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INTRODUCTION

Heteropoly acids are strong Brønsted acids, and
they are widely used as homogeneous and heteroge-
neous acid catalysts [1, 2]. Heteropoly acids with the
Keggin structure have been studied in most detail. Their
acidity in solutions has been quantitatively character-
ized and compared to the acidity of ordinary mineral
acids [2–5]. In aqueous solutions, heteropoly acids are
strong acids, which are fully dissociated in all steps.
The acidity of these solutions expressed in terms of the
Hammett acidity function 

 

H

 

0

 

 is at a level of the acidity
of 

 

HClO

 

4

 

 and 

 

CF

 

3

 

SO

 

3

 

H

 

 solutions [5]. Nonaqueous sol-
vents exert a differentiating effect on the acid properties
of heteropoly acids. According to Kulikov and
Kozhevnikov [4], in acetic acid, Keggin structure het-
eropoly acids are comparatively weak electrolytes that
dissociate in only the first step. The acid dissociation
constants 

 

p

 

K

 

 were determined for these compounds by
conductometry, and their acidity was found to be higher
than that of sulfuric acid (a conventional acid catalyst)
by 2–5 

 

p

 

K

 

 units [4].

Presently, a wide range of heteropoly acids is
known, and a great body of information on their struc-
ture was accumulated [6]. However, data on the acid-
ity of solutions of heteropoly acids that are different
from Keggin structure heteropoly acids are very lim-
ited [5]. In this work, we used the indicator method
and conductometry for studying acetic acid solutions
of heteropoly acids of the following structure types:
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EXPERIMENTAL

Heteropoly acids of the following compositions
were used in this study: 
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. The above heteropoly
acids were prepared according to published procedures
[7–9]. The compound 

 

H

 

3

 

PW

 

11

 

ThO

 

39

 

 · 

 

12.7H

 

2

 

O

 

 was syn-
thesized electrochemically by a procedure analogous to
that for other complex heteropoly acids [8]. The purity
of heteropoly acids and their integrity in acetic acid
solutions were monitored by 

 

31

 

P NMR spectroscopy.
The compounds 

 

CF

 

3

 

SO

 

3

 

H

 

 (Merck, >98%) and 

 

HClO

 

4

 

of chemically pure grade (concentration of 9.3 mol/l in
an aqueous solution) were used without additional puri-

fication. Acetic acid (relative density  = 1.0437 (the
ratio between the density of the substance (g/ml) at

 

25°C

 

 to the density of water at 

 

4°C

 

) and specific con-
ductivity of 

 

5.06 

 

×

 

 10

 

–7

 

 

 

Ω

 

–1

 

 cm

 

–1

 

) was obtained by the
distillation of high-purity acid on a 0.3-m rectification
column.

The Hammett acidity functions 

 

H

 

0

 

 of colorless het-
eropoly acids (

 

H

 

6

 

P

 

2

 

W

 

18

 

O

 

62

 

 and molybdenum het-
eropoly acids are colored) were determined by spectro-
photometry at 

 

25°C

 

 as described previously [5] with
the use of 

 

ortho

 

-nitroaniline and 

 

para

 

-nitroaniline as
indicators. The  values of the indicators for solu-

tions in mixed solvents were determined by the Paul
method as described previously [5]. These values for
85% acetic acid were equal to –0.27 and +0.99 for

 

ortho

 

-nitroaniline and 

 

para

 

-nitroaniline, respectively.
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Abstract—The acid properties of heteropoly acids of the following three structure types were studied by con-
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pounds are electrolytes that dissociate in only the first step of this solvent. The thermodynamic dissociation con-
stants of the heteropoly acids were calculated by the Fuoss–Kraus method. The Hammett acidity functions H0
of the solutions of H5PW11XO40, H3PW12O40, H4SiW12O40, and H6P2W21O71(H2O)3 in 85% acetic acid at 25°C
were determined by the indicator method. All of the test heteropoly acids were found to be strong acids.



786

KINETICS AND CATALYSIS      Vol. 42      No. 6      2001

TIMOFEEVA et al.

