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Stability—Charge and Stability—Structure Relationships in the
Binding of Tri- and Tetracarboxylic Ligands by Open-Chain

Polyammonium Cations
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The interaction of eight polyammonium cations with citrate, 1,2,3-propanetricarboxylate, and 1,2,3,4-
butanetetracarboxylate has been studied potentiometrically, by using the H*-glass electrode, at 25 °C.
The stability and the speciation of the systems investigated in this work are quite similar to those found
in previous works for several polyammonium—polycarboxylic systems. The formation constants given
here, together with several data already reported, have been analyzed to find reliable stability—charge

and stability—structure relationships.

Introduction

Several studies on the binding of polyanions by polyam-
monium cations have been performed in this laboratory.*~*
Particular attention has been paid to interactions between
linear polyammonium cations and polycarboxylic anions.?=6
We recently reported formation data for a variety of
polyammonium—dicarboxylate systems® including a careful
analysis of the stability of the species formed as a function
of some parameters that characterize the different ligand
and equilibrium reactions, particularly in relation to
reactant charges. Further data regarding macrocyclic
polyammonium cations in particular can be found in the
literature.8-11

This paper describes a potentiometric study on the
binding of tri- and tetracarboxylic anions (citrate, 1,2,3-
propanetricarboxylate, and 1,2,3,4-butanetetracarboxylate)
by eight polyammonium cations. All but one of the aminic
ligands are linear with quite different alkyl chains. Mea-
surements were performed at (25 4+ 0.1) °C and equilibrium
constants are reported at I = 0 mol-L~1. Formulas and
abbreviations for polyamines and polycarboxylic acids are
reported in Table 1.

Experimental Section

Materials. Amines (A), Fluka purum, were purified by
transformation into the corresponding hydrochlorides
and were used in this form; only 1,6-diaminohexane
dihydrochloride (Fluka, purity > 99%) was used as pur-
chased. NMR spectra of the amine hydrochlorides were
performed to confirm their total transformation into this
form. Carboxylic acids (L) citric, 1,2,3-propanetricarbox-
ylic, and 1,2,3,4-butanetetracarboxylic (Fluka, purity >
98%) were used without further purification. Solutions of
NaCl (Fluka puriss) were prepared by mass, after drying
in an oven at 110 °C. NaOH and HCI solutions were
prepared from Fluka ampules and standardized against
potassium hydrogenphthalate or sodium carbonate (Fluka
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puriss), respectively. All of the solutions were pre-
pared with twice-distilled water, and grade A glassware
was used.

Apparatus and Procedure. Potentiometric measure-
ments were carried out with a Metrohm 654 potentiometer
(resolution = +£0.1 mV) coupled with an Orion 8102
combination glass electrode (Ross type) and connected to
a Metrohm Dosimat 665 dispenser (minimum reading =
0.001 £+ 0.003 mL). The apparatus was coupled with a PC,
so automatic titrations were carried out using a suitable
computer program for the acquisition of data (volume of
titrant, check for the stability of emf, and relative value).
The measurement cell was thermostated at (25 + 0.1) °C.
A magnetic stirrer was employed, and a stream of purified
nitrogen was bubbled into the solution.

Twenty-five milliliters of aqueous solution containing
protonated amine and carboxylic acid under study was
titrated with standard NaOH to complete neutralization
(90—100 experimental points). For each system the con-
centration of the amine was (5, 10, 20) mmol-L~1, and
for each of them the carboxylic acid concentration was
(5, 10, 25) mmol-L~. To obtain pH = —log [H*] values,
the electrode couple was standardized for each measure-
ment by titrating 10 mmol-L~1 HCI with standard NaOH;
NaCl was also added to the solution in order for it to
maintain the same mean ionic strength value as the
solution under study. From these data, the formal E° value
was calculated. Measurements were performed without
adding any background salt, to minimize interferences,
because the cation and anion of added salt form weak
complexes with polycarboxylic anions and polyammonium
cations.

