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Multicomponent Polyanions

III. A Potentiometric Study of Germanate— Mannitol Equilibria
in 0.5 M Na(Cl) Medium

LAGE PETTERSSON and INGEGARD ANDERSSON

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

Equilibria between HT, Ge(OH),, and D-mannitol (C,H,,0,)
have been studied in 0.5 M Na(Cl) medium at 25°C by means
of potentiometric (glass electrode) measurements. The pH-
range 2—9 has been covered. All data could be explained
with the ternary complexes (H)_,(Ge(OH),)(C,H,,O,)~ and
(H)_,(Ge(OH),)(C{H,,04)s together with a small amount of an
additional complex (H)_s(Ge(OH),)s(C4H,,04),>~. The existence of
the first two species seems to be well established whereas the existence
of the third is questionable. Data have been treated using the least
squares computer program LETAGROPVRID. “Best” equilibrium
constants and standard deviations are collected in Table 2.

In a series of investigations in progress in this department we are studying
three component polyanion equilibria:

pA+¢B+rC=A,BC,

In the present report we will present an investigation of the system H*-
Ge(OH),-mannitol; thus A, B, and C stands for H+, Ge(OH),, and mannitol,
respectively. The aim is to obtain a quantitative description of the equilibria
in the system. It is an experimentally rather easy system. The study may
provide an evaluation of the method, and would give a basis for further
studies in other similar systems, e.g. in systems with borate and silicate ions.

PREVIOUS WORK

Complex formation between germanic acid and mannitol was first reported
by Tchakirian ! in 1928. He observed that the solubility of GeO, in water was
increased by the addition of mannitol and that the pH of the solution de-
creased by formation of acids which are much stronger than germanic acid
itself. He found that the acids formed consumed one OH™ per germanium
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and proposed the formula H,[Ge,05(Ma),] with n>2. Mannitol will in the
following often be denoted Ma. The Ge—Ma acids soon found use in the
analytical determination of germanium.2-6

Only a few investigators have studied the germanium-mannitol system
thoroughly. Antikainen? found (from potentiometric investigations, 25°C,
0.1 M K(l), that only one singly charged complex is formed with a Ge-Ma
ratio of 1:2 and with a formation constant of 10-4.0%0, Nazarenko and
Flyantikova 8 came to the same result by means of pH measurements (a molar
ratio method). Like Antikainen they used an excess of mannitol. They deter-
mined the thermodynamic ionization constant (25°C) by means of an indicator
method (using a spectrophotometer) and obtained the value (1.21 + 0.01) x 10-5,
Everest and Harrison ? studied the Ge-Ma system in the pH-range 3—12 by
using ion-exchange resins. They proposed complexes with Ge-Ma ratios of 1:1,
1:2, and 1:3 with charges —1, —2, and —2, respectively. They also found
indications for an uncharged 1:1, a singly charged 1:2, and a singly or doubly
charged polynuclear complex. The authors also make suggestions for the
structures of the various species.

The existence of a complex with a Ge-Ma ratio of 1:2 seems to be well
established when excess of mannitol is used. However, at low Ma-Ge ratios
other complexes appear probable, the compositions of which are rather un-
certain. It thus seems worthwhile making a more general investigation by
taking all three components into consideration.

EXPERIMENTAL

Chemicals and analyses. Sodium chloride, sodium hydroxide, and germanium dioxide
were prepared and analysed as described by Ingri® and D-mannitol as described by
Pettersson.!* Hydrochloric acid, Merck p.a., was standardized against KHCO; or tris-
hydroxymethylaminomethane (TRISMA.-base).

Apparatus. The emf equipment and arrangement used were the same as described
by Sjoberg.!?

Coulometric (OH™)-addition. In titrations with low B concentrations (2.5 and 5.0
mM), OH™ was added by using a coulometer with the following cell-arrangement:

Pt- Equilibrium

0.5 M Na(Cl) Ag +

gauze solution
cathode reaction: Ht +e~=1/2 H,(g)
anode reaction: Ag(s)+ Cl = AgCl(s) + e~
The coulometer used was a Metrohm type E 211.

Method

The present study has been carried out as a series of emf titrations at 25°C and in
0.5 M Na(Cl) medium. In each titration the total concentrations of germanium, B, and
mannitol, C, have been kept constant and [H*]=72 has been varied by the addition of
OH~ or Ht. B and O have been varied within the limits 2.5 mM<B<30 mM
and 5<C <320 mM. The free hydrogen ion concentration, h, has been measured with
a glass electrode with an accuracy of +0.2 mV. The range of pH (= —log k) has been
kept within the limits 2 <pH <9.