The conductivity of the solutions was measured at
25 ± 0.2°C in a heteropoly acid concentration range of
10−3−10−5 mol/l with the use of an ac bridge. A cell with
platinum electrodes and a cell constant of 0.1441 cm–1

was used for the measurements. Because the conduc-
tivity of heteropoly acid solutions is almost indepen-
dent of ac frequency, the measurements were per-
formed at a frequency of 2000 Hz, as in a previous
study [4]. We failed to measure the conductivities of a
number of heteropoly acids (H8CeMo12O42 · 21.2H2O,
H21B3W39O132 · 73.7H2O, H6As2W21O69(H2O) · 27.4H2O,
and H8P2W20SnO71(H2O)3 · 24.2H2O) in solution
because of their low solubility in anhydrous acetic acid.

RESULTS AND DISCUSSION

Ion pairs that are formed in aqueous acetic acid
solutions in a concentration range of 90% ≤ HOAc ≤
100% affect the acid–base equilibrium and the scale of

H0 [11]. The effect of associates becomes insignificant
at acid concentrations lower than 90%. On this basis,
the values of H0 were determined in aqueous acetic acid
containing 85 vol % HOAc. Table 1 summarizes the
results of the measurements. The data obtained for
H3PW12O40 and H4SiW12O40 are consistent with pub-
lished data [3]. The acidity (on a per-proton basis) in
aqueous 85% acetic acid decreases in the order listed
below in Table 2: H6P2W21O71(H2O)3 > H4SiW12O40 ≈
H3PW12O40 > H5PW11TiO40 > H3PW11ThO39 ≈
H5PW11ZrO40.

This order is different from the orders found for
aqueous (10% H2O) acetone and acetonitrile solutions
[5]. This fact is indicative of a differentiating solvent
effect on the acid properties of heteropoly acids. The
acidity of solutions of the first three heteropoly acids
from the above series is higher than that of the solutions
of strong mineral acids such as HBr and H2SO4. The
solutions of heteropoly acids having a constituent ion
that replaces one W ion exhibit markedly lower acidity.
It is likely that the presence of potential Lewis sites
(Ti4+, Zr4+, and Th4+ ions, whose effects on an indicator
base cannot be taken into account) is responsible for
considerable interference in spectrophotometric mea-
surements.

The acid dissociation constant, which is determined
by conductometry in dilute solutions, is one of the most
important characteristics of soluble acids [11]. Table 3
summarizes the molar conductivities (µ) of the solu-
tions of structurally and compositionally different het-
eropoly acids. In almost 100% acetic acid, all of the test
heteropoly acids exhibit values of µ comparable to
those of HClO4 and CF3SO3H (Fig. 1). This fact indi-
cates that heteropoly acids behave as monobasic acids
in acetic acid. The low values of µ result from the low
degrees of dissociation of heteropoly acids and from
the low solvent permittivity (D = 6.20 [14]).

It is well known [15] that the thermodynamic disso-
ciation constants of weak- and medium-strength elec-
trolytes that dissociate in only the first step can be cal-
culated by the Fuoss–Kraus method at concentrations

Table 1. Hammett acidity functions H0 of heteropoly acid solutions (HOAc : H2O = 85 : 15 vol %)

H3PW12O40* H2SiW12O40* H4PW11TiO40** H3PW11ThO40** H5PW11ZrO40** H6P2W21O71(H2O)3*

C, mol/l H0 C, mol/l H0 C, mol/l H0 C, mol/l H0 C, mol/l H0 C, mol/l H0

0.1500 –0.45 0.1000 –0.40 0.0500 +0.19 0.075 +1.98 0.0500 +0.79 0.0500 –0.27

0.1000 –0.36 0.0667 –0.23 0.0330 +0.61 0.050 +0.70 0.0330 +1.34 0.0280 –0.09

0.0667 –0.04 0.0500 –0.07 0.0250 +0.74 0.025 +1.43 0.0250 +1.47 0.0190 –0.03

0.0500 +0.10 0.0330 +0.02 0.0125 +1.05 0.015 +1.72 0.0125 +1.97 0.0140 +0.01

0.0330 +0.27 0.0250 +0.20 – – – – – – 0.0095 +0.19

0.0250 +0.37 0.0167 +0.27 – – – – – – 0.0070 +0.26

0.0167 +0.62** – – – – – – – – – –

  * Indicator, ortho-nitroaniline (5 × 10–4 mol/l); ε0 = 6597 l mol–1 cm–1; absorption band at 407 nm.
** Indicator, para-nitroaniline (5 × 10–4 mol/l); ε0 = 13724 l mol–1 cm–1; absorption band at 371 nm.