Calculations. Potentiometric data were analyzed using
suitable computer programs. We used the least squares
computer programs ESAB2M for the calibration of the
electrode system and to test the purity of the reagents and
BSTAC or STACO for the refinement of formation con-
stants of the carboxylic anion—protonated amine com-
plexes. Both BSTAC and STACO programs are able to
perform calculations in nonconstant ionic strength condi-
tions. The ionic strength dependence of formation constants
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Table 1. Amines and Carboxylic Ligands Studied in This Work

formula

HoN—(CH32)s—NH;

HaN—(CH2)10—NH>2
HzN—(CHz)s—NH—(CH2)s—NH;
HaN—(CH2)e—NH—(CH2)s—NH;
HoN—(CH2)a—CH(CH,NHZ) —(CHz)s—NH,
[(CH3)NH—(CH2)s]o—N(CHz3)
HaN—(CHz2)s—N(CH3)—(CH2)s—NH;
N(CH.—CH>—NH>)s
HO,C—CH,—CH(CO2H)-CH,—CO,H
HO>C—CH,—C(OH)(CO2H)-CH,—CO,H
H,0C—CHj-[CH(CO2H)],—CH,—CO;H

name abbreviation
1,6-diaminohexane Al
1,10-diaminodecane A2
3,3'-diaminodipropylamine Ad
6,6'-iminodihexylamine A5
4-(aminomethyl)-1,8-octanediamine A6
N,N’,N"-trimethylbis(hexamethylene)triamine A7
3,3'-diamino-N-methyldipropilamine A8
tris(2-aminoethyl)amine A10
1,2,3-propanetricarboxylic acid tca
2-hydroxy-1,2,3-propanetricarboxylic or citric acid cit
1,2,3,4-butanetetracarboxylic acid btc

Table 2. Protonation and Cl~ or Na®™ Complex Formation Constants of Amines and Carboxylic Acids at 25 °C and | =0

mol-L-1
log B qi® or log f8
index
ligand 01 02 03 04 11 12 13 14 23 24 ref
Al 10.90 20.68 10.74 21.47 14
A2 10.94 20.98 10.99 21.70 14
Ad 10.56 19.87 27.01 10.50 20.68 28.47 28.85 15
A5 11.18 21.42 30.76 11.00 22.18 32.13 32.57 15
A6 10.90 20.88 29.69 10.92 21.67 31.13 31.46 15
A7 11.20 21.50 30.66 11.26 22.34 32.09 32.44 15
A8 10.36 19.64 26.05 10.37 20.36 27.48 27.89 15
A10 10.14 19.33 27.21 27.24 10.04 20.17 28.60 28.84 29.06 29.54 15
log B i® or log f pi°
index
01 02 03 04 10 11 12 13 20 21 30 ref
tca 6.49 11.41 15.09 1.40 7.31 11.56 1.98 6.96 16
cit 6.42 11.17 14.30 1.54 7.29 11.27 2.34 7.01 17
btc 7.18 13.01 17.54 20.92 1.82 8.67 13.94 17.76 3.45 9.31 3.30 18

a Indices refer to the reaction A° + iH* + gqCI~ = H;ACI4@ ).  Indices refer to the reaction pNa* + L?~ + jH™ = NapLH;e P~

was taken into consideration by using the Debye—Huckel-
type equation??

log 8 = log "B — zI*(2 + 31"?) + C1 + DI¥? (1)

where

C =0.11p* + 0.20z%, D = —0.075z*

p* = z (mOIGS)reactants - z (mOIGS)productS

— 2
7* = z (charges) reactants Z (Charges)products

T8 = overall formation constant at I = 0 mol-L !

