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Abstract

Complex formation equilibria between Ag(l) and thiourea or N-alkyl-substituted thioureas have been investigated in n-propanol by potentiometry
at 10 °C intervals from 5 to 50 °C. Stepwise formation of tris-coordinated AgL,, (n =1-3) complexes has been found for the majority of the ligands.
AH and AS values for the complex formation reactions have been evaluated from the dependence of In 8, on temperature. The alkyl-substituents
affect the ligand affinities in different ways in relation with the coordination level n.

The reactions are exothermic with few exceptions. Enthalpy favoured complex formation with negative dependence of AG on temperature

(AS>0) have been found.

The enthalpy and entropy changes for the stepwise complex formation equilibria are correlated by two linear compensative relationships with

the same isoequilibrium temperature 50-51°C.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Systematic investigations of selected equilibria in related
solvents can contribute to the rationalisation of the solvent
effect [1-6]. Complex formation equilibria of Ag(l) and N-alkyl-
substituted thiocarbonyl ligands in the protic solvents H,O,
methanol and ethanol have been previously investigated [7-10].
In this contribution the results of investigations on the ther-
modynamics of complex formation equilibria between Ag(l)
and thiourea or N-alkyl-substituted thioureas in n-propanol are
reported.

Abbreviations: Tu, thiourea; MeTu, N-methylthiourea; Me, Tu, N,N'-dime-
thylthiourea; MesTu, N,N,N',N'-tetramethylthiourea; EtTu, N-ethylthiourea;
Et,Tu, N,N'-diethylthiourea; EnTu, ethylenethiourea; IsPr,Tu, N,N'-diiso-
propylthiourea; ALTu, N-allylthiourea; Bu,Tu, N,N'-dibutylthiourea; TBu,Tu,
N,N'-diterbutylthiourea
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2. Experimental
2.1. Chemicals

AgNO3 and ligands were commercial products with purity
grade >99.8%. Ag(l) and ligand solutions were prepared by
direct weighing. n-Propanol has water content <0.1%.

2.2. Measurements and calculations

Potentiometric measurements were performed in a ther-
mostated cell with the electrode system:

AJI[AgNOQ3z]ypr = const,, [L]ot
= var. inn-propanol (test cell)|LiNOj3 sat.,
saltbridgein n-propanol |KCI sat.,
aqueoussolution (ref. cell)|Ag

Five different solutions with equally spaced [Ag(1)]iot Within
the range 5 x 107 to 3 x 107> M were titrated at each temper-
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ature with 10=2 M ligand solution (ligand concentration range:
1.33 x 107* M < [L]iot < 1.8 x 103 M). No background elec-
trolyte was added to the solutions. The data in the tables refer
to the ionic strength range 1t =5 x 1076 to 3 x 1075,

The set of {AFexp, [Lltot, [A9(D]tot} data at each temper-
ature were processed by a nonlinear least square computer
program that minimizes the sum of the experimental residuals
S (AEexp — AEca)? where

RT [Ag(D]iot
AEc = AE — N ==
! o nF Zneln Pn [Llfree

to obtain the best values of AEy and {Ing,}. The values of
the parameters were refined until constant within five dig-
its and the calculated AEp value was consistent with the
deduced value from experimental relationships AEex, versus

In[Ag(D]iot in absence of ligand. The perfect agreement of the
experimental deduced angular coefficient of the AEey ver-
sus IN[Ag(D]iwt relationship with the theoretical value from
Nernst equation proves the reversibility of the electrode system
Ag/Ag(]) in n-propanol. Further detail about methods and calcu-
lations can be found in Refs. [7-9] or obtained directly from the
authors.

