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Abstract

The formation of open chain polyammonium cation-fluoride and -carbonate complexes was studied by potentiometric and calorimetric
techniques at= 25°C. Several species of AL (A = amine; L= F~, CO;?") are formed in both systems with a mean stabilitybe= 1.0¢
(£ = |zanion X Zcation]) @nd logK = 2.0¢ for fluoride and carbonate, respectively. The comparison with analogous systems (chloride and acetate
for fluoride and hydrogenphosphate, sulfate and malonate for carbonate) showed that fluoride and carbonate form the most stable speci
with open chain polyammonium cations, among low molecular weight anionsNTdikyl substitution does not play negligible role in the
stability of these complexes, the species formed by substituted amines being more stable.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction the amine speciation: (a) the protonation in natural fluids and
the interactions with the major components of natural and bi-
Amines are quite an important class of ligands, present asological fluids (N, K+, Mg2t, C&*, CI- and SQ2"); (b)
trace components in all biological fluids and natural waters. the interaction of open chain polyammonium cations with
In particular, polyamines are found in all living organisms, many ligands of biological and environmental interest such
and their concentration becomes quite high in tissues andas carboxylic polyanions or nucleotides and inorganic anions
biological fluids in some pathologi¢$—3]. The mean con-  (Cl—, SQ42~, HPOs2~, P,O7*~, P4010°~, F&(CN)*). In
centration of amino groups in some biological fluids is 1-2, order to complete the knowledge on the speciation of these
0.1-0.05, 15-30 and 0.2—-0.3 mmotiin urine, blood, sperm  compounds in natural and biological fluids, we have ex-
and sweat, respectivelqt]. Furthermore, amino compounds tended our studies towards two interesting inorganic ligands:
play an important role in reactions with sugars (or their fluoride and carbonate.
derivates) in natural waters leading to polymerised products Fluoride and carbonate anions are among the major con-
[5,6] containing several amino groups along a linear chain, stituents of natural waters (0.7 and 2.7 mmdlfor fluoride
whose composition is very similar to that of the humic and carbonate, respectively, in seawater 8,35 salinity).
water-soluble fraction. Therefore, polyamines can be con- Fluoride is the smallest simple anion that can exist in aque-
sidered a representative model of aminic sites binding in the ous solution and, unlike the other halides, has no d orbitals
humic acids. Despite the great importance of amines both aswith sufficient energy to participate in covalemtbonding.
model molecules and as involved in several biological pro- These two factors suggest that interactions between cations
cesses, few studies have been carried out on their speciatiorand fluoride anion, more than for any other ligand, should be
in natural waters and in biological water. In the last years governed by electrostatic attraction, and therefore, fluoride
[7-19] our research group developed two aspect concerningion is of considerable interest as model for electrostatic inter-
action in solution. It is a “well behaved” ligand: it is neither
— _ reducible nor oxidisable in aqueous solution, does not hy-
- igg_%sg%cfgg'zngzgf’thor' Tel:39-090-6765752: drolyse under normal conditions and shows little tendency to
E-mail addressesfoti@chem.unime.it (C. Foti), form outer sphere complexes. Moreover, fluoride forms quite
sammartano@chem.unime.it (S. Sammartano). strong hydrogen bonds. Carbonate is the major constituent
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Table 1
Amines considered in this work
A Formula Name
1 HoN—(CHy)2—NH: 1,2-Diaminoethane (ethylenediamine)
2 HaN—(CHy)4—NH; 1,4-Diaminobutane (putrescine)
3 H2N—(CHy)s—NH; 1,5-Diaminopentane (cadaverine)
4 HaN—(CHy)s—NH; 1,6-Diaminohexane
5 H2N—(CHy)g—NH; 1,8-Diaminooctane
6 (CH3)2N—(CH,)2—N(CHz)2 N,N,N,N'-tetramethylethylenediamine
7 H2N—(CH,)4—CH(CH;NH32)—(CH,)3—NH> 4-Aminomethyl-1,8-diaminoctane
8 H2N—(CHy)3—-NH—(CH;)4—NH; N-(3-aminopropyl)-1,4-diaminobutane (spermidine)
9 H2N—(CHy)3—NH—(CH;)3—NH; Bis-(3-aminopropyl)amine
10 H2N—(CHy)6—NH—(CH;)s—NH; Bis-(6-aminoesil)amine
11 (CH3)2N—(CH,)2—N(CHz)—(CH,)2—N(CHz)» N,N,N,N’,N’-pentamethyldiethylenetriamine
12 HaN—(CH,)3—-NH—-(CH)4—NH—(CH;)3—NH, N,N-bis(3-aminopropyl)-1,4-diaminobutane (spermine)
13 (CH3)2N—(CH,)2—[N(CH3)—(CHy)2]2—N(CHs)2 1,1,4,7,10,10-Esamethyltriethylenetetramine
of several natural fluids, and the G /CO,/HCO;~ equi- The estimated accuracy wasd.2 mV and+0.003 ml for