The distribution of the species was calculated using the
ES4EC computer program. Details of the calculation
techniques used in this laboratory can be found in ref 13.
Concentrations and formation constants are given in the
molar scale. In calculations, it is necessary to take amine
and polycarboxylic ligand protonation constants into ac-
count. Moreover, because protonated amines form weak
complexes with CI~ (amine hydrochlorides are used) and
carboxylic anions form weak complexes with Na* (coming
from titrant NaOH), all of these species must be considered
too. Formation data are reported in Table 2.

Results and Discussion

Formation Constants. Overall formation constants,
relative to the reaction

A+ L 4+ rH = ALH )

for all of the systems studied in this work, are shown in
Table 3. The species formed are always ALH, (2 with r =
1, 2, ..., (n + z — 1), where n represents the maximum
degree of amine protonation. To show the real stability of
these species, Tables 4—6 report the equilibrium constants
relative to the partial reaction

AHT + HLED" = ALH " (r=i+j) (1)
for the systems tca—, cit—, and btc—polyamine, respec-
tively. The same tables also report literature data.2=*7 Data
in Tables 4—6 show, as a first approximation, that (a) the
stability for the species deriving from the same reaction
(i.e., with the same charges) is fairly independent of
polyammonium cations and polycarboxylic anions, (b) the
stability is strictly dependent on charges involved in the
formation reaction, and (c) the stability is fairly dependent
on the length of the alkyl chain. Unfortunately, the choice
of i and j is not always straightforward; when log KH
values for the amine and the carboxylic acid are close, it is
difficult to assign the correct i and j values in reaction II.
This is particularly true when AH,"* species are involved.
This problem was discussed in a previous paper® (see
ahead).

Relevance of Polyammonium—Polycarboxylic Spe-
cies. High yields of ALH,2 species are observed in
experimental conditions. For example, Figures 1—3 show
three relevant speciation diagrams for the systems A2—
tca, A5—btc, and A8—btc, respectively. In the first system
(Figure 1) formation percentages of A2LH, species are low,
and only for the species A2LH3C do we have (in the chosen
conditions) yields >10%. The two speciation profiles shown
in Figures 2 and 3 refer to btc systems with two triamines
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Table 3. Overall Formation Constants2 of ALH, Complexes, at 25 °C and | = 0 mol-L~*
log fr log fr
amine rb tca cit btc amine rb tca cit btc

Al 1 12.4 (2) 12.5 (2) 13.0 (1) A6 1 12.7 (1) 12.6 (1) 13.0 (1)
2 23.40 (2) 23.55 (2) 24.33 (2) 2 23.79 (2) 23.80 (2) 24.58 (2)
3 28.95 (5) 28.85 (5) 30.55 (3) 3 33.83(2) 33.91(2) 34.95 (2)
4 33.1(1) 33.1(1) 35.35 (8) 4 39.24 (2) 39.07 (2) 40.96 (1)
5 39.1(2) 5 43.15 (3) 42.72 (8) 45.63 (2)
6 49.07 (8)

A2 1 12.7 (1) 12.8 (1) 13.1 (1) A7 1 12.8 (1) 12.7 (1) 13.0 (1)
2 23.55 (2) 23.61 (2) 24.24 (2) 2 24.02 (2) 24.14 (4) 24.56 (5)
3 29.35 (4) 28.88 (8) 30.49 (4) 3 34.42 (2) 34.49 (2) 35.43 (2)
4 33.77 (4) 33.1(1) 35.28 (9) 4 39.87 (2) 39.76 (2) 41.49 (2)
5 39.0 (2) 5 43.92 (3) 43.56 (5) 46.12 (4)

6 49.4 (2)

A4 1 11.9 (2) 12.1 (1) 12.6 (1) A8 1 12.1 (2) 12.5 (1) 12.7 (1)
2 22.44 (5) 22.53 (3) 23.33 (2) 2 22.65 (2) 22.88 (2) 23.55 (2)
3 31.27 (2) 31.44 (2) 32.52 (2) 3 30.49 (2) 30.71 (2) 31.83 (1)
4 36.38 (3) 36.30 (3) 38.35(2) 4 35.64 (2) 35.70 (2) 37.66 (2)
5 37.7(2) 39.11 (2) 42.66 (3) 5 39.53 (3) 39.28 (3) 42.15 (3)
6 45.90 (9) 6 45.60 (9)