3. Results and discussion

The experimental {AFEexp, [Llot, [Ag(D]ot} data can be
interpreted with three AgL,, (n=1-3) complexes at each tem-
perature with the exclusion of the systems Ag(l)-IsPr,Tu and
Ag(l)-TBu, Tu where it is sufficient to hypothesize the presence
of only two complexes AgL,, (n=1-2). Table 1 gives the In g,

Table 1

Stability constants In g, (8, as dm3* mol~") for the overall complex formation reactions Ag(l) + nL = AgL,, between Ag(l) and thioureas at different temperatures and
ionic strength ;=5 x 1075 to 3 x 102 in n-propanol, and AG (at 25°C as kimol~1), AH (as kImol~1) and AS (as Jmol~1) calculated from the linear dependence
of Ing, on 771 (In B, = ASIR- (AHIR)T™Y)

Ligand n 5°C 15°C 25°C 35°C 45°C 50°C INBucay —AG(25°C)  AH AS
1 206+13 27.0+£07 259+15 250+£10 241+ 12 - 26.1 63.6 92 a1
1.Tu 2 379+10 355+08 339+13 301+15 303+10 - 333 811 ~142 199
3 431+02 406+10 385+12 380+08 35910 38.9 94.9 ~117 69
1 28303 27.7+£07 265+10 247+07 247+ 10 - 26.2 64 -1 18
2. MeTu 2 373406 358+05 333+08 320+06 30312 - 335 816 —122 -131
3 435405 408+07 392+06 366+07  362+08 - 39 95 ~130 112
1 285+17 252+12 244+07 233+07 - 222+07 243 59.1 69 —29
3.MeTu 2 344+1  334+£10 322+05 3081l - 281+07 317 77.2 -9 58
3 402+05 392+08 363+14 36110 - 336+ 0.3 37 90.1 ~104 41
1 200+11 193+11 181421 17.6+11 163+11 157+07 180 439 67 75
4.MesTu 2 286+06 27.0+£09 250+12 240+13  238+07 233+06 256 62.3 -82 62
3 356+05 342+08 327+06 309+09 20609 287+05 323 78.6 -107 92
1 260+12 242+10 235+08 226+07 21.7+10 19.1+18 231 56.4 —90  -110
5. EtTu 2 348+08 342+06 326+05 310+05 209+07 292+09 323 78.9 ~91 38
3 421+07 405+07 384+11 368+06 35906 - 385 93.7 ~110 49
1 206+17 208+13 178+15 188+09 17.7+11 201+15 194 472 —28  +67
6. EtpTu 2 342+07 318+05 306+06 201+04 280+07 27.4+13 305 74.4 -103 93
3 402+06 388+06 364+08 343+06 330+09 355+11 307 89.4 ~100  -30
1 218+14 21L1+15 192+17 204+08 2091+06 181+14 203 496 —37  +14
7.EnTu 2 342407 331+06 315+06 303+05 202408 284+06 315 76.6 -89 -38
3 402406 387+10 364+04 34103 - - 36.1 8s. ~129 134
1 247406 226+11 213+10 221+07 211+10 21.3+09 223 54.0 —49 423
8. ALTu 2 334+13 325+04 3L7+05 208+04 287+06 27.8+08 326 79.5 —90 27
3 40404 384+06 365+10 355+07 337+09 334+07 367 80.4 ~110 64
1 230+£09 204+11 190+16 196+11 189+13 187+12 201 490 59 -3
9.1Pr,Tu 2 321406 294+07 288+07 268+08 268+08 252+09 201 49.0 59 -3
3 - - - 344+04 328+ - 28.6 69.7 -97 76
1 258+ 246+09 244+09 226+14 221+08 214+05 237 57.7 ~67  —29
10.BuTu 2 341+12 333+13 313+09 3L6+10 292+09 29.0+06 3L7 77.2 81 -7
3 411408 391+09 387+10 376+11 358+06 347+06 381 99.8 —92 47
1 237408 225+09 217+20 206+07 191+10 189:+10 214 52.0 -7 -8l
1.BuTu 2 330+06 3L9+05 305+10 201406 330+06 3L9+05 301 73.3 —97 74
3 304+06 375+£08 361+05 342+12 336+1 32706 36 87.6 ~103 47
1 - 258+03 256+04 220+11 223+14 249+ 14 245 50.1 —48  +42
12.TBuTu 2 327+18 355+07 343407 335+05 325+07 323+10 342 833 —69  +49
3 414+13 - - - - -