librium is very important since it regulates the pH of seawa- €-m.f. and titrant volume readings, respectively. The appa-
ter and controls the circulation of G@round the biosphere, ~ ratus was connected to a personal computer, and automatic
the lithosphere, the atmosphere and the oceans. Furthermorditrations were performed using a suitable computer program
HCOs~ is a component of biological fluids (e.igs concen- (titrant delivery, data acquisition, check for the stability of
tration in human plasma ranges between 24 and 27mggl  €.m.f.). When measuring pF, a Metrohm fluoride electrode
and regulates many buffer systems of living organisms. ~ Was used coupled with an Ag/AgCl double junction Orion
No data are reported in literature on the interaction mod. 900200 reference electrode. The measurement cells
of open chain polyammonium cations with fluoride and Wwere thermostated at 2& with an uncertainty of-0.1°C.
carbonate. Several papers can be found concerning the inAll titrations were carried out by stirring magnetically and by
teractions of some polyazacycloalkanes with [20—-22] bubbling purified and pre-saturated Mrough the solution,
and very few data are available on their interaction with in order to exclude @and CQ inside. Calorimetric mea-
COs2~ [22,23]. In this paper we report a potentiometric Surements were performed at 25+0.0Clusing a Tronac
(ISE-F~ and ISE-H") and calorimetric study on the forma-  isoperibol model 450 titration calorimeter coupled with a

tion and stability of polyammonium cations-Fand -CQ?~ Keithey 196 system Dmm digital multimeter. The titrant was
complexes, in aqueous solution, at= 25°C. Amines delivered by a 2.5ml capacity model 1002TLL Hamilton
considered are reported Table 1. syringe. A computer program was used for the acquisition

of calorimetric data. The accuracy was checked by titrat-
ing a Tris (tris-(hydroxymethyl)amino methan&H°® =
2. Experimental —47.54kImot? [24]) buffer with HCI. The accuracy of
calorimetric apparatus wa3 + 0.008 J andv £+ 0.001 ml.
2.1. Reagents
2.3. Procedure
Amines (Aldrich or Fluka products) were purified by
transformation into the corresponding hydrochlorides and  ISE-HT measurements were carried out by titrating 25 ml
were used in this form. Their purity, checked alkalimetri- of the solution containing the amine under study (4-10 or
cally, was always >99.5%. Hydrochloric acid and sodium 3-7 mmolf?, for fluoride and carbonate systems, respec-
hydroxide solutions were prepared by diluting concentrated tively), an excess of hydrochloric acid and NaF on8&3
ampoules (Fluka) and were standardised against potassiunf0.02 < I < 0.06 mol 1) with standard NaOH solution
biphthalate or sodium carbonate, respectively. Sodium flu- up to =90% neutralisation. Separate titrations of HCI at
oride and sodium carbonate were prepared by weighing about the same ionic strength value as the sample under
pure salts (Fluka) previously dried in an oven at 1CO study were carried out in order to calculate the standard
Grade A glassware and twice-distilled water were used for electrode potentiakE® of the electrodic cell. A stream of

all solutions. purified and pre-saturated;Nvas bubbled through all so-
lutions in order to exclude the presence of £é&nd G.
2.2. Apparatus ISE-F~ measurements were performed by adding the amine

