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In this study, we determined the stability of some fully N-methyl substituted polycation-inorganic
polyanion complexes by potentiometric measurements at t ) 25 °C. As for other previously studied similar
systems, the stability of ALHr species (A ) amine; L ) inorganic polyanion; r ) 1, 2, ... m, with m g n,
n ) maximum protonation degree of the amine) is a function of the charges involved in the formation
equilibrium. The basicity of the polyanion also plays a fairly significant role. The stability of these species
is compared with that of analogous species of unsubstituted amines and with that of polyammonium-
carboxylate complexes. Simple predictive stability relationships are given.

Introduction

Open chain polyammonium cations form fairly stable
complexes with inorganic and organic polyanions.1-6 The
most important factor determining the stability of these
species is the number of positive and negative charges in
the reactants. In general, the simple relationship

is sufficient to explain ∼80% of the stability of different
species formed in a given system. In eq 1, ú is the charge
product

relative to the formation equilibrium

[z+ ) i+; z- ) (z - j)-; r ) i + j]. In some cases, species
with stoichiometric coefficients of A or L * 1 can also be
formed. Other factors may contribute to the stability of
these species, in particular hydrogen bonding. As concerns
the structure of open chain polyammonium cations, differ-
ences in the stability of polyanion complexes can be due to
the length of the alkyl chain and to N-alkyl substitution.
Recently we compared the analogous complexes formed by
two series of amines, C(2n-2)NnH(5n-2) (unsubstituted) and
C3nNnH7n (fully methyl substituted), with some carboxylic
anions.7 Here we report the results of a similar investiga-
tion involving some inorganic anions, namely, o-phosphate,
pyrophosphate, and hexacyanoferrate(II). For the purpose
of comparison, the PO4

3--unsubstituted polyammonium
cation system was studied too. The polyamines studied in
this work, together with abbreviations, are reported in
Table 1.

Experimental Section

Chemicals. All the amines studied in this work [Aldrich
or Sigma products] were purified by transformation into
the corresponding hydrochlorides and were used in this
form. Tetrasodium diphospate (Analar BDH), hexacyano-
ferrate(II) [used in the form of tetrasodium salt (Fluka
puriss.)], and pyrophosphoric and hexacyanoferrate(II)
acids (Fluka purum) were used without further purification
and standardized against sodium carbonate. Disodium
hydrogen phosphate and sodium chloride (Fluka, puriss.)
were prepared by weighing pure salts previously dried in
a stove at 110 °C. The purity of all the ligands, checked by
potentiometric titrations, was always >99.5%. Standard
solutions of NaOH and HCl were prepared by diluting
concentrated Fluka ampules and were standardized against
potassium biphthalate or sodium carbonate, respectively.
All the solutions were made up using freshly prepared,
twice distilled CO2-free water (R ) 18 MΩ cm-1).

Apparatus and Procedure. The measurements were
carried out using three different pieces of potentiometric
apparatus: (1) a Metrohm model 665 automatic titrant
dispenser coupled with a Crison model 2002 potentiometer
and a combination Orion-Ross 8172 glass electrode; (2) a
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log Kij ) const × ú (1)

ú ) z+|z-| (2)

AHi
i+ + HjL

(z-j)- ) ALHr
(j+i-z) (3)

Table 1. Amines Considered in This Work

amines abbreviation

H2N-(CH2)2-NH2
ethylenediamine

en

H2N-(CH2)2-NH-(CH2)2-NH2
diethylenetriamine

dien

H2N-(CH2)2-NH-(CH2)2-NH-(CH2)2-NH2
triethylenetetramine

trien

H2N-(CH2)2-NH-[(CH2)2-NH]3-(CH2)2-NH2
3,6,9,12-tetrazatetradecane-1,14-diamine
(pentaethylenesamine)

penten

(CH3)2N-(CH2)2-N(CH3)2
N, N, N′, N′-tetramethylethylenediamine

tmed

(CH3)2N-(CH2)2-[N(CH3)-(CH2)2]2-N(CH3)2
1,1,4,7,10,10-hexamethyltriethylenetetramine

