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Abstract.

The results of a potentiometric and calorimetriedgton the complexation reactions of neutral N
donor ligands with silver(l) in propylenecarbongeC) and dimethylformamide (DMF) are
reported.

The ligands concerned in DMF are butylamine-bQt), 1,2-diaminoethane (EN), bis(2-
aminoethyl)amine (DIEN) andll,N'-bis(2-aminoethyl)ethane-1,2-diamine (TRIEN) where@a PC
results are provided for EN and DIEN, because @é seactions occurring for n-but and TRIEN
The data are compared to those previously repamtdanethylsulfoxide (DMSO), acetonitrile (AN)
and water, solvent media which present quite diffedielectric constantg)(and donor numbers
(Dn). The trend of stabilities of the mononucleagLAand AgL, formed is discussed in term of
different cation and amines solvation in the defarsolvents. TRIEN can form bimetallic species in
DMF, but not in DMSO. Given the lowervalue for DMF than for DMSO, AG RIEN formation

is evidently more influenced by the lower solvatminAg(l) ion in DMF, rather than by difference
in dielectric constants of these two solvents. iR addition to mononuclear complexes of higher

stability with respect to the former solvents, giedynuclear AgL and AgL., species are found.
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1. Introduction.

In the last decades many studies have been cawieith the field of the thermodynamics of metal
complex formation with nitrogen-donor (N-donor)ditds in water[1-4] as well as in hon-aqueous
or mixed solvents[5—-13]. The main aim of these \gdrks been to investigate the influence both of
different basicity and steric properties of thehds and of the solvents on the stability and eatfir
the complexes formed. All these studies are oftgregortance to understand or predict the role of
metal ions in biological systems[14] and medicinbere for instance, an accurate description of the
thermodynamics of complex formation is of capitaiportance in the design either of metal
sequestering drugs [15,16] and diagnostic agentdR]7 Also interesting structure-stability
relationships have been derived when complexes Wittonor ligands are employed as small-
molecule carriers [9,10,12,20-24] or in homogenetatslysis when N-N, N-P or N-S chelating
ligands were concerned [25,26].

In environmental applications, stability constaate essential pieces of information to predict the
behavior and speciation of metals [27] as well @asdésign selective and efficient separative
methods. As far as metal extraction from aqueoudianes concerned, thermodynamic data for
complex formation in organic media are useful fog tlesign of ligands suitable for a separation of
specific ions from the aqueous phase. In additioesmodynamic data in aprotic organic solvents
provided fundamental information on the effect ofvation on complex formation and on the
metal-ligand interactions, as these solvents anplgied systems with respect to water and provide
a better understanding of metal-ligand interactions

Many thermodynamic studies have been carried authi® coordination of Ag(l), Co(ll), Cd(ll)
and blockt ions with polydentate amines, mostly in dimethiftsxide (DMSO) [5,7,10,12,13,22—
24,26,28-35] and acetonitrile (AN) [36—40]. A catesiable number of different ligand structures
have been studied in these works and the resutisesh that the strength and nature of the
complexes formed were largely influenced by ligastiactures and donor-atom basicity and steric
properties. On the other hand, less attention kas Ipaid to these metal-amines systems in other
organic media [5,6,41-43].

As an extension of previous works, we report hbeeeresults of a potentiometric and calorimetric
study on the complexation reactions of neutral Nats, butylamine n-but), 1,2-diaminoethane
(EN), bis(2-aminoethyl)amine (DIEN) anil,N'-bis(2-aminoethyl)ethane-1,2-diamine (TRIEN),
with silver(l) in propylenecarbonate (PC) and dinydfiormamide (DMF). These aprotic solvents
are characterized by dielectric constarjsand donor numbers (Dng € 36.71 and 64.92; Dn =
26.6 and 15.1 for DMF and PC respectively) which exarkedly different from watee € 78.36;



Dn = 18) and DMSO¢g(=46.45; Dn = 29.8) [44], where many previous works Ag(l)-amine
complexation have been carried out. Besides tieedst on the solvent effect, stability data on Ag(l
in these media is of practical utility for the thmxdynamic study of other metal ions through

competitive potentiometric titrations [45].
2. Experimental

2.1 Materials

Anhydrous silver perchlorate was obtained from AQH,O (Fluka) and treated as described
previously[29]. The ligands (Aldrich, >98%) wereriiied by fractional distillation. DMF and PC
(Fluka > 99%) and the background salt WEHO4, used to maintain the required 0.1 M ionic
strengthwere purified according to the described proceddfe43].