under study (2.5-7 mmott) to a solution containing NaF
The free hydrogen ion concentration was measured using(0.05mol I'1); calibration was performed separately by
apparatus consisting of a Metrohm model 713 potentiometer, titrating with NaF. Calorimetric measurements of amities
equipped with an Orion combination glass electrode (Ross 6, 9, 12 and13 were performed by titrating 50 ml of the so-
type 8102) and a Metrohm model 765 motorised burette. lution containing the amine hydrochloride (5-10 mmad))
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& K is the formation constanf,K the formation constant at
9] ", infinite dilution, andC andD the empirical parameters. Ac-
':D cording to previous results, when all interactions are taken
- into account, the values = 0.11, ¢ = 0.20, dgp = 0 and
g i d1 = —0.075 can be use[28].
= w
Q IDD
. “DD 3. Results
e, : o .
e 3.1. Amine-fluoride interactions
-..E‘j__EquDD
_ " . . .
6 %"ﬁh Calculations on potentiometric [H and [F~] measure-
. . . . ments indicate the formation of mononuclear species be-
00 05 10 15 20 25 tween protonated amine and fluoride anion, according to the
v/mL (NaOH) reaction
Fig. 1. Titration curve, pH vs. v (ml) (NaOH 0.1006 mof), for the A%+ F~ 4+ iHT = H;AF(—D+ (2)

system carbonate-ethylenediamin®, (at 25°C. Analytical conditions: ]
C1 =3 andCco, = 5mmol 1. (OJ) Experimental curve; M) calculated wherei = 1,2,...n (n = max protonation degree of the

curve (without considering the formation afCOs*~ species). amine). Preliminary calculations showed very similar be-
) 1 o haviour of different amines towards the formation of HAF
with NaF or NaCOz (0.3molI™5). The heat of dilution  gpecies, for which was calculated the mean values of for-

was measured before each experiment. mation constant log; = 1.6+ 0.1 (referred to the reaction
_ HA* +F~ = HAFY, at /= Omol I~ and: = 25°C), valid
2.4. Calculations both for the substituted (611, 13) and the unsubstituted

polyammonium cations (2, 3, 4, 5, 8, 9, 12). By consid-
The computer programs STACO and BSTAZS] were  gring this values, we obtained the formation constants for
used to calculate formation constants from potentiometric y ApGi-1+ gpecies reported iffable 3, together with val-

measurements. Both programs can deal with measurementges extrapolated dt= 0 mol =X by usingEq. (1). In order

at different ionic strengths and are able to simultaneously 15 petter evidence the stability of these speciesTahle 3
analyse pH and pF titration data. Calorimetric titration data equilibrium constants for the formation of amine-fluoride

were analysed by the computer program ESS2]. The  gpecies are also reported, according to the reaction
ES4ECI [25] program was used to draw the distribution

diagrams. The LIANA[25] program was used to fit linear HA™ + F~ = HAF(~D+ (2a)
and nonlinear equations. As an example we showiin 1

a titration curve for the system carbonate-ethylenediamine
(1) together with the curve calculated without considering
the formation ofl-COs2~ species: differences of pH values
are relevant and allow the formation constants of complexes
to be calculated.

The measurements were carried out without addition of
background salt, i.eat variable ionic strength in order to  |ogK = a¢ (3)
minimise the interference of weak N&E~ or Nat-COz%~
and AH/T-CI~ complex species. The formation of weak Where¢ = |z¢ x za| (z is the cation charge ang the an-
species was taken into account into calculations, togetherion charge) andh the empirical parameter (by considering
with the protonation of carbonate, fluoride and amines that in this caseza = —1; Eq. (3)can be write also in the
[15,24,27]. Dependence on ionic strength was taken into form: logK = ai, wherei is the amine protonation degree).
account by using the extended Debye-Hiickel-type equationBY analysing separately stability data of unsubstituted (1,
[28]: 2,3,4,5, 8,9, 12) and substituted (611, 13) polyamines,

T % 1/2 121 3/2 we founda = 0.85+ 0.02 and 1.13+ 0.10, respectively.
log K =logTK —z"I"/%2+ 317571+ CI+ DI® (1) The higher value of the parameter a féralkyl substituted

(amine protonation constants are reportedable 2).

A first inspection of data ifTable 3shows that stability
of amine-fluoride complexes increases with the charge of
polyammonium cation and the increase is more marked for
substituted amines. As obtained for other amine-organic and
-inorganic anion systems, we tested the simple relationship:

where amine-fluoride interactions indicates that these are more sta-
ble than those formed by the unsubstituted ones. Note that

C = cop* + 17", D =dop* + d17", the mean valuesy = 1.00 + 0.15, for both substituted

pr = Z(mdes}eactams— Z(mdesbroducts and unsubstituted amines are significantly higher than the

values obtained for several polyammonium inorganic anion
= Z(Chargesiactants_ Z(Chargesémducts systemsa = 0.61 (see Ref[14]). A more sophisticated
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Table 2