84 D. De Marco, G. Zona / Thermochimica Acta 452 (2007) 82-84

40

20 AH= -18.16(1.5)+ 0.324(0.02)A8 (0

o] ©

AH [ kJ mol ™

X
AH= _58.04(2.6)+ 0.326(0.04)A8

100 200

-200 -100

0
AS/ J K- mol -

Fig. 1. AH vs. AS for the stepwise complex formation equilibria between Ag(l)
and thioureas in n-propanol (Tis, = 50-51 °C). Standard deviations are reported
in parentheses. For the numbers refer to the list of symbols. Circle: n=1; square:
n=2; rohmb: n=3. Numbers refer to Table 1.

values for the formation of the complexes and the dependence
of In g, on T~ together with AG (at 25°C), AH and AS.

AH,, AS, for the stepwise complex formation reactions
are linearly interdependent and form two parallel compensative
relationships with the same isoequilibrium temperature [11,12]
50-51°C (Fig. 1). The lower line includes the first coordination
reaction series Ag(l) + L(i) = AgL(i). The higher line includes
the second and third series of stepwise coordination reactions.

The ligand affinity sequences depend on the coordination
number n and reflect the ones found for the same systems in
other protic solvents [7-9]. The affinity sequences of the lig-
ands towards Ag(l) (n=0) compared with the corresponding
affinity sequences towards the monocoordinated AgL(i) sub-
strata (n = 1) are in general mutually reversed. A greater affinity
of L(i) towards Ag(l) corresponds to lower affinity of the same
ligand towards AgL(i).

Thiocarbonyl ligands coordinate to Ag(l) via the sul-
phur atom [13], but the alkyl-substituents on the nitrogen
atoms influence the ligand affinities. In the first coordina-
tion reactions Ag(l) + L(i) = AgL(i), the influence of the alkyl
groups is contained within the range of ~20kJmol~1 between
the lowest value (~—64kImol—1) for the complex forma-
tion reaction Ag(l)+Tu=AgTu or Ag(l) + MeTu=AgMeTu
and the highest value (~—44kJmol~1) for the reaction
Ag(l) + MesTu=AgMesTu. In the stepwise formation of
bis-coordinates AgL(i) + L(i)=AgL(i)> the range reduces
to ~10kJmol~! between ~—17kJmol~! for the reac-
tions AgTu + Tu=AgTu, or AgMeTu + MeTu = Ag(MeTu);, and
~—25kJmol~1 for the reaction AgEtTu + EtTu = Ag(EtTu), or

AgENnTu + EnTu=Ag(EnTu),. For stepwise formation of tris-
coordinates AgL(i)2 +L(i)=AgL(i)3 the free energy changes
are scattered within 10kJmol~—1, but the sequence of ligands
does not seem to be related to the previous series. The reactions
with Tu or MeTu show similar free energy changes with central
position in the affinity sequence.

The enthalpy—entropy relationships of Fig. 1 show that the
first, second and third stepwise complex formation reaction
series have the same isoequilibrium temperature.

The occurrence of an isoequilibrium temperature has the fol-
lowing consequences: (i) the affinity sequences are specularly
reversed between T'< Tis, and T> Tiso and (ii) the divergence in
the free energy changes between the various reactions is propor-
tionally related to 7— Tiso (A (AG) = (T - Tiso)).

The majority of the overall and stepwise complex formation
reactions of Ag(l) with thioureas are exothermic in nature so that
the reactions results disfavoured by increasing the temperature
but some of them are both enthalpy and entropy favoured.

The changes in AH and AS between the first and second
stepwise coordination AgL(i),—1 + L(i) =AgL(i),, (==1, 2) and
the changes in the corresponding second and third stepwise
coordination (n =2, 3) are mutually reversed; AH, < AH; corre-
sponds AH3 > AH,. A similar statement supplies to the entropy
changes.
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