hmtt

(CH3)2N-(CH2)2-N(CH3)-(CH2)2-N(CH3)2
N, N, N′, N′, N′′-pentamethyldiethylenetriamine

pmdt
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Metrohm model 665 automatic titrant dispenser coupled
with a Metrohm model 654 potentiometer and a combina-
tion Orion-Ross 8102 glass electrode; (3) a Metrohm model
605 potentiometer equipped with an Orion combination
glass electrode (Ross type 8102) and a Metrohm model 654
motorized buret. The estimated accuracies of these systems
were (0.15 mV and (0.003 cm3 for electromotive force
(emf) and titrant volume readings, respectively. Pure
nitrogen was bubbled through the solutions in titration
cells in order to avoid O2 and CO2 inside, and the solutions
were magnetically stirred.

Twenty-five milliliters of the solution containing the
ligand (HPO4

2-, P2O7
4-, or Fe(CN)6

4-) and the amine
hydrochloride under study were titrated with standard
NaOH up to pH ∼ 11. Titrations were performed without
adding background salt. Concentrations used in the experi-
ments were Camine ) 8-40 mmol L-1 and Canion ) 1.7-50
mmol L-1. Separate titrations of HCl at the same ionic
strength (adjusted with NaCl) as the sample under study
were carried out to determine standard electrode potential
E°. The pH values were obtained in the concentration scale
(pH ≡ -log CH).

Calculations. The computer program ESAB2M8 was
used to calculate the purity of the reagents and to refine
all the parameters related to the calibration of the electrode
system. Calculations were carried out using the nonlinear
least-squares computer programs BSTAC9 and STACO.10

These are able to compute the complex formation constants
and the parameters for their dependence on ionic strength
and to refine analytical concentrations and electrode
constants as the standard potential and the slope of the
system. BSTAC and STACO can allow for variations in
ionic strength during titration. The dependence of forma-
tion constants on ionic strength was taken into consider-
ation using the Debye-Hückel type equation (K ) forma-
tion constant; TK ) formation constant at infinite dilution):
11

where the empirical parameters C and D, independent of
the chemical nature of the reactants and depending only
on the stoichiometry of the reaction, are

with

Values previously found for empirical parameters11 were
c0 ) 0.11, c1 ) 0.20, and d ) -0.075. These equations have
been extensively tested in the ionic strength range 0 <
I/mol L-1 e 1. In our experimental conditions, the ionic
strength was always <0.03 mol L-1 and, therefore, the use
of such an empirical equation did not involve significant
errors. Concentrations and formation constants are given
on the molarity scale. In the calculations, it is necessary
to take into account the protonation constants of the
amines and the carboxylic ligands. Moreover, protonated
amines form weak complexes with Cl- (amine hydrochlo-
rides are used) and inorganic anions form weak complexes
with Na+ (coming from the NaOH titrant), and all these
species must be considered as well. Protonation constants

and weak complex formation constants have already been
reported for amines12 and inorganic polyanions.13 Distribu-
tion diagrams and simulated titration curves were obtained
using the computer program ES4ECI.9

Results

Polyammonium Cation-Polyanion Complexes. Over-
all formation constants relative to the reaction

are reported in Table 2. The errors associated with the most
important (stable) species are quite low, considering the
complexity of the systems, and make reliable the discussion
about the relevance of the species formed. To compare
different systems, it is necessary to consider effective
formation equilibria, given by eq 3; the relative equilibrium
constants are shown in Table 3, together with some
previously reported14-16 stability data for analogous sys-
tems of unsubstituted amines. The same table includes the
log Kij /ú ratio to show how the charges involved in eq 3
explain the stability of these species.