Solutions of the ligands were prepared by dissglvieighted amounts in the anhydrous solvents.
All the solutions were prepared afresh before eaqgberiment in a MB Braun glove box under
atmosphere of dry nitrogen. The water content englutions, typically 5-10 ppm, was determined
by a Metrohm 684 KF Coulometer.

2.2 FT-IR Spectroscopy

To check stability of the ligands in PC silver(dlgtions, FT-IR spectra were recorded by means of
a Bruker Vector 22 FT-IR spectrometer on KBr psll@the concentration of the amines was varied
between 30 and 100 mriiotin®.

2.3.Potentiometry

All measurements were carried out inside the MB-WBJyaun glove box in a thermostated galvanic
cell maintained at 298.1 + 0.1 K. Ag(l) ion equilion concentrations, obtained from the e.m.f. of
the cell, were used for the determination of ttadbiity constants of the complexes. The emf were
measured by means of an Amel 338 pHmeter equippibdavsilver Metrohm 6.1248.010 electrode
as a working electrode and a Metrohm 6.0718.00@rs#électrode as a reference. An experimental
run consisted in collecting equilibrium data poimisen solutions of silver perchlorate (2.00 \g°

< 30.0 mmol dritin DMF and2.00 < C4g < 20.0 mmol drit in PC) were titrated with solutions of
the ligands (50 < G° < 200 mmol drif in DMF and 30 < @ < 100 mmol drif in PC). Titrations

were performed with at least three different ihi#ay(l) concentrations and some titrations were



carried out in duplicate to verify the reprodudifyilof the system. In the concentration rang& £0

[Ag+] < 10%mol dm?, the emf values varied with the metal ion conaaitn according to Nernst's
law.
The computer program Hyperquad[4@4s used for the calculation of the stability canst and

Solverstat and EST tools[47,48] for statisticallgsia and speciation calculations.
2.4. Calorimetry

A Tronac model 87-558 precision calorimeter was leygud to measure the heats of reaction. The
calorimeter was checked by titration of tris(hydpmethyl)aminomethane (tham) with a standard
solution of HCI in water. The experimental valuetlodé heat of neutralization of tham was found to
beAH® = -47.61 kJ meét, in good agreement with the accepted value 0531£.0.13 kJ mat [49].

The calorimetric titrations were performed at 2%8£10.02 K by adding known volumes of ligand
solutions using similar ligand and Ag(l) concentmatranges as in potentiometry. The heats of
dilution of the reactants, determined in separatgs,r were found negligible. The least squares
computer program HypDeltaH[50] was used for thecuwakion of the standard formation

enthalpies.

3. Results

Reaction of propylene carbonate with amines to garlbammates could not be excluded in the time
frame of both calorimetric and potentiometric exments, being the reaction rate dependent on
various factors such as nucleophilicity, structae] steric hindrance of the selected ligands[Sa].
the stability of the amines in PC was preliminargnmored by collecting, at different times, FT-IR
spectra of 100 mM solutions of the ligands to depessible changes in the absorptions of the N-H
stretching modes, at ~325@m, and 3330 cM, Vasym Of the free amine. Unfortunately, in the case
of n-but and TRIEN solutions, the intensities of theksedecreased noticeably within about 80
minutes (~100 min when the amine concentration degseased to 30 mM) whereas the spectra did
not change at least for the first 150 minutes wlhand DIEN were considered. Therefore, only

the latter amine-Ag(l) systems were successfullgdisd in PC.



In Table 1, the overall stability constants anditiedynamic data for silver(l)- amine systems, with

the limits of error indicated, are listed for tleactions:iAg” +jL = AgiL;" (i=1,2j=1,2,3;Lis

the ligand considered) in DMF and PC. In the sameld also the available thermodynamic data for
silver complex formation with the same amines irtesfd], DMS0O[29,31,32] and AN[40] have
been entered.