A5 1 12.6 (2) 13.2 (1) 13.7 (1) A10 1 11.8 (1) 11.9 (1) 12.4 (1)
2 23.42 (9) 24.13 (6) 25.28 (8) 2 22.30 (2) 22.29 (4) 23.23(2)
3 34.36 (2) 34.61 (2) 35.80 (2) 3 31.71 (2) 31.95 (2) 33.11(2)
4 39.78 (2) 39.79 (2) 41.82 (4) 4 36.80 (1) 36.80 (2) 38.86 (2)
5 43.41 (7) 43.62 (8) 46.58 (4) 5 40.49 (6) 40.03 (8) 43.27 (3)

6 50.1 (1) 6 46.5 (1)

a 43 SD in parentheses. ? Indices refer to the reaction A? + Lz~ 4+ rH* = ALH/@ -,

Table 4. Equilibrium Constants of tca—Polyamine

Table 5. Equilibrium Constants of cit—Polyamine

Complexes According to Reaction Il, at25°Cand I =0 Complexes, According to Reaction Il, at25°Cand | =0
mol-L* mol-L-1
reaction log K reaction log K

(diamines) Z Al A2 en? ptrd2 cdv@ total® (diamines) { Al A2 en? ptr2  cdv? total®
AHT + L3 3 15 18 18 20 3.0 2040.3° AHT + L3 3 16 18 15 25 19 19+02°
AHR2T + 13- 6 27 26 33 32 33 30+02 AHZZ + L3~ 6 29 26 36 37 32 32402
AH2" +HL2- 4 18 19 24 23 292 21+0.1 AH2t +HL2Z- 4 18 15 25 2.6 2.2 21402
AH2F +H,L- 2 10 14 16 1.6 15 14+ 0.1 AH2T + H,oL~ 2 1.2 0.9 1.6 1.8 1.5 1.44+0.2

reaction log K reaction log K _

(triamines) & A4 A5 A6 A7 A8 AIL0 diend spd® total (triamines) A4 A5 A6 A7 A8 Al0 dien? spd®  total
AH*T + L3~ 313 14 18 16 1.7 1.7 1.7 10 15401 AHT + L3~ 315 20 1.7 15 21 18 20 1.3 1.7+£0.1
AH 2+ + L3~ 6 26 20 29 25 30 30 31 24 24+03 AHL2T + |L3- 6 27 27 29 26 32 30 33 26 29+0.1
AHz* 4+ 13 9 43 36 41 38 44 45 56¢ 40 41+0.1 AH3* + L3 9 44 39 42 38 46 47 569 41 42401
AHg3* + HL2- 6 2.9 25 3.1 27 3.1 3.1 38 26 3.0+02 AH33* +HL2- 6 29 26 30 27 32 32 38 2.7 3.0+0.2
AHg +H,L- 3 13 1.2 21 19 21 19 25 11 18402 AHZ@" +HL™ 3 09 17 19 1.7 20 16 22 12 17+02

aen = ethylenediamine; ptr = putrescine; cdv = cadaverine;
dien = diethylenetriamine; spd = spermidine, refs 2—4. b Values
calculated from the weighted least-squares fit. ¢ £SD. 9 Improb-
able reaction (see text).