Protonation constants of amines, carbonate and fluoride=a0 mol I-1

andr = 25°C

X log Bq? References
11 12 13 14 21

1 9.90 16.77 [15]

2 10.54 19.64 [15]

3 10.80 20.34 [15]

4 10.90 20.70 [15]

5 10.94 20.90 [15]

6 9.15 14.78 [15]

7 10.90 20.86 29.67 [15]

8 10.80 20.38 28.20 [15]

9 10.54 19.86 27.01 [15]

10 11.16 21.41 30.76 [15]

11 9.23 17.39 18.88 [15]

12 10.70 20.40 28.71 35.89 [15]

13 9.22 17.36 22.10 22.67 [15]

F 3.18 3.63 [27]

COs%~ 10.33 16.69 [27]

X AH,p, References
11 12 13 14 21

1 -51.3 -96.3 [14]

6 —29.2 —55.2 [16]

9 -51.4 -1053 -151.0 [16]

12 —48.5 -96.9 1426 -186.5 [14]

13 —-27.8 -57.7 —-83.1 -98.1 [16]

F 13.2 17.3  [24]

b

COz%~ -146  —23.40

& Refer to the reactionpX + ¢H = X ,H, (charges omitted for sim-

plicity).

b Unpublished data from this laboratory.

polyamine structure can be used; after some trials we foundcording to the reaction

the empirical relationship

logK = a(¢ + R¢

whereRc/n is the ratio of C atoms of alkyl chain and N

1/2
N

(4)

atoms in the polyammonium cation (séable 3), anti =

X

513

>

% A

35

Fig. 2. Distribution diagram of AF~ species (A= 12) vs. pH, at
¢t = 25°C. ConditionsiCa = 10, Cg = 20 mmol -1, C¢) = 500 mmol i1,
I ~ 0.5moll~1. Species: (1) WACI3; (2) HsACIZH; (3) HoACIH; (4)

HACI®, (5) HiAF3t; (6) HaAF2t; (7) HoAFT; (8) HAFC.

0.68+0.01 and 083+0.11 for unsubstituted and substituted

amines, respectively.

The importance of amine-fluoride species in the specia-
tion of natural fluids is showed iRig. 2, where, as an ex-
ample, the distribution diagram of spermine (12)-8ystem
in the seawater chloride concentration is reported. As can
be seen, formation percentage gfdfF(—D+ species is not
negligible. In particular, at marine water pH value (pH
8.1) ~ 25% of spermine is present agAF2+ and H4AF3+

species.

3.2. Amine-carbonate interactions

Potentiometric measurements orfﬁmine—CQZ* sys-
equation which makes allowance for the difference in the tems showed the formation of,;ACO3(~2+ species, ac-

A® + COz%*™ +iHT = H;ACO3! =2

(5)

wherei = 1, 2 for diaminesl, 2, 4, 6; n = 2, 3 for tri-

amines?, 8,9, 10; n = 3, 4 for tetramine42, 13. Formation

constants of FACO3~2+ species referred to the overall

Table 3
Equilibrium constants for the formation of amine-Eomplexes atf = 0molI~! and+ = 25°C
A Ren? log 8" logKz® log B3° logK3® log B4° logKs®
1 1.0 18.73+ 0.0% 2.0
2 2.0 21.66+ 0.02 2.0
3 25 22.09+ 0.01 1.75
4 3.0 22.26+ 0.03 1.6
5 4.0 21.97+ 0.09 1.1
6 1.0 16.99+ 0.04 2.2
8 2.33 22.19+ 0.02 1.8 30.66+ 0.06' 25
9 2.0 21.93+ 0.04 21 29.88+ 0.04 2.9
11 1.33 19.19+ 0.12 1.8 23.37+ 0.06 45
12 25 22.47+ 0.02 21 31.21+ 0.01 25 38.614+ 0.0 2.7
13 15 18.96 + 0.09 1.6 24.35+ 0.08 2.25 28.02+ 0.04 5.35