A first inspection of the data in Table 3 gives the
following information: (a) all the species considered have
fairly similar stability, and this is consistent with the
prevalence of electrostatic effects observed in the formation
of this type of complex in many analogous systems; (b)
closer scrutiny of the data reveals the trend

log K ) log TK - z*I1/2/(2 + 3I1/2) + CI + DI3/2 (4)

C ) c0p* + c1z* (5)

D ) dz* (6)

z* ) Σ(charges)2
reactants - Σ (charges)2

products

p* ) Σ (moles)reactants - Σ(moles)products

Table 2. Overall Formation Constants for the
Amine-H+-Polyanion Species at I ) 0 mol L-1 and t ) 25
°C

log âpqrindexesa

p q r anion tmed pmdt hmtt

1 1 2 PO4
3- 23.44 ( 0.06b 23.24 ( 0.07b 24.1 ( 0.1b

1 1 3 31.03 ( 0.04 32.29 ( 0.06 33.16 ( 0.08
1 1 4 36.49 ( 0.06 38.42 ( 0.08 40.01 ( 0.06
1 1 5 40.7 ( 0.1 44.73 ( 0.09
1 1 6 46.3 ( 0.1
1 1 1 P2O7

4- 12.2 ( 0.1 12.2 ( 0.1 11.9 ( 0.1
1 1 2 21.91 ( 0.04 22.13 ( 0.03 21.29 ( 0.08
1 1 3 29.07 ( 0.02 30.53 ( 0.02 30.65 ( 0.06
1 1 4 34.36 ( 0.02 36.39 ( 0.04 37.64 ( 0.04
1 1 5 35.41 ( 0.09 39.38 ( 0.06 42.81 ( 0.06
1 1 6 40.5 ( 0.3 45.52 ( 0.08
1 1 7 46.1 ( 0.1
2 1 4 40.16 ( 0.08
2 1 5 45.9 ( 0.1
1 1 1 Fe(CN)6

4- 12.1 ( 0.1 12.0 ( 0.1
1 1 2 19.77 ( 0.7 22.70 ( 0.02
1 1 3 22.92 ( 0.8 26.42 ( 0.02
1 1 4 23.9 ( 0.1 28.71 ( 0.03
1 1 5 29.84 ( 0.07
2 1 4 36.9 ( 0.1 47.9 ( 0.1

log âpqrindexesa

p q r anion dien trien penten

1 1 2 PO4
3- 24.4 ( 0.2 24.30 ( 0.3 23.83 ( 0.14

1 1 3 33.85 ( 0.05 34.19 ( 0.10 33.66 ( 0.04
1 1 4 40.30 ( 0.10 41.84 ( 0.10 42.69 ( 0.03
1 1 5 44.25 ( 0.15 47.84 ( 0.15 50.17 ( 0.03
1 1 6 50.25 ( 0.2 55.66 ( 0.02
1 1 7 59.24 ( 0.03
2 1 4 64.54 ( 0.10
2 1 5 71.63 ( 0.06

a Indexes refer to the reaction pA0 + qLz- + rH+ ) ApLqHr
(r-qz).

b (3 std dev.

pA0 + qLz- + rH+ ) ApLqHr
(r-qz) (7)

PO4
3- > P2O7

4- > Fe(CN)6
4-
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which may account for the differing abilities of these anions
to form hydrogen bonds; (c) from the values of log Kij, it is
not possible to observe any difference between the com-

plexing ability of unsubstituted and substituted polyam-
monium cations. Nevertheless, some quite important dif-
ferences can be evidenced, by drawing the speciation
profiles of analogous amines, as shown in Figures 1 and 2.
In Figure 1, we compare the distribution of species in the
analogous systems en-Fe(CN)6

4- and tmed-Fe(CN)6
4-:

differences in formation percentages are not significant, but
there is a significant shift to lower pH values for the
formation of all tmed species. For the hmtt-PO4

3- and
trien-PO4

3- systems (Figure 2), we observe a similar trend,
but the formation percentage of one of the species here,
A(PO4)5

2+, is significantly higher for the unsubstituted
amine. Analogous observations can be made for the other
systems. Small differences in formation percentages can
be found by investigating the various systems, while the
shift to lower pH values was found for all the systems
containing substituted amines.