with different alkyl chains. In both systems yields >50%
are observed for ALH, complexes, with a maximum for
ALH/O. It should be noted that the different amine struc-
tures produce two main effects: (i) the formation of
polyammonium—polyanion species is shifted to higher pH
values for longer alkyl chains (because of their higher
basicity), and (ii) formation percentages are significantly
higher for the cation with shorter alkyl chains separating
amino groups. It is also important to consider some other
factors that affect the speciation profiles for these sys-
tems: formation percentages are strongly dependent on
concentrations of both components, on the Camine/Ccarbox
ratio, on ionic strength, and on ionic medium. The specia-
tion diagrams shown in Figures 1—3 refer to | = 0.1(NaCl)
mol-L~1. If we consider lower or higher ionic strengths, very
different speciation profiles should be observed. In fact,
both Na* and CI~ interact with carboxylic anions and with
polyammonium cations, respectively. Moreover, when the
amine or anion concentration is too low, the formation of
ALH, species can be negligible. These effects are all shown

a—¢ See Table 4. 9 Improbable reaction.

Table 6. Equilibrium Constants of btc—Polyamine
Complexes, According to Reaction Il, at25°C and | =0
mol-L~?t

reaction log K
(diamines) ¢ Al A2 en* ptrd  cdv@ total®
AHT + L4~ 4 21 22 22 3.2 3.6 2.7 +0.3¢
AHZT + L4~ 8 36 32 42 41 4.2 3.9+02
AH2T + HL3- 6 27 23 31 3.1 3.0 28+0.2
AHL2t + H,L2~ 4 1.7 1.3 2.0 2.2 1.8 1.8+0.2
AHZT + HsL™ 2 09 05 11 1.4 1.0 1.0+0.2
reaction log K
(diamines) ¢ A4 A5 A6 A7 A8 A1O0 dien? spd? total
AHT + L4~ 42025211824 23 27 20 22+0.1
AHZZT + L4~ 8 3539 37 3139 39 42 35 37401

AHg3t + L4 12 55 5.0 53 48 58 59 7.0¢ 54 54+0.2
AHST +HLS™ 9 42 39 41 37 44 45 53¢ 41 41+01
AHg*t + HoL>” 6 26 28 29 25 31 3.0 35 27 29+0.1
AHg3* +HgL- 3 14 18 18 1.2 20 1.7 23 15 1.7+01

a—cSee Table 4. 9 Improbable reaction.

in Figure 4. In the system A4—btc—H (pH = 8.0) for | =
0.5 (NaCl) mol-L~* there is no formation of ALH, species
when Cpye < 1072 mol-L~1, whereas at | ~ 0 mol-L~! there
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Table 7. Mean Values of log K;j; for the Binding of Di-,
Tri-, and Tetracarboxylic Anions by Polyammonium

Cations, at 25 °C and | = 0 mol-L!

log Kj

di-2 di-b tri-

e

tetra-

total®

1.99+0.12 214+0.16 1.73+0.07

230+0.09 238+0.08 2.12+0.11

3.02+0.05 3.20£0.07 2.94 £+0.06
3.70 £ 0.05

4.17 +0.09

1.71£0.12
212 +0.17
2.72+0.19
3.77 £0.10
4.13+0.10

1.40 + 0.05¢ 1.33 4+ 0.07¢ 1.41 4 0.09¢ 0.98 & 0.05¢ 1.41 + 0.04¢

1.80 £0.03
2.20+0.03
2.99 £0.03
3.78 £ 0.04
4.17 £ 0.05

Figure 1. Distribution diagram of the species in the system A2—
tca—H (1) A2LH?7; (2) A2LH;™; (3) A2LH3?; (4) A2LH,4". Analyti-
cal concentrations: Caz = 1.0 mmol:L~%; Cya = 10.0 mmol-L~1;
Cnaci = 100 mmol-L~1,
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Figure 2. Distribution diagram of the species in the system A5—
btc—H: (1) ASLH3-; (2) ASLH,2~; (3) A5LH3™; (4) A5LH.O; (5)
A5LHs™; (6) A8LHg2*. Analytical concentrations: Cas = 1.0
mmol-L=1; Cpee = 10.0 mmol-L~1; Cnaci = 100 mmol-L~1.