& Ratio between C atoms in the alkylchain and amino groups.
b 8. refer to the reaction: A+ iHt + F~ = H;AF L.
¢ K; refer to the reaction: FA/* + F~ = H;AF L,

d +S.D.
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Table 4
Equilibrium constants of amine-G&~ complexes at = 0mol =1 ands = 25°C
A Re/n® log B1° logKs© log B2° log K4 log B3P logKs¢ log B4° log K¢
1 1.0 13.51+ 0.0% 3.6 22.89+ 0.0Z 2.7
2 2.0 14.42+ 0.03 3.9 23.75t 0.03 2.9
4 3.0 14.18+ 0.05 3.3 24.50+ 0.04 3.3
6 1.0 12.96+ 0.06 3.8 21.51t 0.04 2.0
7 3.0 - - 25.02+ 0.06 3.8 34.78t 0.03 3.6
8 2.33 - - 24.88+ 0.09 3.75 33.96+ 0.07 3.25
9 2.0 - - 26.67+ 0.06 5.8 34.58+ 0.03 4.4
10 4.0 - - 25.39+ 0.02 3.9 35.0%+ 0.03 3.35
12 25 - - - - 34.49+ 0.03 3.8 42.52+ 0.03 35
13 15 - - - - 32.90t 0.12 5.2 38.3%+ 0.08 6.0

@ Ratio between C atoms in the alkylchain and amino groups.
b g refer to the reaction A+ iH™ + CO32 = H;A(CO3)i 2.

¢ K; refer to the reaction: HA + CO3%~ = HACO;™.

d K; refer to the reaction: H1AG-D+ 4+ HCO3~ = H,ACO3(~2,
€ +S.D.

reaction (5) at/ = Omoll~! ands = 25°C are reported  3.3. Enthalpy and entropy changes of polyamine-fluoride
in Table 4, together with equilibrium constants according and polyamine-carbonate complexes
to the most probable reaction. Analogously to fluoride sys-
tems, using all the stability data of the polyamine<420 By calorimetric measurements, enthalpy and entropy
complexes (Table 4), we test the simple relationship (3), for change forl- and12-F~ complexes, and fot-, 6-, 9-, 12-
which we obtaing = 1.99+ 0.04. By taking also into ac- and13-CO3?~ complexes, were determined. Values referred
count the contribution of the structure and the length of the to the partial reaction are reported Table 5. Calculations
alkylic chain in the polyamine cations (Eq. (4)), we obtain were performed considering literature valuesAdt® proto-
a = 1.46+0.05. For these systems too, tNealkyl substitu-  nation of aming[14] and fluoride{24]; for CO3?~, we used
tion plays also an important role, increasing the stability. If AH1 = —14.60 for reaction H + CO3?>~ = HCO3~ and
we compare, for example, formation constant g0z AH, = —8.80 for reaction H + HCO3~ = CO; + H20
species, we found lo§ = 3.8 and 5.2 for amine$2 and (¢ = 25°C and/ = 0molI™%; unpublished data from this
13, respectively. Nevertheless, it was not possible consider laboratory). As obtained for other amine-inorganic ligand
separately substituted amines, because only two substitute@pPecieg14,17-19], we can do some considerations. The for-
amine systems (6nd12) were studied. mation of all species is endothermic or slightly exothermic
In Figs. 3 and 4he distribution diagrams for the system With AH® values quite low, and'AS’ values positive and
Spermine-cgz— are shown, in our experimenta| condition hlgh This confirms the electrostatic nature of these Species
and in seawater chloride concentrations (&.35 salinity), (-AG®° > AH®). —AG® and TAS values of substituted
respectively. As can be seen, in both diagrams the mostamines are always higher respect to those of unsubstituted
important species at pH 8 is HsACOs*, which reaches ~ values: if we compare for examplesMCOs** species,
formation percentages 6f70—-80%, also in presence of high We obtain—AG® = 20.0 and 34.2, and’AS = 14.2 and

chloride concentrations. 56.5, for unsubstituted ani-alkyl-substituted tetramines
80
80 1
% A
% A
40
40
2
0 —
o C N 2 4
L TR S S S

