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ABSTRACT

Complex formation between Ag' and some alkyl-substituted thioureas in methanol has
been studied at ionic strength p = 0 and in the temperature range 0-40°C.

In all cases, step-wise formation of tris-coordinated complexes was found. The behaviour
of the investigated systems does not suggest any notable differences between water and
methanol. Very strict free energy or enthalpy relationships between the step-wise reaction
series in the two solvents were not found.

The step-wise complex formation reactions in methanol form a series of “homologous”
reactions for which there are very strict enthalpy—entropy linear relationships. The corre-
sponding isoequilibrium temperatures in methanol are a little lower than in water.

Tetramethylthiourea behaves differently in comparison with the other ligands.

INTRODUCTION

In water solution at 25°C and ionic strength p =0, N-alkyl-substituted
thioureas exhibit chemical affinities towards Ag' or Hg" which are slightly
dependent on the presence and the number and nature of the alkyl sub-
stituents [1,2]. In spite of that, the overall and the step-wise free energy
changes arise from negative (with some exceptions) and remarkably different
enthalpy and entropy contributions, according to the substituent. The
changes are more favourable in the case of Hg" complexes compared to Ag'
complexes.
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For Hg"-substitued thiourea systems in H,O, two distinct sets have been
identified on the basis of the internal relationships in the enthalpy changes
for the complex formation [2]. One set is formed by Hg"—thiourea and
Hg""—symmetrically substituted thioureas, and the other by Hg"—singly (and
then unsymmetrically) substituted thioureas.

Free energy changes for Ag' step-wise complex formation in aqueous
solution with some hard or soft ligands are linearly related to the free energy
changes for the corresponding Hg" complexes. The relationships are fairly
different for the hard or soft ligand series. This proves that the two metat
ions have some hard-soft discriminating ability [3]. No strictly linear free
energy relationship is found between Ag' and Hg" complexes with thiourea
and substituted thioureas, although a roughly direct proportionality occurs
in H,O [2]. Notwithstanding, the two step-wise reaction series have the
following meaningful points in common.

(i) In both cases, Hg" and Ag', two very strict AH-AS linear, parallel
relationships are found. One refers to formation of the 1:1 M: L complex
(M + L =ML) and the other simultaneously embraces the second (ML + L
= ML,) and third (ML, + L = ML,) step-wise coordinations.

(i)) The stepwise enthalpy variabilities (AH,, AH,, AH,) for both Hg"
and Ag' complex formation with thiourea are higher in comparison with the
variabilities of the same parameters for the complex formation of the same
metal ions with substituted thioureas. Owing to the previously mentioned
enthalpy—entropy interdependence, the same behaviour is found for the
step-wise entropy variabilities (AS;, AS;, AS;).

(iii) In both cases, the monocoordinated complex formation with thiourea
yields the most favourable enthalpy (unfavourable entropy) changes along
the series of monocoordinated complexes with the same metal ion.

The isoequilibrium relationships found in water strongly suggest that
thiourea and substituted thioureas interact with the central ion (both Ag'
and Hg") by fundamentally the same mechanism [4—9]. The role of the alkyl
substituent (or at least its principal part) is in modifying the solvation states
of the reacting free ligand and the complex produced.

EXPERIMENTAL
Chemicals

Ag' solutions were prepared by direct weighing of AgNO, samples stored
over P,O;.

Commercial samples of the ligands were recrystallised from acetone and
vacuum dried over P,Os. The solutions were prepared by direct weighing.

Methanol (Riedel de Haen) was used without further purification and
contained less than 0.05% water, as determined by Karl Fischer titration.



Measurements and calculations

Potentiometric measurements were performed in a thermostatted cell
using an AMEL model 335 potentiometer and the following electrode
system:

Ag | AgNO, LiNQ, sat. | KCl Ag
test sol. salt bridge | sat. sol.
in CH,OH | in CH,OH | in H,0O

The reference electrode was prepared by immersing a silver wire into an
aqueous saturated KCl solution. This reference cell became stable after 4-5
days.