80

% A8 [
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pH
Figure 3. Distribution diagram of the species in the system A8—
btc—H: (1) ASLH3~; (2) A8LH,2™; (3) A8BLHs™; (4) ABLH.O; (5)
A8BLHs™; (6) A8LHg?*. Analytical concentrations: Cag = 1.0
mmol-L~1; Cpee = 10.0 mmol-L~%; Cnaci = 100 mmol-L~1,

5
p(btc)

Figure 4. System Ad4—btc—H: X of ALH, concentration, as a
function of p(btc) at different NaCl concentrations (pH = 8.0): (1)
0, (2) 0.05, (3) 0.10, (4) 0.30, and (5) 0.50 mol L.

is still formation of these species when Cp < 1075 mol-L 1.
Stronger effects would be expected for electrolyte solutions
containing divalent cation (e.g., Ca?* and Mg?") and
divalent anions (e.g., SO427) such as seawaters.

NO©owo~WN

[y

5.39+0.15 5.36 +£0.08

a Dicarboxylic anions (data of ref 6). P Dicarboxylic anions (other
previous data, reported in ref 6). ¢ Values calculated from the
weighted least-squares fit. 9 + s//N (s = SD; N = number of
constants considered). ¢ & estimated SD.

6
= 4
M
oo
=
24
v
0 T T T T y —
2 4 6 8 10 12

g
Figure 5. Dependence of log Kjj on ¢ (eq 3): (O) dicarboxylic
anions (data of ref 6); (O) dicarboxylic anions (other previous data,
reported in ref 6); (A) tricarboxylic anions; (V) tetracarboxylic
anions.

Stability—Charge and Stability—Structure Rela-
tionships. As already pointed out for several systems
previously studied,’~7 the stability of polyammonium cation—
polycarboxylic anion species strongly depends on charges
in reaction Il. The empirical relationships proposed are

log Kj; =a + bg (2)
log K;; = b* (2a)

log Kij =a-+tbjz | + CZ¢ation (2b)

anion
where a, b, ¢ and a are empirical parameters and ¢ =
|ZanionZcation| (Z = charge), with a < 1. To show the behavior
of log Kjj as a function of ¢ we report in Table 7 mean
equilibrium constant values for each ¢ value (including all
of the polyammonium cations considered), for the different
classes of carboxylic anions (dicarboxylic anions are also
shown, ref 14, and references cited therein). The confidence
intervals (expressed as standard errors, s/~/N; s = standard
deviation, N = number of equilibrium constants) are quite
low, ranging from 0.05 to 0.19. This clearly indicates that
the charge product ¢ is by far the most important factor in
the stability of open chain polyammonium cation—polycar-
boxylic anion complexes. No significant difference is ob-
served among di-, tri-, and tetracarboxylic anions as
evidenced in the last column of Table 7, where the mean
is reported. Moreover, the trend of log Kj; versus Z is linear,
as shown in Figure 5, where the equilibrium constants for
di-, tri-, and tetracarboxylic anion—polyammonium cation
systems are reported together. These data are fitted by the
equation

log K;; = (0.617 + 0.058) + (0.395 + 0.010)¢  (3)

with a linear correlation coefficient r = 0.9934 and a mean
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Table 8. a + Standard Deviation Values for Equation 4

diamines e triamines € diamines + triamines €
tca 0.424 +0.018 0.17 0.426 + 0.011 0.34 0.425 4+ 0.009 0.29
cit 0.442 £+ 0.018 0.25 0.439 + 0.011 0.30 0.439 + 0.009 0.28
btc 0.396 + 0.012 0.29 0.415 + 0.008 0.30 0.411 + 0.007 0.26
tca + cit + btc 0.415 + 0.009 0.25 0.424 + 0.006 0.29 0.422 + 0.005 0.28

2 ¢ = mean deviation.

deviation € = X |log K — log Kcaieg|//N = 0.11. By fitting the
same data to eq 2a we obtain

log K;; = (0.923 + 0.032)¢*° (3a)

with a slightly higher error (¢ = 0.17). Finally, we can fit
the data in Tables 4—6 (last column) to eq 2b to separate
the effect of positive and negative charges on the stability.
This leads to the relationship

log K;; = (—2.29 £ 0.24) + (1.174 £ 0.068)z, +
(0.927 + 0.054)z, (3b)

(e = 0.22). Relationship 3b accounts for the higher effect
of positive charges.