H
P Fig. 4. Distribution diagram of H-A%-CO32-ClI~ (A = 12) vs. pH,
Fig. 3. Distribution diagram of ACOs?~ species (A= 12) vs. pH, at at + = 25°C. Conditions:Ca = 7, Cco; = 10, C¢ = 500 mmol I1,
t = 25°C. Conditions:Ca = 7, Cco, = 10mmolf?, 7 ~ 0.1moll2. I ~ 0.5moll~1. Species: (1) WACI3t; (2) HsACIL2t; (3) H4ACO3%T;
Species: (1) BACO3z2t; (2) H3ACOs. (4) HaACI?t; (5) HsACOs™; (6) HoACIT; (8) HACIO.
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Table 5 Table 6
Thermodynamic parametérdor the formation of H-amine-F and Equilibrium constants for the formation of amine-mono-charged anion
H*-amine-CQ?~ species at = 0moll~! andr = 25°C complexes atl = 0moll~! andr = 25°C
A Reaction —AG® AH® £ 1P TAS + 20 A Reaction logK
1 HoAZH 4+ F- 11 3 14 Fa clPb ac
HAT +CO*” 21 16 37 1 HAY 4L~ 1.6 0.2 0.1
HA* + HCO3™ 15 12 27 : - -
+HCOs HoAZ+ 4 L™ 2.0 0.6 0.7
6 HAT +CO 21 19 40 2 HAt 4+ L~ 1.6 0.4 1.4
HAt 4+ HCO3™ 11 17 28 : - :
+HCOs HoAZF 4L~ 2.0 0.6 1.8
9 HAt 4+ HCO3~ 33 -7 26 3 HA® +L- 16 o1
HoAZt + HCO3™ 25 -8 17 : -
2ATT + HCOs HoAZH 4 L~ 1.75 0.8
12 HAY + F- 15 4 19 o
R T B : RS A S
H3A3* + HCO3™ 20 -6 14 2 . . :
3A™ + HCOs HaA3*+ + L~ 25 1.3 16
13 HpAZ+ 4+ HCO3™ 30 3 33
_ 12 HAY +L- 1.6 -0.2
HaA3t + HC 34 22 56
AT +HCOs HoAZ 4 L- 2.1 0.7
a In kImol2. HaASt + L~ 25 1.3
b +sD. HaAZT 4+ L~ 2.7 2.0
) [16]aneN; HsAM + L~ 1.9
(12 and 13), respectively. Enthalpy or entropy values for L »
fluoride- and carbonate-polyamine systems are higher thanl*€12neM HaAT +L 2
those of other inorganic ligands having the same charge,[20laneN, HaA* + L™ 2.8
such as chloride and sulfate or hydrogenphosphate, respec- a This work.
tively (e.g. for the formation of K1)L? species (L= F~ b Ref. [15].
and CI) we have AH = 3.1 and—1.3, and for H(12)L° ¢ Refs.[7-9].

AH° = 3.6 and 2.7, for fluoride and chloride respectively). ~ ° = 0-1moll™ (KNO3), r = 20°C (Ref. [22)).

structure, charge/radius ratio and amine basicity. Values
4. Discussion obtained in this work can be compared with that of other
polyamine-inorganic polyanion (phosphate, pyrophosphate
Data reported in this work show that in solution containing and hexacyanoferrate) systems for which recefit] we
polyammonium cations and inorganic ligands such as fluo- reported the mean valuesG; = 7.8 kJmot™t. The differ-
ride or carbonate, formation of mixed speciegAH(—2)+ ences evidence that fluoride and carbonate ligands must be
(L~ = F~ or CO32") is significant, in particular in the pH  considered separately.
range of natural waters. As pointed out in the results sec- Stability of amine-fluoride complexes can be compared
tion, stability is strictly related to the charges involved in to that of other monocharged ligands, both inorganic and
the formation reaction, and an empirical relationship was organic, such as chloride and acetate (Table 6). Between
obtained (Eq. (3)). The structure of polyammonium cations inorganic ligands, very high differences can be found, and
plays a less important role (Eq. (4)). Considering= &/2 stability follows always the trend > CI~. Towards ac-
as a crude approximation of the number of possible salt etate ligand too, interacting ability of fluoride is higher, but
bridges[14,17-19], we can give the free energy contribution differences are in some case smaller than those with chlo-
per bond AG;. Using the equilibrium constants reported in  ride. For example, for H(2) species (L= F~, ac™ or
Tables 3 and 6, we obtain the mean values: CI7), we found logk = 1.6, 1.4 and-0.4 for fluoride, ac-

R _ etate and chloride, respectively. If we explain the interac-
AGp=100+0.2kJ mol*n ©6) tion between polyamine and polyanion in terms of hydrogen
AGY =122+ 0.6k mol,-1 @) bonding we may justify the differences. Fluoride anion acts

as hydrogen bonding acceptor and the proton transfer from
for unsubstituted andN-alkyl-substituted amine-fluoride  polyamine to fluoride anion is strongly endothermic. The

species, respectively, and higher strength of hydrogen bond in fluoride systems with