The free Ht-concentration was determined by measuring the emf of the cell

Ag, AgCl 0.500 M Na* ’ equilibrium glass
0.500 M CI™ solutions electrode
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Assuming the activity coefficients to be constant the following expression is valid for the
measured emf:

E=E,+59.157 log h+ E, (1)

E, is a constant that could be determined in every titration in the acid range where the
binary and ternary reactions can be neglected. For the liquid junction potential, Ej,
we have used Ej= —83 h+41 K h™ (mV), where K = 2.0 x 107" m? (the ionic product of
water in 0.5 m Na(Cl)).1%:1¢

From h, calculated by using eqn. (1), and from H, the excess concentration of hydrogen
ions over the zero level Ge(OH),, mannitol, and H,0, one can calculate Z, the average
number of Ht bound per B, using the relation:

Z=(H-h)/B @)

Equilibria, the law of mass action and the conditions for the concentrations. In the present
gtudy in addition to the three component equilibria:

pA+¢B+rC=2A,B,C, (3)
we need to consider the binary equilibria:
PA+g¢B=2A,B, (4)

In eqns. (3) and (4) A=H*, B=Ge(0OH),, and C=mannitol (C;H,,0,). The complex
ApB,C, will be referred to as the (p,q,7) species or complex.

In the formation of the different two and three component complexes in the present
gystem protons are split off and consequently p will obtain negative values.

Accurate equilibrium data for Ht-Ge(OH), (25°C and 0.5 m Na(Cl)) have already
been presented by Ingri® He reports the following species and formation constants
(given on the molal scale):

GeO(OH); (log Boi1=— 9.03); GeO,(OH),* (log Bozi=— 21.26);
(Ge(OH),),(OH) ¢~ (log f_qs= — 11.96)

Note that the values of the constants given by Ingri are calculated with OH™ as com-
ponent and they have been recalculated with H* as component using the ionic product of
water in 0.5 m Na(Cl) medium (logK, = —13.70).1%1* The equilibrium constants in the
0.5 M Na(Cl) medium are assumed to have the same values as in the 0.5 m Na(Cl) medium.

We have found that within the pH-range 1<pH <9 mannitol does not react either
with Ht or OH".

Applying the law of mass action to equilibria (3) and (4) the conditions for the con-
centrations give:

B=b+B,+ 5qBpg,htbic" ()
C=c+ 31 Bpg,hPblc” (6)
H=h+B1Zy+ ZpBpe,h?bic’ (7)

where b=[Ge(OH),), c¢=[C,H,O,], h=[H"], By, =[4,B,C] h7?b~%c" and B,, B,Z,
are the “known’ quantities for the binary equilibria:
By=p_1,:h70+ f_y 1h7b+ 8 B h720° (8)
BiZy = =B 1, B0 —28_, 1A%~ 3 B_s k%" (9)
The summations are made over all ternary species present.
Data treatment. The refinement of constants and error calculations have been made
with the least squares program LETAGROPVRID,* version ETITR.* The error squares
sums U=3(Heye—H)? or U=3(Z.—Z)* have been minimized. The standard

deviations are defined and calculated according to Sillén.'s** The computation has been
performed both on CD 3600 (Uppsala) and on CD 3200 (Umed).

DATA, CALCULATIONS AND RESULTS

In Fig. 1 we have plotted experimental data Z(log k)sc for a section at
B=2.5mM and with C=5, 10, 20, 40, 80, 160, and 320 mM.
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Similar diagrams were obtained also for the other B sections studied
B(C) in mM: 5 (40, 80, 160, 320); 10 (5, 20, 80, 160, 320); 20 (5, 20, 80, 160,
320); 30 (80, 320) but for clarity these data have been omitted in the figure.
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Fig. 1. Experimental data Z(log h)gc Fig. 2. Experimental data Z(X)gc for
for a section at B=2.6 mM. C/[B=8. X= —log h+2 log [C+2(H —h)].