Stability-Charge Relationships. As already found in
many other investigations (see refs 3 and 17 and references
therein), the charges involved in the formation reaction
play a fundamental role in the stability of the various
complexes. This is clearly shown in Figure 3 where log Kij

for inorganic complexes of N-methylsubstituted amines
(including SO4

2- species, from ref 18) is plotted versus ú.
Linearity is very good, and we obtain

with a ) 0.70 ( 0.04 and r ) 0.997 (linear correlation
coefficient). For the analogous species of unsubstituted
amines (refs 10 and 14-16 and this work), we have a )
0.67 ( 0.03. We have already suggested using n ) ú/2 as a
crude approximation of the number of possible salt bridges
in order to estimate the free energy contribution per bond,
∆Gb

0:

Table 3. log Kij (Equation 3) for the
H+-Polyamine-Polyanion Species at t ) 25 °C and I ) 0
mol L-1

log Kij log Kij /ú

reaction tmed en tmed en

HA+ + HPO4
2- ) A(PO4)H2

- 2.0 1.5a 1.1 0.75a

H2A2+ + HPO4
2- ) A(PO4)H3

0 3.9 3.0 1.0 0.75
H2A2+ + H2PO4

- ) A(PO4)H4
+ 2.2 1.6 1.1 0.8

HA+ + P2O7
4- ) A(P2O7)H3- 3.0 3.1b 0.75 0.8b

HA+ + HP2O7
3- ) A(P2O7)H2

2- 3.2 3.4 1.1 0.8
H2A2+ + HP2O7

3- ) A(P2O7)H3
- 4.7 4.0 0.8 1.1

H2A2+ + H2P2O7
2- ) A(P2O7)H4

0 3.3 2.6 0.8 0.7
H2A2+ + H3P2O7

- ) A(P2O7)H5
+ 2.0 1.4 1.0 0.7

H2A2+ + A(P2O7)H2
2- ) A2(P2O7)H4

0 3.5 2.8 0.9 0.7
H2A2+ + A(P2O7)H3

- ) A2(P2O7)H5
+ 2.0 1.0

HA+ + Fe(CN)6
4- ) A[Fe(CN)6]H3- 3.0 2.8c 0.75 0.7c

H2A2+ + Fe(CN)6
4- ) A[Fe(CN)6]H2

2- 5.0 4.8 0.6 0.6
H2A2+ + HFe(CN)6

3- ) A[Fe(CN)6]H3
- 3.8 3.6 0.6 0.6

H2A2+ + H2Fe(CN)6
2- ) A[Fe(CN)6]H4

0 2.3 2.9 0.6 0.7
H2A2+ + A[Fe(CN)6]H2

2- )
A2[Fe(CN)6]H4

0
2.4 0.6

log Kij log Kij /ú

reaction hmdt dien hmdt dien

HA+ + HPO4
2- ) A(PO4)H2

- 1.7 2.3 0.85 1.15
H2A2+ + HPO4

2- ) A(PO4)H3
0 2.6 3.0 0.65 0.75

H2A2+ + H2PO4
- ) A(PO4)H4

+ 1.5 2.2 0.75 1.1
H3A3+ + H2PO4

- ) A(PO4)H5
2+ 2.3 2.5 0.8 0.8

HA+ + P2O7
4- ) A(P2O7)H3- 3.0 3.2b 0.75 0.8b

H2A2+ + P2O7
4- ) A(P2O7)H2

2- 4.7 5.4 0.6 0.7
H2A2+ + HP2O7

3- ) A(P2O7)H3
- 3.5 4.2 0.6 0.7

H2A2+ + H2P2O7
2- ) A(P2O7)H4

0 2.7 3.9 0.7 1.0
H3A3+ + H2P2O7

2- ) A(P2O7)H5
+ 4.2 4.6 0.7 0.8

H3A3+ + H3P2O7
- ) A(P2O7)H6

2+ 3.0 3.4 1.0 1.1
HA+ + Fe(CN)6

4- ) A[Fe(CN)6]H3- 2.8 2.5c 0.7 0.6c

H2A2+ + Fe(CN)6
4- ) A[Fe(CN)6]H2

2- 5.3 4.9 0.7 0.6
H3A3+ + Fe(CN)6

4- ) A[Fe(CN)6]H3
- 7.5 7.2 0.6 0.6

H2A2+ + HFe(CN)6
3- ) A[Fe(CN)6]H3

- 4.7
H3A3+ + HFe(CN)6

3- ) A[Fe(CN)6]H4