A 20 cm LiNO; saturated methanol salt bridge was used in order to avoid
H,O diffusion from the reference to the test half-cell. This solution was
periodically replaced.

The cell arrangement was tested for its potentiometric response within the
temperature range 0-40°C and AgNO, concentration range 107°-10"* M
in the absence of ligands and background electrolyte. It displays the theoret-
ically expected Nernst slopes, +3%. The temperature dependence of the
standard potential Ag/Ag' with respect to the reference electrode used is
described by the linear relation E,,=736.9 —0.3554 X ¢ (t= Celsius tem-
perature), obtained by the linear least-squares fitting of nine E,, points
equally spaced within the investigated temperature range.

The metal ion and ligand concentration ranges investigated were [Ag'],,
=1%x10"° to 5x107°> M and [L],,=133x107* to 1.8 Xx10™> M. At
each temperature, five different Ag' solutions of total concentration, equally
spaced in the above-mentioned range, were suitably titrated with ligand
solution. Ag' solution was slowly added with continuous stirring to an
excess of ligand solution which was free from acid or bases and colourless.
Very stable solutions are obtained which can be titrated by the ligand. In
contrast when ligand is added to uncomplexed Ag' solutions, unstable
solutions are formed. In this case, the Ag/Ag' electrode potential drifts
downward and a black product, probably Ag,S and/or Ag’, is formed by
solvolysis and/or oxidation of the ligand. The titration solutions were
prepared by adding AgNO, to solutions containing [L],,, =1.33 X107 M,
always exceeding the investigated Ag' total concentrations, and then titrat-
ing with further additions of ligand solution.

For each titration the ionic medium is specified by the total amount of
AgNO,. The experimental AE = E_, — E,,, data were numerically extrapo-
lated to [Ag'],, =0 while maintaining a constant [L],,,. With these condi-
tions, the function E® =RT/F In ny=RT/F In(2B,[L]"), referring to
mononuclear complexes AgL, (n=1-N), was evaluated as a function of
[L]o- (As can be inferred from the central ion and ligand concentration
ranges, the ratios [L],,,/[Ag'],,, Were varied within the range 2.66—180. Thus