AGY = 28.8+ 1.4kJ molrl a1 8) _respect to chlf)ride is also evidenced from the mean di_stance
in NTH3--- L~ values (we have 1.67 and 2.247 foeL F

for amine-carbonate species. Error is reportec-A¢'/2, and CI, respectively{29]). Moreover,N-alkyl substitution

with ¢ = standard deviation an®y = number of species increases the stability of the anion complexes (Egs. (6)

taken into account. The high dispersion &Gy values, and (7)), because it causes a greater localisation of posi-

in particular for amine-carbonate systems, is probably tive charge, due to the lowering of the hydration of amine
due to secondary factors which influence stability such as groups, leading to stronger interaction with the anion.
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Table 7
Equilibrium constants for the formation of amine-bicharged anion complexés=ad molI=* and¢ = 25°C
A Reaction COz%2 HCO;~2 S0P HPQy2-¢ tarr—d HPO, ¢ Htard
1 HA*T 4+ L 3.6 2.7 0.9 1.5 0.7
HoAZH 4+ L 2.4 3.0 2.1 1.6 0.9
2 HA*T + L 3.9 2.9 1.3 1.5 2.0
HoAZT + L 2.6 2.6 2.9 1.7 2.4
3 HAT +L 0.7 1.4 1.3
HaAZ 4L 2.05 23 2.2 1.4 1.0
8 HAT + L 3.8 0.8 2.3 1.35
HoAZT + L 3.25 1.4 2.4 2.1
HaASt + L 2.8 3.3 2.9 1.3 1.3
12 HA*T 4+ L 0.9 2.0 1.9
HoAZH + L 3.8 2.1 2.8 2.8
HaASt + L 35 3.2 3.6 3.6
H4AY + L 3.9 4.5 43 2.7 2.9
[16]aneNs H3ASt 4+ L 4.4 2.0
[17]aneNs HsASt 4+ L 4.28°
[18]aneN; HaASt + L 2.7¢° 1.6# 114
a This work.
b Ref.[17].
¢ Refs.[8,14].
d Refs.[9,14].

€ lonic strength not specified (ReR22]).

Stability of amine-C@%~ species can be compared to
those of other discharged anions, both organic (tartrate,
ta’~) and inorganic (HP@—, SO427). Comparison is

Table 8
Mean AG°, AH° and TAS contributions in the formation of polyam-
monium cation—anion species mat 25°C and/ = 0mol 1

reported inTable 7. As can be seen, amine-carbonate com- Anion —AG°IL AH/L TASIL
plexes are always more stable to those of other ligands, andgg 2-a 34 04 38
follow the trend CQ27 > HPO427 > 50427 ~ mal. = 5.7 0.1 5.8
The same behaviour is noticeable for cyclic amines, as cos?~ 11.4 7.6 19

showed from stability values of [18]angNreported in
Table 7. Probably, the high charge concentration in the
carbonate anion plays an important role in the stability of
these complexes.

It is worth to consider again, by analysing simultaneously
AG, AH andTAScontribution to the stability, the influence
of hydrogen bonding in the formation of these complexes.
The formation of -N-H --.~ O hydrogen bonds leads to
partial deprotonation of amine and to partial protonation of
carbonate. For amine deprotonation we hawe > 0 (and
TAS ~ 0), and for protonation of carbonateH < 0 (and
TAS > 0). Therefore the resultant enthalpic effect must be
endothermic, with an entropic contributidfS > 0. The
formation of -N—H" - . .= F hydrogen bonds determines par-
tial protonation of fluoride (AH >0) and partial deproto-
nation of amine (A H> 0), with a resultant endothermic
effect. We may compare data for @0 and F~ with the
analogous results for S& [17] that can act only as hy-
drogen bond acceptor, as shownTiable 8. For fluoride
species the difference in stability is due to the increment on
TASterm, with the same enthalpic contribution, whilst for
carbonate the endothermic effect is quite significant with a
resultant boosting effect in thiEASterm. These consider-

a Ref. [17].

ations, though semiqualitative, show the importance of hy-
drogen bonding in the formation of Fand CQ2~ polyam-
monium cation species. Nevertheless, more systems have to
be investigated to draw general conclusions.

No data are reported in literature on both open chain
polyamine-fluoride and -carbonate systems. Comparison is
only possible with cyclic polyamind20-23]for which we
have stability constants fairly close to the relative values of
open chain polyamine. For example, foffA3* species we
found logk = 1.9, 2.0, and 2.8 for [16]anefN[18]aneN,
and [20]anely, respectively (at 20C and 0.1molt? in
KNO3), and for hCOsAT logK = 4.44 and 4.28, for
[16]aneN;, and [17]anel, respectively.