0 5.5 5.4 0.6

H3A3+ + H2Fe(CN)6
2- ) A[Fe(CN)6]H5

+ 4.2 0.7 0.6
H3A3+ + A[Fe(CN)6]H3

-)
A2[Fe(CN)6]H6

2+
2.6 2.6 0.9 0.9

logKij logKij /ú

reaction hmtt trien hmtt trien

HA+ + HPO4
2- ) A(PO4)H2

- 2.6 2.3 1.3 1.1
H2A2+ + HPO4

2- ) A(PO4)H3
0 3.5 3.3 0.9 0.8

H2A2+ + H2PO4
- ) A(PO4)H4

+ 3.1 3.8 1.5 1.9
H3A3+ + H2PO4

- ) A(PO4)H5
2+ 3.1 3.6 1.0 1.2

H4A4+ + H2PO4
- ) A(PO4)H6

3+ 4.1 3.7 1.0 0.9
HA+ + P2O7

4- ) A(P2O7)H3- 2.7 2.8 0.7 0.7
H2A2+ + P2O7

4- ) A(P2O7)H2
2- 5.5 0.9

HA+ + HP2O7
3- ) A(P2O7)H2

2- 2.5 0.8
H2A2+ + HP2O7

3- ) A(P2O7)H3
- 3.7 5.3 0.6 0.9

H3A3+ + HP2O7
3- ) A(P2O7)H4

0 6.0 6.6 0.7 0.7
H3A3+ + H2P2O7

2- ) A(P2O7)H5
+ 4.4 5.6 0.7 0.9

H4A4+ + H2P2O7
2- ) A(P2O7)H6

2+ 6.6 6.4 0.8 0.8
H4A4+ + H3P2O7

- ) A(P2O7)H7
3+ 4.9 4.3 1.2 1.1

reaction
log Kij
penten

log Kij /ú
penten

HA+ + HPO4
2- ) A(PO4)H2

- 1.6 0.8
H2A2+ + HPO4

2- ) A(PO4)H3
0 2.4 0.6

H3A3+ + HPO4
2- ) A(PO4)H4

+ 3.3 0.55
H4A4+ + HPO4

2- ) A(PO4)H5
2+ 5.0 0.6

H5A5+ + HPO4
2- ) A(PO4)H6

3+ 7.4 0.7
H5A5+ + H2PO4

- ) A(PO4)H7
4+ 3.8 0.8

A(PO4)H5
2+ + HPO4

2- ) A(PO4)H6
0 2.0 0.5

A(PO4)H6
3+ + HPO4

2- ) A(PO4)H7
+ 3.6 0.6

a Reference 14. b Reference 15. c Reference 16.

Figure 1. Speciation diagram of the systems diamine-Fe(CN)6
4-

at I ) 0 mol L-1 and t ) 25 °C. Full line, en; dotted line, tmed (A
) en or tmed). (1) A[Fe(CN)6]H4

0. (2) A[Fe(CN)6]H3
-. (3) A[Fe(CN)6]-

H2
2-. (4) A2[Fe(CN)6]H4

0. (5) A[Fe(CN)6]H3-.

Figure 2. Speciation diagram of the systems tetramine-PO4
3-

at I ) 0 mol L-1 and t ) 25 °C. Full line, hmtt; dotted line, trien
(A ) hmtt or trien). (1) A(PO4)H6

3+. (2) A(PO4)H5
2+. (3) A(PO4)-

H4
+. (4) A(PO4)H3

0. (5) A(PO4)H2
-.

log Kij ) aú (8)

∆Gb
0 ) ∆Gij

0/n
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Using the values reported above, we have

for substituted and unsubstituted amines, respectively. To
give quantitative information about the differences in
stability of the different inorganic anions, we report ∆Gb

0

values for the complexes of these anions in Table 4. The
general trend, valid for both substituted and unsubstituted
amine complexes, is

This trend is the same as that indicated by the basicity of
these inorganic ligands.13 A more sophisticated empirical
relationship, which also accounts for the basicity of the
inorganic anion, is

(log K1
H is the first protonation constant of the polyanion),

with b0 ) 0.29 ( 0.10, b1 ) 0.564 ( 0.011, and b2 ) 0.066
( 0.009.

