\_‘g—

I I | 1 1 1 1

1n 12 3 9 16 17 18 19 q

Fig. 5. Letagrop-search. Results of the calculations using Data IV. Error squares sums
104Uy, as a function of various (p,q,r)-sets.

A relatively good fit was obtained by assuming A,B,,C, A;;B;,C, and
AyB1C (Iog Pigp1=125.15+0.16, log fio10,=129.34+0.24, log o011
=132.92+0.21, U_,=19x10"%). However, attempts to connect this
result with the result from the calculation on uncoloured solution data failed
completely. Before we can analyse the data for the yellow coloured solutions
successfully, it is necessary to extend the pH-range to more acid solutions
and also to complement the emf data with, for instance, spectrophotometric
data. Investigations in this direction are in progress. *

CONCLUSIONS

The present equilibrium analysis has given clear indications for the existence
of two types of complexes, one yellow and one colourless. Moreover, through
the present work, composition and equilibrium constants for main complexes
of the colourless type have been well established. A good criterium for that
is the low standard deviations of the determined equilibrium constants (Table
2). Strengths and concentrations of these complexes are well illustrated by
the distribution diagrams given in Fig. 6.

Concerning the yellow complexes it may be said that the range studied
is too limited to allow a distinct conclusion. What can be said at present is
that the B/C ratio of the complexes probably lies between 8 and 12. Attempts

* Note added in proof. Some recent results on yellow coloured solutions are presented
elsewhere. !4
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Table 2. Results of pgr-analysis for colourless solutions, using LETAGROP. The binary constants used are
those under 0 in Table 1.

SP"";;;?}““ Umin | o(2r) mm 10g (Bpqr+ 30)
Data I (1,1,1) 19.69 | 1589 | 8.42+0.48
(79 points) 21,1) 8.65 | 10.53 | 14.85%0.15
3i11) 1434 | 13556 | 21.37+0.18
2.21) 1073 | 1173 | 16.13%0.22
(3.2.1) 2.79 5.98 | 22.79%0.09
(4.2.1) 2.86 6.06 | 29.47+0.09
(5.2.1) 1176 | 12.28 | 36.08%0.21
3.2.1) (4,2,1) 2.11 5.24 | 22.52%0.27, 20.14+ 0.30
(3.3.1) 7.86 | 10,04 | 24.02%0.21
(4.3.1) 1.95 5.00 | 30.73%0.09
(5,3.1) 0.43 2.35 | 37.47%0.05
(6.3.1) 4.00 716 | 44.17%0.14
(5.41) 2.29 542 | 38.71%0.12
(6,4.1) 0.43 2.33 | 45.47%0.05
(1.41) 1.75 474 | 52.20%0.09
(6,5,1) 2.85 6.04 | 46.71%0.15
(7.5.1) 0.97 3.63 | 53.48%0.09
8.5.1) 1.27 4.04 | 60.24% 0.09
(7.6,1) 3.38 6.568 | 54.73% 0.21
(8,6,1) 1.60 453 | 61,513 0.12
9,6,1) 1.38 421 | 68.28%0.12
(6.3.2) 2.51 5.68 | 45.81%0.12
(6,4,2) 1.59 452 | 47.08%0.12
(7.4.2) 0.58 2.73 | 53.83%0.07
(8,4.2) 2.36 5.50 | 60.56%0.17
(1.5.2) 1.41 4.26 | 55.08%0.13
(8.5.2) 0.15 1.36 | 61.85+0.04
(9.5.2) 0.86 3.33 | 68.60% 0.09
(8.6.2) 1.66 462 | 63.09%0.15
9,6,2) 0.33 2.06 | 69.87% 0.06
(10,6,2) 0.48 2.47 | 76.64% 0.07
(10,7.2) 0.75 3.11 | 77.90%0.10
(11,7,2) 0.58 2.72 | 84.68% 0.09
(10,6,3) 0.75 310 | 78.28%0.11
(11.6,3) 1.19 3.91 | 85.04%0.17
(10,7.3) 1.54 444 | 79.52%0.18
(11.7.3) 0.57 2.70 | 86.31% 0.09
(12.7.3) 0.64 2.86 | 93.08%0.10
(11.8,3) 1.67 4.62 | 87.54%0.19
(12.8,3) 0,67 2.94 | 94343 0.12
Data I+1I (3,2,1) 1004 | 10.85 | 22.95+0.17
(94 points) (£.2.1) 9.82 | 1027 | 20.31%0.16
(3,21 (4,2,1) 3.82 6.31 | 2271 0.20, 28.82+0.15
(8,5.2) 0.25 61.85
(8,5.2) (9,5,2) 0.12 1.14 | 61.79+0.04, 66.93+0.16
Data T+ TI+TII+V| (8,5,2) (9,5,2) (10,5,2) |  0.12 0.58 | 61.97+0.02, 67.07+ 0.08, 70.86+ 0.09
(359 points)
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these data with e.g. dodecamolybdophosphates — a proposal often-

s in the literature — were however not successful. Complimentary works
~on the yellow solutions (emf and spectrophotometry) are in progress.

~ The present paper contains no review or comparison with earlier studies.

We suggest that such a survey may be worth-while when the information

concerning the yellow complexes becomes clearer.

From present studies, using other experimental methods, we hope, in the

near future, to collect complementary and confirmatory information about
proposed complexes. At present, the following studies are in progress:

_— —10

HgtMoOu)5 (HPO,)®~ Hg(Mo0,)5(HPO)S"

Hg(Mo04)s(HPOL)Z8™ Hg(MoO4)s(HPOL®™

o5
H1o(Mo0)s(HPOLZ>
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Hg(MoO,Js(HPO,),5™  Hg (Mo0,)5(HPO,),5 "

Mo0z2™ PO

- ry -5 -4 -3
logh

Fig. 6. Complex distribution diagrams, «(log h)gc for a) B=40 mM, C'=10 mM (The
curves have been calculated neglecting the existence of yellow coloured species); b)
B=50 mM, C=20 mM; ¢) B=40 mM, C=20 mM. « is defined as the ratio between
molybdenum in a species and total molybdenum. Species with « < 0.008 have been omitted.

i. Molecular weight determinations using ultra-centrifugation.
ii. “Structure’” determination of the aqueous species by X-ray solution
studies.
iii. Structure determinations of molybdophosphates crystallized from
aqueous solutions, using X-ray diffraction.
iv. Spectrophotometric measurements in UV.
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