Although the main contribution to the stability of
ALH,2 species derives from the product of reactant
charges in reaction |1, the effect of polyanion and polyam-
monium cation structure has nevertheless been observed
to be of some significance. In previous papers we found
some relationships between the stability of ALH, species
and the distance between amino groups in the amine,619.20
or between the stability and basicity.>® The structure
effects that can be taken into account are (a) the length of
the alkyl chain in diamines, H,N—(CHy)x—NH,, and in
triamines, H,N—(CH),—NH—(CH),—NH;, or in dicar-
boxylic acids, (COOH)—(CH,)x—(COOH) [or the Rnc (Natoms/
Cawoms) ratio in different polyamines]; (b) the presence of
—OH or —O— groups in the carboxylic ligands; (c) N-alkyl
substitution in the amine; and (d) amine basicity. With
regard to the length of alkyl chain(s) in diamines and in
triamines, we found that the equilibrium constants depend
slightly on 1/+/d (where d = x for diaminesand d = x +y
for triamines), according to the simple equation

log K;; = a& + 1/v/d 4)

The values of parameter a of eq 4 (reported in Table 8) are
very similar, and the general equation (+ SD)

log K;; = (0.423 £ 0.013) + 1/+/d (4a)

can be obtained and is valid for a great number of systems.
Similar considerations may be made for the length of alkyl
chains in carboxylic ligands, in particular for dicarboxylic
ones, but no systematic studies of very different carboxylic
ligands have been made. Recently, Hossain and Schneider!!
reported association AG for several complexes of open chain
dications and dianions of quite different lengths and found
little difference between the strongest and the weakest (<4
kJ-mol~1). The presence of —OH or —O— groups in the
carboxylic ligands generally has a positive effect on the
stability of mixed complexes, but this effect never signifi-
cantly exceeds experimental error. The main effect of amine
basicity on the formation of ALH, species is to shift the
formation pH (see also Figures 2 and 3). The N-alkyl
substitution in the amine produces a lowering of basicity
and, therefore, complexes are formed at lower pH values.
The stabilities of substituted and unsubstituted polyam-

monium cation—polyanion species are not very different,
and it was found that, by taking the differing basicities
into account, a single relationship may be defined for log
Kij values of both amines types.®

Correct Choice of Equilibrium Il. The validity of
equilibrium constants for reaction 11 is strictly related to
the choice of stoichiometric coefficients i and j, which, in
turn, depends on the basicity of both amine and carboxylic
ligands. There is not always only one possible choice,
because in some cases the protonation constant values of
both reactants may be similar. Moreover, it is often the
case that different equilibria Il must be considered for
different systems with similar amines. An example will
clarify this matter. For triamines, the equilibrium for the
formation of A(btc)H3~ species can be written as

AH.*" + btc*” = A(btc)H,~ (a)
or
AH,?" + H(btc)*” = A(btc)H;~ (11b)

The first protonation constant of btc is log KH; = 7.18 and
the third protonation constants of diethylenetriamine
(dien), A4, A5, and A8 (chosen arbitrarily for the purpose
of this example), are 3.66, 7.14, 9.34, and 6.44, respectively.
The use of equilibria Il is fully appropriate only for A5,
whereas for dien it is certainly inappropriate. A4 and A8
constitute intermediate cases, for which both equilibria Ila
and Ilb should probably be considered. Unfortunately,
choices such as those made for the A4—btc and A8—btc
systems, which are far from clear-cut, often characterize
studies on polyammonium cation—polyanion complexes,
and this implies the need for a further error to be taken
into account when different systems are compared.