The best fit of potentiometric data is obtained wio mononuclear species AgL and Aglre
considered for all the ligands in DMF but tetra@géatTRIEN, which forms only AgL and the
dinuclear complex Ag. (Fig. 1, Table 1).

For DIEN in PC, in addition to AgL and AgLtwo polynuclear, Agl. and AgL., species were also
detected, whereas no evidence of a better fit efdata was attained considering the additional
presence of A, complexes, as previously observed with some ottethylenic and ethylenic P-

N donors in PC [26]. Noteworthy, Alg, species were also found in PC in the case of suoore
complex diaza ligands[52].

In Fig. 1 some potentiometric titration curves Agg(l) with DIEN in PC (Fig.1a) and with TRIEN
(Fig.1b) in DMF, are shown as the most significanés. The sharp inflexion pointl¢ (= C /Cy)

= 0.67 (Fig.1a) is indicative of the formation bEtAgDIEN; in PC. In Fig. 1 (inset) the speciation
of Ag(l) as a function oR¢ is plotted for the two systems for £g°= 10 mmol drit. In DMF
Ag,TRIEN reaches a maximum value of 24% whenyG8 30 mmol drif and its introduction is
always required to obtain a good fit of the potemigtric data. In PC ADIEN and AgDIEN;
species reach up to 11 and 28 %, respectiveljeos$ilver distribution when Gg= 20 mmol driv.

The calorimetric titration data points and relatattulated curves (obtained with stability constant
and enthalpy values reported in Table 1), for dénmes systems as Fig. 1, are reported in Fig. 2, as

Ahy the total heats of reaction per mole of metal imRc. From an examination of the shape of

these curves some conclusions can be drawn abeupriwvalent complex species formed in

solution. In the case of the Ag(l)-DIEN systenP@, the change of the slope occurringrat= 0.5

(Fig. 2a) and the slight differentiation of the wes till R = 1 confirm the presence of the previous
described polynuclear species and show the impmetaf calorimetric results in monitoring the
nature of the formed species, i.e..A@nd AgL,. For TRIEN in DMF, a splitting in the curves at
different concentrations is present Bt = 1 and no heat is evolved after this value (Fim, A clear

indication that additional species are not formieraAgL.



4. Discussion.

The structure of the solvated Ag(l) ion in all k@vents considered (except PC, for which no data
are available) is tetrahedral[53-55], thus the camspn of the transfer properties can be used
profitably to discuss the energetics of desolvat@nthe metal ion upon complexation. The
available transfer functions for Ag(l) from AN, czidered as reference, to the solvents of
concern[56] are presented in Table 2, together witkheptor (An) and donor number (Dn)
values[44]. The Gibbs free energy of transfer ibl&€a2 show the following order of affinity of
silver(l) for the different solvents: DMSO > AN >NIF > water > PC. So, as far as only the pivotal
silver(l) solvation strength is considered, a daseein the stability of metal-amine complexes on
going from water to DMF, AN and DMSO and an inceea$ stability on going from water to PC is
expected. The heat of solvation results more negati the aprotic solvent DMSO than in the
protic solvent such as water. This reflects théndigenergy required to break the strong hydrogen
bonds of the water structure than to disrupt thecsire of liquid DMSO. In addition, the soft Ag(l)
slightly prefers DMSO to AN and disregards PC.

It is to notice a peculiarity of the silver(l) witlespect to other univalent cations: AN and PC odon
numbers (Table 2) [44] would suggest a high degfesmilarity in their interactions with silver(l)

in sharp contrast to the large free energy of fEanAG®an—pc) (Table 2) [56]. For other
monovalent cations, such as alkaline ones artfie observed free energies of transfer are d¢ose
zero or very small. Even if there is a lack obimhation about the geometry of silver(l)/PC solyate
one can argue that this singular behaviour couldelsed to the peculiar solvation of silver(l) by
acetonitrile which iso-bonded by donating electron pairs in therbitals to four dsp hybrid
orbitals on the Afjion. The coordinate bond seems to be strengthéyedack-donation of
nonbonding 4gy and 4¢, electrons and this is presumably also the maisae why Ag ion is
preferentially solvated by acetonitrile also intacgrile/water mixture.(x Andrea : inserire rebrc
numero 57 e shiftare le altre)

All the Ag(l) complexes are formed in strongly elxetmic reactions whereas the entropy terms are
negative (Table 1) as typically found for reactionvolving complexation of metal ions by neutral
ligands in aprotic solvents[5-8,12,23,41,57,58])e Tiegative entropy values are in line with the fact
that the release of solvent molecules from the dioation sphere of the metal ions, does not
compensate the decrease in conformational andatemal entropy of the ligand.