5756 oro¥zoLt 78'S6 E10F LELL ¥9°26 EL0F60°LI ¥v'96 60°0F IT'8L 90°96 YO0 F LE BT €
69°9L 900 F 0T P SO'6L LTOFEEPT 60°6L PO'0F 65+ [4 AL LOOF6TST S0'18 00 F0S ST 4
089S sooFzrol 0E’1S 0€0F0£6 0L'9s 60°0F 95701 16'6S P00FsT'IL SI'8S LTOFZTIL L arv
6698 POOFOSST 6'98 LOOTFILST 6£°68 LTOF6p91 81°26 LEOTFIELT - - £
6869 600 FvLPL 85°L9 9T 0FSTTL 9T'TL 9TOFECEL 9689 LEOFS6TI - - T
9y po0Fs6L LE6Y 600F56'8 TEYS 60°0F SO0 L8y 000FST'6 - - 1 ngf(dsp
$T 06 60°0 F 8091 SL'99 oo0oForzt ¥8'98 £10F 091 L8'88 LO0F 6991 $8'88 LTOF 6691 €
LYTIL ET0FLLTL LLTL 600 F 10ET 6L°89 EL0F 6921 SOTL 800 FESEL $9'69 vO0FTEEL T
$0'8t 60°0F 958 vL1S SO0 F8E6 69°1p TT0F69L LEOS 900 F 9¥'6 v8'6v v00FES6 I npug
rre6 00 F 5991 - - 0568 9T0F 1591 TrLs 0€'0F 991 YT SE0F 19T €
LSTL 9T0Fe6TL 9TEL 000F6Z€L 6899 600 FpETI 6¥°69 PO'0OF SOEL £T0L LUOFEPET 4
1S ET0FLL'6 ST8Y 0TO0FSLS £9°0¢ LIOFYES 8Ly ZT0F 86’8 S9'SH 09LFELS I nitig
res ZC0F 6591 6LT6 000F28°91 0€°$6 EL0FSSLL 76'96 S0'0F0T'81 81°96 60°0F 10°8T €
6T8L SO0FS6€EL 8I°LL 000F66°€L 6LLL 000F SEvL 80°6L 0 0F S8V LLSL P00 F 64 vl z
LY'SS EI0FT6'6 9T'LS 000 F 801 98°vS €ro¥zron 7695 €10F69°01 96'vS P00 F 1S°01 I nig
6069 wwoFieet £€°0L LOOFSLTT - - 09°69 TTOFLOEL 96'0L STOFLSEL €
819§ 900 F 1001 ov'Es 100F 896 - - TSES sT0F 001 8€°¢S 81'0F 6801 z
oL9€ YOOFHS9 pE8E 000FST9 - - 65°Z€ or'0FTI9 $S'8E LOOFLEL 1 nifoW
99°L8 600FZ9°¢1 - - 0968 900F €591 ¥87¢8 LOOFTI9T 5€°T6 TUoF99Ll €
$S°0L roFLstt 08'vL Z00F 95 €T £0°89 STOF$9TL 95°0L 90°0FsTEl £ TL voFS8EL T
wis LOOFIT6 80°CS 1oFvre 18°Ly 800F 768 66'8% ZI'0F0T6 8E°LY ST0F90'6 1 npfW
1r'e6 800 F 6591 90°€6 60°0F L6'91 95°€6 PO0F9T'LL SEE6 €00FESLL 09'€6 LOOF06LT €
pSSL 800 Forel SLEL EUOFLEET 08°€9 000FLL'IT 99°59 L6 TFEETL 68'S9 €U0F 0921 z
LS°0S LT0F968 oLzs 90°0F 6£°6 LEOS 600FET6 1 2:734 90°0F9¢'6 8T8 '0F 0101 1 nioW
- - Z0°'16 S00F 0591 LIE6 60'0F8T'LL 16°16 YO 0F 9T LI 616 10FLo81 €
- - EI°SL ToF 9l pS L TTOFSLEL WL 0 0Fcovl prsL 0¥ LEYT T
- - 69°1¢ £00FLES 16vS 600 F£1°0L 6L'YS £0°0F 6701 vL'9S 10¥9901 I nL
oy — g 301 oy — g 301 oy — g 301 oV — g 8op oV — g 201
D,0T=1L DoSI=.L Do0l=L DoS=L Do0=.L u puedi]
Joueylaw Ul ‘0 =7 pue saimesaduws)
SNOLIRA 12 ‘SBAINOIYY PAIMNSQNS 10 varnol! pue By udomiaq uoneuwro) xojdwod ay! 103 ATT.L % ‘ny) safueyo A21oue 2313 pue (,_jow wp U} simisuos QimIgess [[RI0AG