Error Analysis. Errors associated with the fits of log
Kjj to different empirical equations must be compared with
experimental errors, and conclusions must be drawn from
the model bias. The variance of log Kj; can be expressed as
a sum of different terms

Ototalz = Ocalcdz + Usystz + Oprotz + Ueqz (5)

where oyf? is the real (total) variance associated with log
Kij, Ocaica® is the variance calculated by the computer
program in refining overall formation constants, oy is
related to the systematic experimental errors (reactant
purity, titrant concentration, electrode couple calibration,
etc.), oproi? is the variance in protonation constants (log Kj;
= log fBoverann — log i — log 1)), and oeq? is the additional
variance due to the uncertainty in choosing the correct
equilibrium I1. If owta? is known, the bias in the model
(represented by the different empirical equations) is given
by

2_ 2 2
Omodel  — Ofit Ototal (5&)

For the different variances we estimated the following
mean values: dearca® = (0.15)?, gsysi> = (0.15)?, + Opro® =
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(0.10)?, and 0eq? = (0.22)?; therefore, oota® = (0.34)2. [These
estimates were calculated by taking several factors into
account and must be regarded as rough values. Systematic
errors were calculated on the basis of ~1% error in all
concentrations in the experiments. Errors in protonation
constants were estimated by considering a mean proton
contribution in the various complexes considered in this
work (mean protonation ~4).] By considering log K;; values
for the polyammonium cation—polycarboxylic anion com-
plexes described in this and in previous works'~® together,
we have for eq 2a

log K;; = (0.615 = 0.045) + (0.430 = 0.010)Z (3c)

with a standard deviation for the fit ot = 0.58 and a
mean deviation € = 0.43. (Note that the errors for eq 3c
are much higher than for eqs 3—3b. This comes from the
fact that in this case we did not use grouped data as we
did for eqs 3—3b. Nevertheless, the values of empirical
parameters for eqs 3 and 3c are quite similar.) Therefore,
Omodel? = (0.58)2 — (0.34)2 = (0.47)2. This indicates that the
two main sources of variance are the uncertainties involved
in choosing the correct formation reaction and the use of
simplified models. The use of slightly more sophisticated
models that take into account (i) the different contributions
of positive and negative charge, (ii) the length of alkyl
chains, and (iii) the effect of basicity reduces the model
variance to omeder® ~ (0.3)2, and this can be attributed to
the specificity of each system.

Final Remarks. The results reported in this work,
together with some previously published data, confirm that
the charges involved in the formation reaction are by far
the most important factor in determining the stability of
open chain polyammonium cation—polycarboxylic anion
complexes. Different equations can be used to take the
dependence of log Kjj on product charges ¢ into account,
that is eqs 2—3a and 3b account for the different contribu-
tions of positive and negative charges. The length of alkyl
chain has been observed to have a small effect: the
difference in log K;; for diamine systems is |1/+/10 — 1/+/2]
= 0.4 when ethylenediamine and 1,10-diaminodecane are
considered. Error analysis leads to the conclusion that
errors mainly derive from the choice of model and, conse-
quently, that the specificity of each system accounts for
~0.3 logarithmic units in the formation constants. By using
eq 3 or 3a we can calculate the stability increase per single
bond or the average stability contribution per bond. In the
first case we have a free energy increase per bond

—AGY%kJ-mol™* = 3.5 + 4.5n

(n = single salt bridge = /2, as a rough approximation)
and

—AG%kJ-mol = (5.3 £ 0.2)n

when n is approximated to £%3. Similar relationships for
the stability of ion pairs have been discussed previously
by us~7 and by Schneideri:2223 (and references cited
therein).
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