A first glance to the thermodynamic data in Tableldarly indicates that the stability order for the
Ag(l) mono- and poly-amine complexes in the différgolvents increases in the order: water <
DMSO < AN < DMF < PC. This trend reflects the priéimg of metal ion solvation effects (see
above) on the complexation; the discrepancy obseimewater can be explained as due to a strong



solvation, via hydrogen bonds, of primary and secondary polyamiime this solvent[6]. This
hypothesis is also confirmed by literature datawshg that when Ag(l) forms complexes with
ligands which are H-bond acceptors only, like pyed[59] or tertiary amines[8,11], the metal ion
solvation prevails and the trend of stability intearaand DMSO is reversed. Moreover, similar
behaviours in complexation of amines were obseffeedther metal cations, namely Cd(ll) and
Co(Il), whose solvation is larger in DMSO than iater [7,8,10,13,58].

The solvation of the amines considered in thisystadlecreasing, with respect to water and DMSO,
in DMF and PC and this produces an increased #ialoil the complexes, in agreement with
prevailing metal ion solvation effect.

Some common features can be noticed in the congpaoikthe results obtained in PC and DMF. In
the case oh-but the first stepwise formation constanty ks equal to the second one,Kand this

is not in line with partial charge neutralizationdaincreased steric hindrance which are normally
factors decreasing the stability of successive isped@he same results has been observed in the
other solvents and explained previously in the cdseater [6,60] by assuming that the formation of
the AgL" species occurs, with a change of coordination ftheninitial 4-coordinated solvate to a
linear complex. So, the second mononuclear spesis;’, is formed with the replacement of only
one solvent molecule by the monodentate ligands Eixiplanation agrees with the trend of the
values of stepwise enthalpied\Md°xi,> -AHk11) and entropies £S°%i2 > -AS %11) and can be
extended to the DMSO and DMF solvents where theegaimenomenon occurs.

For all the polydentate amines there is no sigaificentropy changes on going from the first to the
second complex formation, as well evident in Fig.where only the thermodynamic functions
relative to the second complexation step are redoividently, the entropy lost on the association
of the reagents AgL and L to form Aglcomplex is compensated by the disorder gainedigtro
desolvation effects, which result more importanthis second step, in absence of a previous change
of coordination of Ag(l) solvate when complexedpgmlyamines in 1:1 species. Also, a contribution
from the opening of the ligands arms may be comsdlezhen DIEN or TRIEN are concerned (see

below).

DMF

EN and DIEN complexation results in higher stai@itand more favourabl&H®;; with respect to
n-but (with EN intermediate betweenbut and DIEN, Table 1) which indicates that thehde as
bi-and tri-dentate respectively in the first conxalgon step. This has been evidenced previously
also in the case of Co(ll) and Cd(ll) ions in DMBQFT-IR spectroscopy[10,13,58,61]. For EN the
same seems to be true also in the second commexsBp, with the main desolvation occurring in

AgEN, formation (Table 1 and Fig.3). The values of thedgnamic parameters for AgDIEN



complex formation in DMF were previously discusgi][ and indicated that, for the second
complexation step, thaigh Kii/Ki, ratio (=10) and theAH«» and TAS%i»> parameters well
agreed with the formation of two five-membered akelrings, in which the ligands acted as
bidentate.