Table 2.  Comparison of the Hammett acidity functions H0
for acid solutions in 85% HOAc

Acid

H6P2W21O71(H2O)3 –0.27 –0.20

H3PW12O40 +0.10 –0.17

H4SiW12O40 –0.07 –0.04

H5PW11TiO40 +0.19 +0.40

H5PW11ZrO40 +0.79 +1.06

H3PW11ThO39 +0.70 +1.01

HBr – +0.17***

H2SO4 – +0.75****

      * Values for solutions with the same molar concentration
(0.05 mol/l) of the acid.

    ** Values for solutions with the same concentration (0.20 mol/l)
of protons.

  *** The value estimated from published data [12].
**** The value estimated from published data [13].

H0
* H0

**
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(C) lower than 7 × 10–5 mol/l in an acetic acid solution
(C < 3 × 10–7D3 mol/l). Under these conditions, it is
suggested that ion associates of the order higher than
ion pairs are not formed. Fuoss and Kraus [15] pro-
posed an equation for calculating thermodynamic dis-
sociation constants. This equation relates the equivalent
conductivity of solution λ (Ω–1 cm2 g-equiv–1) to the
dissociation constants of ion pairs (K) and associates
that consist of three ions (triplets) (K'):

(1)

where λ0 is the limiting conductivity (at infinite dilu-

tion) of free ions and  is the limiting conductivity of
triplet associates. Figure 2 illustrates data obtained in
accordance with Eq. (1) for heteropoly acids and
CF3SO3H in acetic acid solutions. As can be seen in

Fig. 2, at concentrations above 2 × 10–4 mol/l, 
plotted against C flattens out both in the case of het-
eropoly acids and SF3SO3H; this fact is indicative of
higher order association than ion pairs. At the same
time, association in HCl was observed at acid concen-
trations of 10–5–10–4 mol/l [4]. This estimate is rough

λ C λ0 K=
λ0' C K

K '
------------------,+

λ0'

λ C

because Eq. (1) is not strict. However, there is no ques-
tion that this analysis adequately interprets the trend.
Table 4 summarizes the calculated dissociation con-
stants K and λ0.

4

0.5
0

1.0 1.5 2.0 2.5 3.0
C1/2 × 102, mol1/2 l–1/2

8

12

16
µ, Ω–1 cm2 mol–1

1

1
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4
5
6

2

3
4

5 6

Fig. 1. Molar conductivity µ as a function of  for the
acids: (1) CF3SO3H, (2) H6P2Mo18O62, (3) HClO4,
(4)     H3PW12O40, (5) H6P2W21O71(H2O)3, and
(6) H6P2W18O62.

C

Table 3.  Molar conductivity of heteropoly acid solutions in HOAc

C × 104, mol/l µ, Ω–1 cm2 mol–1 C × 104, mol/l µ, Ω–1 cm2 mol–1 C × 104, mol/l µ, Ω–1 cm2 mol–1

H3PMo12O40 H4SiW12O40 H3PW12O40

1.48 8.142 1.93 4.429 0.768 7.398

1.85 7.000 2.41 3.520 1.040 5.577

2.31 6.631 3.09 2.908 1.920 4.325

3.61 4.798 3.86 2.747 2.600 3.731

4.75 3.844 5.22 2.567 4.800 3.233

5.95 3.289 7.05 2.425 6.000 3.022

H5PW11TiO40 H5PW11ZrO40 H3PW11ThO39

0.475 8.997 2.45 10.084 0.1120 10.899

0.582 8.591 3.05 6.755 0.1596 8.772

0.792 6.187 4.08 5.196 0.2210 7.861

0.970 6.804 4.49 4.388 0.2760 5.797

1.320 4.470 5.83 3.516 – –

– – 6.41 3.183 – –

H6P2Mo18O62 H6P2W18O62 H6P2W21O71(H2O)3

0.631 12.203 1.15 9.870 1.13 6.238

1.130 9.292 1.44 8.090 1.41 5.177

1.500 8.467 1.80 6.500 1.77 4.350

1.900 8.000 2.25 5.935 2.21 3.921

2.630 7.698 2.82 5.784 2.76 3.699

3.290 7.523 3.52 4.776 3.47 3.219

4.570 6.630 4.40 4.470 – –

5.710 5.963 – – – –
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The dissociation constants can be obtained more
accurately within the framework of another model pro-
posed by Fuoss [16]. According to this model, the dis-
sociation constant K is determined from the slope of a
linear anamorphosis of the equation