5. Final remarks

The main conclusion of this work can be summarised as
follows:
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Open chain polyammonium cations significantly inter- [5] J.M. Bremmer, in: A.D. Mc Laren, G.H. Peterson (Eds.), Soil Bio-

act with fluoride and carbonate anions aan(i—zH chemistry, vol. 1, Marcel Dekker, New York, 1967 (Chapter 2).
. = I [6] F.J. Stevenson, J.H.A. Bultler, in: G. Eglinton, M.T.J. Mur-
species are found (L = F~ or CG;*"). phy (Eds.), Organic Geochemistry, Springer-Verlag, Berlin, 1969

Enthalpy changes for the formation of some of these com- (Chapter 22).

plexes are calculated and resulted generally low and pos- [7] P.G. Daniele, E. Prenesti, A. De Robertis, C. De Stefano, C. Foti, O.
itive; the main contribution to stability arising from the Giuffre, S. Sammartano, Ann. Chim. (Rome) 87 (1997) 415 [Errata
TAS term. Corrige 88 (1998) 447]. _

Polyamine-F and -CQ2~ complexes are more stable (& %Iﬁai%b(elrg;é)ciogg Stefano, A. Gianguzza, S. Sammartano,
respect pOIYamine'mOHOCharged anion TrChCi) and [9] C. De Stefano, A. Gianguzza, R. Maniaci, D. Piazzese, S. Sammar-
-dicharged anion (HP£3~, SOs2~, maf~) complexes, tano, Talanta 46 (1998) 1079.

respectively. The mean values of the free energy contri- [10] A. De Robertis, C. De Stefano, A. Gianguzza, S. Sammartano,
bution per boundAG¢, calculated for both systems, are Talanta 48 (1999) 119.

. - S . [11] C. De Stefano, C. Foti, A. Gianguzza, S. Sammartano, Anal. Chim.
higher to that previously reported for polyamine-inorganic Acta 418 (2000) 43.

pglyanion SyStemS-. -~ o . [12] S. Cascio, A. De Robertis, C. De Stefano, S. Sammartano, J. Sol.
Differences were justified explaining the polyamine- Chem. 29 (2000) 1101, and references therein.
polyanion interactions in terms of hydrogen bonding. [13] S. Cascio, A. De Robertis, C. Foti, Fluid Phase Equilibria 170 (2000)

Stability depends on the charges of reactants (Eq. (3)) and 167, and references therein.

o . : [14] A. De Robertis, C. De Stefano, C. Foti, O. Giuffre, S. Sammartano,
it is less influenced by the structure of polyammonium Talanta 54 (2001) 1135, and references therein,

cation (Eq (4))N_'alky| Su_pStitUtion plays_also an .impor— [15] A. De Robertis, C. Foti, O. Giuffré, S. Sammartano, J. Chem. Eng.
tant role increasing stability of both amine-fluoride and Data 46 (2001) 1425, and references therein.
amine-carbonate species. [16] A. De Robertis, C. Foti, O. Giuffré, S. Sammartano, J. Chem. Eng.

Even if the stability of fluoride and carbonate species with __ Data 47 (2002) 1205, and references therein.

. . . [17] C. Foti, A. Pettignano, S. Sammartano, Ann. Chim. (Rome) 92 (2002)
open chain polyammonium cations cannot be compared 1067, and references therein.

with _that of Sim“arls_p_edes of other inorganilc aqions, itiS (18] A. De Robertis, C. De Stefano, A. Pettignano, Ann. Chim. (Rome)
confirmed the additivity oAG and T AScontributions as 92 (2002) 13, and references therein.
reported by us in previous contribution to this topic and [19] F. Crea, A. De Robertis, C. De Stefano, C. Foti, S. Sammartano, J.

by Schneider in several investigations (see [R&4], and Chem. Eng. Data 49 (2004) 133, and references therein.
references therein) [20] R.J. Motekaitis, A.E. Martell, I. Murase, J.M. Lehn, M.W. Hosseini,

Inorg. Chem. 25 (1988) 3630.
[21] A. Bianchi, M. Micheloni, P. Paoletti, Coord. Chem. Rev. 110 (1991)
17.
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