A detailed analysis of data for TRIEN in DMF seetusindicate that, despite the |8g is two
orders of magnitude higher than for tridentate DJHRIEN does not behave as tetradentate in the
first step, as suggested previously in DMSO[32]e Ti°,; for TRIEN (-96.5 kJ mal) is in fact
similar to theAH®;; for DIEN (-90.4 kJ mot) and TAS.:° is much less unfavourable for TRIEN
than for DIEN system. As a matter of fact, the lightabilization of 1:1 Ag-TRIEN complex with
respect to 1:1 Ag-DIEN in DMF is mainly due to tless unfavourable entropy term and therefore
to a more disordered system than in AgDIEN, whértha N atoms are supposed to be coordinated
to the metal ion.

The fact that TRIEN is not tetradentate in AgTRIEMmMplex is also supported by the
thermodynamic values for the formation of the dieac AgL species, according to the reaction:

AgL + Ag = AgyL

for which logk;=3.11,AH 21 = -33.5 kdmot, TAS ko1 = -21.5 kdmot. The high favourablAH®,;
value, very close to to that relativeridut complex formationAH®11nuut = -36.3 kdmdf, confirms
the presence of available amino group in the s@rAgTRIEN complex, ready for coordination
with an additional Ag(l) ion.

It should be noted that in DMF the formation ofyralclear species is expected to be less favoured
than in DMSO where, on the contrary, theAgpecies was not detected[32]. Due to the lower
dielectric constant (Table 2) the screening ofreqaulsive cation-cation interaction in polynuclear
complexes should be lower in DMF. However, a higétability of the complexes formed in DMF
with respect to DMSO was already observed foplAgomplex with the tripodal polypyridinic
ligand 6,6-bis-[bis-(2-pyridylmethyl)aminomethyf;2’-bipyridine (BTPA) and was tentatively
explained with the lower Dn of DMF [62] and the tféltat the coordination sites should also be at a

distance for which repulsion between the two pesitharges is not too strong.

PC.



In PC, the Ag(l) ion forms complexes of stabilitgher than those found in DMSO and DMF. This
can be easily explained by the transfer paramditars\g(l) discussed above (Tab. 2) and the
relatively weak solvation of amine in PC. On theibaf thermodynamic data, it can be reasonably
supposed that both EN and DIEN behave as bi- aentiate in the first complexation step. To
support this hypothesis and in absence of a doessible comparison with a monodentate amine, a
comparison with data for the complexation withhepylphosphine (PBhin PC can be done[26].

A much lower stability with PPh(logfi1 = 9.95) and especially a much lower enthalpy gaif.6

kJ mol%) than that found here for Ag(l)-EN complex fornaati(logBi; = 12.24 AH%;; = -95.4 kJ
mol™) was reported[26]: this allows to estimate thab tg(l)-N bonds are formed in the 1:1 Ag-
EN complex. In fact, if only one nitrogen atom dfl Evould be coordinated, a less favourable value
of AH°11should be expected for AGEN than for AgRRmmation.

A specific feature of speciation in PC is the fotima of two different polynuclear species,
Ag-DIEN and AgDIEN: in line with what expected on the basis of diglegbroperties[44] and
with available literature in PC [52].

The formation of AgL, can be seen as derived from the following reaction

Agzl_ + AgL = Aggl_z

for which logKs,= 3.85,AHks, = -18 and T1S%as, = + 4.4 kJ mot.
The slightly favorable entropy term indicates thasomewhat lower solvation of the final species

with respect to the reagents prevails on the eptiags associated to Algand AgL aggregation.

5. Conclusions

The stability order for the AgL and AglL(L=n-but or polyamines) complexes are strongly
influenced by the different solvents and increasdble order: water < DMSO < AN < DMF < PC,
reflecting the following order of affinity of silv@) for the different solvents: DMSO > AN > DMF

> water > PC, a part for water. The discrepancyeniesi for water can be explained as due to a
strong solvation, via hydrogen bonds, of primargt aacondary polyamines in this solvent.
Additional polynuclear species are highlighted mgemtiometric and calorimetric techniques, i.e.
Ag>TRIEN species formed in DMF and AYIEN and AgDIEN, species in PC. In particular, the

formation of the dinuclear complex in DMF and notDMSO, is somewhat unexpected, given the



lower € value for the former solvent: AGRIEN formation is evidently more influenced by the

lower solvation of Ag(l) ion in DMF than by the tifente values of the two solvents.
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Table 1 Overall stability constants and thermodynamiccfioms (kJmof) of silver(l)-amine
complexes in DMF and PC at 298 K ahd 0.1 mol dn¥; estimated three standard deviations in

parentheses. Available data at 298 K in water, DMB® AN are also inserted.