(2)

where λ and λ0 are the equivalent and limiting conduc-
tivities, respectively; C is the concentration in
g-equiv/l; and f is the activity coefficient. The F(Z)
parameter is a function of Z; the procedure for calculat-

F Z( )
λ

------------ 1
λ0
-----=

Cλ f 2λ0
2

KF Z( )
-------------------+ 1

λ0
-----

λ0
2

K
-----Y ,+=

ing this function and its tabulated values were pub-
lished in [17]. The value of Z is determined by the equa-
tion

where λ is the Onsager coefficient, which is obtained by

extrapolating λ/λ0 as a function of  to C = 0. The
activity coefficient f is calculated by the equation

where γ is the degree of dissociation, which is equal to
λ/λ0F(Z); β = 41.24Zη–1D–1/2T–1/2; η is the viscosity of
the solvent; D is the permittivity; and T is the tempera-
ture. The values D = 6.2 and η = 1.11 cP for HOAc at
25°C were used in the calculations [4]. Figure 3 dem-
onstrates a satisfactorily linear relationship between

 and  for the solutions of structurally differ-

ent heteropoly acids in acetic acid. This fact is indica-
tive of the applicability of this method. Table 4 summa-
rizes the values of K and λ0 calculated in terms of this
model.

The results obtained by us for H3PW12O40,
H3PMo12O40, and H4SiW12O40 agree with data [4]
obtained previously by conductometry, and the dissoci-
ation constant of CF3SO3H is also consistent with pub-
lished data [14].

The values of µ increased upon the addition of water
to a heteropoly acid solution in acetic acid (Fig. 4). In
this case, regardless of the amount of water, the follow-

Z α λ 0( )–3/2C1/2λ1/2,=

C

f 2log– 2βC1/2γ1/2,=

Cλ f 2

F Z( )
------------- F Z( )

λ
------------

10

10 2 3 4 5 6 7
C × 104, mol/l

20

30

40

50
λ C1/2, Ω–1 cm1/2 g-equiv–1/2

1

2

3

Fig. 2. Plots of  against C in accordance with Eq. (1)
for (1) H6P2W18O62, (2) CF3SO3H, and (3) H3PW12O40 in
acetic acid solutions.

λ C

Table 4.  Dissociation constants K, pK, and limiting conductivities λ0 for various heteropoly acids in acetic acid solutions

Acid λ0, Ω–1 cm2 g-equiv–1 K*, mol/l pK* pK** pK [4]

H6P2W21O71(H2O)3 51.4 ± 0.4 (2.18 ± 0.2) × 10–5 4.66 4.6 –

H6P2W18O62 57.9 ± 5.4 (4.06 ± 0.4) × 10–5 4.39 4.3 –

H6P2Mo18O62 43.6 ± 4.1 (4.31 ± 0.4) × 10–5 4.36 4.3 –

H3PMo12O40 14.6 ± 0.7 (2.08 ± 0.2) × 10–5 4.68 4.7 4.70

H4SiW12O40 15.7 ± 0.7 (1.35 ± 0.1) × 10–5 4.87 4.8 4.97

H3PW12O40 14.0 ± 0.6 (2.01 ± 0.2) × 10–5 4.70 4.7 4.77

H5PW11TiO40 40.8 ± 1.3 (4.78 ± 0.3) × 10–6 5.32 5.2 –

H3PW11ThO39 69.7 ± 5.1 (3.31 ± 0.3) × 10–6 5.48 5.6 –

H5PW11ZrO40 48.2 ± 3.8 (3.55 ± 0.3) × 10–6 5.45 5.5 –

CF3SO3H 27.6 ± 0.3 (1.07 ± 0.1) × 10–5 4.97 5.0 –

HClO4 44 [17] – – – 4.87

HBr – – – – 5.6

H2SO4 – – – – 7.0

HCl – – – – 8.4

  * Calculated by Eq. (2).
** Calculated by Eq. (1).
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ing order of changes in µ for acids remained
unchanged:

The dilution of acetic acid with water significantly
increases the permittivity of the solvent (D = 6.2, 8.5,
and 15 for 100, 95, and 85% HOAc, respectively [10]).
Consequently, the degrees of acid dissociation of het-
eropoly acids increase. A more drastic increase in the
values of D for heteropoly acid solutions, as compared
to that of the monobasic acid CF3SO3H, and a nonlinear
change in these values indicate that heteropoly acids in
HOAc–H2O mixtures are polyelectrolytes, and the
stepwise dissociation constants intricately depend on
the water content.

The data (Table 4, Fig. 4) suggest that the acid prop-
erties of heteropoly acids in acetic acid depend on the
structure and composition of heteropoly acids. For
tungsten heteropoly acids, the acidity changes in the
following order according to the structure of the anions:

Dawson > H6P2W21O71(H2O)3 > Keggin.

This is consistent with a comparative evaluation of
the acidity of Dawson and Keggin structure heteropoly
acids in solutions made by studying their reduced forms
[18]. For heteropoly acids of the same type (Keggin
structure), the dissociation constants in acetic acid
decrease in the order

The catalytic activity in reactions performed in dilute
solutions in acetic acid, for example, the esterification
of butanol by acetic acid, changes in the same order
[19]. In general, this order corresponds to the previ-
ously discovered relationship between the acidity and
the anion charge of heteropoly acids [1]. The fact that

H6P2W18O62 H6P2W21O71 H2O( )3 H3PW12O40.> >

H3PW12O40 H4SiW12O40>
> H5PW11TiO40 H5PW11ZrO40 H3PW11ThO39.≈>

H3PW11ThO39 drops out of this order can be associated
with an unusual structure of the anion. This anion con-
tains the bulky octacoordinated Th4+ ion, which can-
not be placed in the internal coordination sphere of the
heteropoly acid anion and, probably, is a partially
aquiated ion.

The replacement of W6+ by Mo6+ in the coordination
sphere of the anion has no effect on the acid dissociation
constants of heteropoly acids, whereas the replacement of
W6+ by Ti4+, Zr4+, or Th4+ is accompanied by a decrease
in the constants. This behavior is qualitatively consistent
with predictions based on the simple electrostatic theory.
The same behavior was observed previously using Mo5+

and V5+ substituent ions as examples [4].

For comparison, Table 4 gives the values of K for
other mineral acids in acetic acid solutions. The
H3PW12O40 and H4SiW12O40 acids are similar to
CF3SO3H and HClO4 in strength; H5PW11TiO40 and
H5PW11ZrO40 are similar to HBr; and the weakest acid
H3PW11ThO39 is almost equal to H2SO4 in strength. At
the same time, α-H6P2W18O62, α-H6P2Mo18O62, and
H6P2W21O71(H2O)3 are somewhat stronger acids than
CF3SO3H or HClO4.

The results of this study and previously published
data [5] demonstrate that all of the test heteropoly acids
are strong acids. This is consistent with data found with
the use of other techniques for studying the acidity of
heteropoly acids [1, 6]. Depending on the structure of
the anion, the acidity of heteropoly acids varies over
only a small range. The acidity of heteropoly acids of
the same type changed more markedly with changes in
the anion charge and upon the introduction of substitu-
ent ions that cause local changes in the electric charge
density at the surface of the heteropoly acid anion.

5
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Fig. 3. Plots of  against  for the solutions of the

following heteropoly acids in HOAc: (1) H6P2W18O62,
(2) H3PW12O40, and (3) H6P2W21O71(H2O)3.

F Z( )
λ

------------ Cλ f
2

F Z( )
-------------

Fig. 4. Molar conductivity µ as a function of the water con-
tent of HOAc solutions for the acids: (1) H6P2W18O62,
(2) H6P2W21O71, (3) H3PW12O40, and (4) CF3SO3H.
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