Discussion

The ∆Gb
0 values reported in Table 4 indicate first that

the maximum deviation is about (2 kJ mol-1 n-1, and this
quantity can be assumed as a measure of the “residual”
contributions (positive or negative) to the stability of
different factors. The latter include hydrogen bonding,
steric, and solvation effects due to N-alkyl substitution, the
length of the alkyl chain, the flexibility of ligands, charge
dispersion, the acid-base properties of both amine and
anion, and so forth. The overall average for all the inorganic
complexes of both substituted and unsubstituted amines

is -∆Gb
0 ) 7.8 ( 0.4 kJ mol-1 n-1, and therefore the

residual effects account for ∼25% of the stability of these
species.

The ∆Gb
0 values reported in this paper for species of

substituted or unsubstituted polyammonium cations with
inorganic anions can be compared with the values obtained
for analogous species of the same cations with carboxylic
anions. For malonate, citrate, 1,2,3-propanetricarboxylate,
and 1,2,3,4-butanetetracarboxylate, we obtained7 a ) 0.52
and a ) 0.58 (eq 1) for substituted and unsubstituted
amines, respectively. Therefore, we may calculate

for the two types of complex. The overall average gives
-∆Gb

0 ) 6.3 ( 0.4 kJ mol-1 n-1 for all the species formed
by the above carboxylic ligands with polyammonium cat-
ions. As a general conclusion, the effect of N-alkyl sub-
stitution on the stability of the species considered is quite
small (often comparable with experimental error) for both
inorganic and organic anions. This was recently confirmed
in a study19 that includes both potentiometric and calori-
metric investigations. Moreover, the entropic term T∆S°,
for analogous species of substituted and unsubstituted
amines, does not show statistically significant differences
and the comparison of inorganic and organic anion systems
gives significant evidence for a difference of ∼1.5 kJ mol-1

n-1 in favor of inorganic species. This is consistent with
the findings of previous comparative studies of the ∆G0 and
T∆S0 values associated with the formation of organic and
inorganic species with amine polycations.20

The stability data reported in this paper are also
consistent with literature findings for PO4

3- and SO4
2-

complexes of macrocyclic polyammonium cations.21,22 For
these species too, a significant difference (PO4

3- > SO4
2-)

was observed, due to the different hydrogen bonding
capabilities of the two inorganic ligands.
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Table 4. Free Energy Contributions per Bond for Some
Classes of Polyammonium Cation-Polyanion Complexes,
at I ) 0 mol L-1 and t ) 25 °C

substituted
amines

unsubstituted
amines

anion Na -∆Gb
0 b Na -∆Gb

0 b

SO4
2- d 9 7.4 ( 0.4c 26 6.4 ( 0.2c

PO4
3- 12 10.7 ( 0.6 34 8.5 ( 0.3

P2O7
4- 22 8.2 ( 0.3 71 8.2 ( 0.2

Fe(CN)6
4- 12 7.4 ( 0.3 32 6.8 ( 0.2

P3O10
5- e 49 7.5 ( 0.2

a N ) number of species taken into account. b kJ mol-1 n-1.
c (Std dev. d Reference 18. e Reference 10.

-∆Gb
0 ) (8.0 ( 0.5) kJ mol-1 n-1

-∆Gb
0 ) (7.6 ( 0.3) kJ mol-1 n-1

PO4
3- > P2O7

4- > P3O10
5- > SO4

2- ≈ Fe(CN)6
4-

log Kij ) b0 + b1ú + b2 log K1
H

-∆Gb
0 ) 5.9 kJ mol-1 n-1

-∆Gb
0 ) 6.6 kJ mol-1 n-1
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