Solvent  Species logg; -AG;;° -AH;° -TAS®
Ag-EN PC ML 12.24(4) 69.9(2) 95.4(8) 25.5
ML, 17.13(6) 97.8(3)  124(2) 26.2
Ag-DIEN PC ML 14.65(4) 83.6(2)  108(1) 24.4
ML, 17.96(6) 102.5(3) 127.6(9) 25.1
ML 17.9(3) 102(2) 137(3) 35
Mal, 36.4(2) 208(2) 263(4) 55
Ag-n-but  DMF ML 4.80(9 27.4(3) 36.3(9f 8.9
ML, 9.59(3) 54.7(2) 86.5(5) 31.8
Ag-EN DMF ML 7.95(4) 45.4(2) 76.05)  30.6
ML, 12.19(3) 69.6(3) 105.6(3) 36
Ag-DIEN* DMF ML 10.21(3) 58.3(1) 90.4(6) 32.1
ML, 13.18(9) 75.2(5) 108.8(6) 33.6
Ag-TRIEN DMF ML 12.96(1) 74.0(1) 96.5(6) 225
ML 15.07(9) 86.0(5)  130(9) 44
Ag-n-bu® DMSO ML 3.58 20.46 31.4 10.94
ML, 7.42 41.86 71.5 29.64
Ag-EN° DMSO ML 5.34 30.5 63 325
ML, 9.5 54.2 85 30.8
Ag-DIEN® DMSO ML 7.46 42.6 78.2 35.6
ML, 10.2 58.2 94 35.8
Ag-TRIEN® DMSO ML 10.32 58.91 91.5 32.59
Ag-n-but  Watef ML 3.43 19.6 16.7 2.9
ML, 7.97 45.5 52.7 7.2
Ag-EN Water Ml 7.7 44.0 54.8 10.8
Ag-DIEN  Water ML 6.1
ML 7.5
Ag-TRIEN Water ML 7.5
Ag-n-buf AN ML 3.65
ML, 7.04
ML 3 7.53

a) logB; andAH; values from ref. [43]; b) ref. [29]; c) ref. [BM) ref. [32]; e) data in water
from ref. [1]; f) ref. [40].
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Table 2.Free energies and enthalpies of tran€f&;,(AN—solv), AH°(AN—solv), for
the Ag(l), ion, expressed in kJ rifolwith AN taken as reference solvent [56]. The etitiic

constantg), donor (Dn) and acceptor (An) numbers are takem fref. [44].

€ An  Dn AG® AH®,
Water 78.36 54.8 18 22.3 41
DMSO 46.45 19.3 29.8 -11.9 -10
DMF  36.71 16.0 26.6 7.4 6.0
PC 64.92 18.3 15.1 45.8 51.6
AN 3750 189 141
750~

AE(MV)

AE(MV)

Figure 1. Plot of the observed and calculated e.m.f. vafaestrations of Ag(l) solutions with: a)
DIEN in PC ¢)210,(0)5.02, (d) 19.98 mmoldrii in C°%g; b) TRIEN in DMF
(0) 2.91, (0) 10.33, () 30.55 mmoldr in C°g+ Insets: speciation plots for a g2 = 10 mmol

dm?.
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-Ah,(kJ mot?)
-Ah,(kJ mot?)

Figure 2. The total molar enthalpy changédy, as a function of g C./Cy for silver(l) with a) DIEN in

PC ¢)2.10, (0)5.02, (O) 19.98 mmoldrif in C,.; b) TRIEN in DMF ¢ ) 2.91, ©) 10.33 ) 30.55
mmoldm? in C°,,.. Only some of the experimental points, chosen aioan have been plotted. The solid

lines have been calculated from the valueg;andAH®;; in Table 1.
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Figure. 3. Stepwise thermodynamic functionAG°«12, -AH k12, =TAS %12, for the reaction AgL +

L = AgL; (L =n-but, EN, DIEN) in DMSO, DMF and PC as calculateshfrTable 1.
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