From Fig. 1 we see that in the Z-range —1<Z <0 different curves are
obtained for different C-concentrations, thus clearly indicating that at least
one mixed complex A,B C, must be formed. The curves seem to reach a limit-
ing value at Z=—1 mdlcatmg formation of complexes where one proton has
been set free per complexed germanic acid (¢g= —p). Furthermore, for
C/B >4 the space between the curves is approximately constant and the
quotients (4 log 2/4 log C)g,z are equal to two. This would indicate formation
of a main complex with r/p= — 2 and the simplest complex would be A_,BC,.
In order to test this proposition further we constructed a diagram Z versus X,
where X = —log 2+ 2 log (C+2(H —h)).

If the hypothesis of a single complex A_;BC, is correct, the plot, Z(X)zc,
would give a single curve independent of B and C. This has also been found
for C/B > 8 (see Fig. 2), and the plot strongly confirms the complex A_;BC,
when an excess of mannitol is used. We also determined the formation constant
and found log f_,,,= —3.93 +0.02.

For the refinement of the graphlcally found g_, ; ,-value the LETAGROP
computer program was used. The calculation was started with the sections
B=2.5 and 5.0 mM.

For C/B > 8 the fit was rather good but for lower ratios systematic devia-
tions were found indicating at least one additional complex. We found that
addition of the complex (—1,1,1) completely explained the data.

The calculations were then extended by including the other B-sections
studied (B=10, 20, and 30 mM). We found that the value of log f_,,,
changed (from —6.40 to — 6.32) and we obtained small systematic deviations
which were most marked for C/B< 4. These deviations could, however, be
satisfactorily explained when adding the complex (-2, 2, 2).
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In order to test the influence of the dissociation constant of Ge(OH),
(B-1,10), @& final covariation of B0 o112 B-1,1,1s and f_,,, Was made
'vrvhich resulted in very small changes in the values of the constants (see

able 2).

Results from the different LETAGROP calculations are collected in
Table 2. Data used and residuals 4= (Z_,,. — Z) x 1000 obtained for the ‘“best”’
explanation are collected in Table 1.

Table 1. Experimental data H(log k)pc. For each point the quantities H (in mM), log
h, and 4 are given. The quantity 4 is the residual (Z . —Z) x 1000.
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In order to test the existence of uncharged complexes between germanic
acid and mannitol we measured the optical rotation of acid solutions (pH==2).
For B <30 mM we found that the optical rotation was the same as for pure
mannitol at the corresponding concentration. However, for B > 30 mM there
was a small increase in the optical activity, thus indicating the possibility of
uncharged complexes.

CONCLUSIONS

The present investigation has shown that in the system H+t-Ge(OH),-
mannitol the main ternary complexes are (—1,1,2) and (—1,1,1). For ger-
manium concentrations greater than 5 mM with not too high mannitol excess
additional complexes are indicated. The data range available favouring the
formation of these additional complexes is, however, too limited to allow
a meaningful data analysis (testing different pgr-sets). Neither can the con-
centration range be extended over the entire pH-range studied because of the
limited solubility of Ge(OH), (~40 mM in 0.5 M NaCl). However, some
different pgr-sets were tested and the complex (—2,2,2) gives a satisfactorily
explanation of additional effects.

In all the three ternary complexes one proton is set free per complexed
germanic acid (p/¢= —1). However, for some BC-combinations we found Z-
values < —1 (indicating complexes with p/g< —1) but the corresponding
pH-values were 2 9. In this pH-range the glass electrode does not give reliable
values and to be able to determine these complexes the pH-range must be
extended by, for instance, using a hydrogen electrode.

o 8=10mM C=5mM b B=10mM C=20mM

-8 -6 -4 logh -8 -6 -4 logh

¢ B=10 mM C=160 mM

Fig. 3. Distribution diagrams «(log k)pgc.
The quantity « is defined as the ratio
between germanium in a species to total I
germanium. HALTAFALL "™ was used S

for the calculation. -8 -6 -4 logh
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Strengths and concentrations of the ternary complexes found in the pH-
range 3—9 are illustrated by the distribution diagrams given in Fig. 3, a—c,
for B,C=10,5; 10,20; 10,160 mM, respectively. In Fig. 3, a and b, (B/C=
2 and 1/2) the (—1,1,1), (—-2,2,2), and (—1,1,2) complexes all are present in
considerable amounts, but in Fig. 3¢, (B/C=1/16), the (—1,1,2)-complex is
quite predominating. It is not surprising that investigators using a great
excess of mannitol have been able to explain their data with solely the (—1,1,2)-
complex.
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