4



TrLe6 LUOF 0T 91 p€96 600F €91 LS'16 ET0FI8°ST 05°16 LTOFE091 €
1208 €00FBEET P9°6L 600F0s°ET T6°6L 000F LLET 08°6L Z00F86°€1 T
06°€S E10F66'8 LS'VS SE0FST6 81°9¢ +0°0F 896 pssS 800F€L6 1 nrv
1658 69°0Fec Pl L0'98 600F 651 €T'LS 9T0FE0ST 70'88 600F ST €
or' 1L LUOF 981 P89 ET0FSSTI 60° 1L 800FST'TIL 76'69 ANEIYA4 4
9Ly er0F06'L P LY 600F66'L LT6Y 100F6v'8 (AN 970F80'8 L ny¢(gsr)
- - 86°L8 ET0F TSI 98°98 600F 0T'S1 €
- - - ~ 60'1L 600FSZ'Z1 68°TL 900F LLT1 z
- - - - 9¢'LY 600F91'8 €8IS S00F 806 1 npug
- - LE'LS ETOFISYL 8S°L8 $9°0F60°ST v8°56 LTOF6L 9L €
- - S8'IL Y00F8ITL 89°SL 600FPOE€L pL 6L LTOFLOEL 4
- - A P00 F S8 6€°€S EI0F0T6 TS 600F 616 1 nphig
9L'€6 6€0FP9S1 - - 08'88 E10F0E ST ST'L6 vzoFzoLL €
ToEL troFsercI 1T6L 00 0F IFET SS'9L 000F61°€L 88'8L 6£0FI8EL 4
£E'8S 600F€L6 pE9¢ Y0'0F 556 wLs 970F 986 8T'86 9T 0F 1701 1 npg
- - T6'vL ST0F9971 6S°EL oT0F89TIL 98 1L 800F 6571 €
- - 96'SS 9T 0F 86 ¥8°sS SU0F956 0T'ss 800FL96 4
- - 8T°9¢ EUOFSI9 £0°LE LOOFSE9 $8°SE SO'0F8T9 4 npfapw
- - SS°L8 1IT0FvSpl 69°L8 EUOFIIST 78'98 oLU0F 1Z'SL £
- - 12ZL £00FpTTL 08°0L croForzl iL 90'0Fzs°TL z
- - %1, LOOFITS 8€°0S 010F¥898 L6'SY 0I0F8s8 I npW
- - - - 1968 0TI slL 0£°06 600F T8 £
- - €518 060Fz6€l PI9L POOFZIEL 6°9L Z00F8rEL z
- - 6T 062F L6 (Xl 610F00'8 LS'0S LT0F988 I nIoW
AN (3 ZzoFozTst 95°Z6 0T'0F 691 - - 9¢'88 600F8IST £
SrL 600F vzl L8'SL 000F98°21L EULL ZroFecel 99°0L 60 1 F8ETI z
9IT6¥ 60'0F 07’8 L8V 600FsT'8 WLy POoFLLS (2234 600F96°L 1 np
oV — g 801 oV — g 301 oy - g 3o1 oV — g 8o1
Dolb =L DoSE=L D.08=1 DoST=U u puedry




6

the ligand in solution is predominantly “free”. In the case when [L],,, = 1.33
X 10~* M and [Ag"],,,=5 X 107> M (corresponding to the lowest metal-
to-ligand ratio), the calculated “free” ligand concentration, assuming
quantitative formation of AgL complex, is larger then 60% of the total
ligand concentration. For the other experiments, the differences between
[L],,. and [L];. are smaller. With these conditions, the AE values measured
show only small variabilities in dependence on [Ag'],, at constant total
ligand concentration [10]. It was therefore straightforward to extrapolate the
tabulated function E to [Ag'],,,=0 at constant [L],, (see ref. 1, Fig. 1).
When [Ag'] o, =0, [Lljree = [L],or

The configuration of each system and the starting {In 8,} set of values
were obtained by mathematical analysis of the {n,, [L]} values by the
so-called divided differences method [11]. The best set was calculated by
optimising the {In B8,} values on the {In n,, [L]} data by non-linear least-
squares fitting of the function In 9, = In(¥ exp(In 8,) [L]").

RESULTS AND DISCUSSION

Table 1, lists the configuration of the systems, the logarithms of the
overall stability constant (log 8,, 8 in dm®* mol™") and the corresponding
free energy changes (AG, kJ mol~ ') for the various temperatures and ionic
strength p=0.

Step-wise formation of the Agl, complexes up to tris-coordinated species
are found with increasing ligand concentration for methanol, as was previ-
ously observed in aqueous solution [1].

Assuming a linear dependence of AG on temperature (see the trend of the
data in Table 1) in the investigated concentration range, the overall enthalpy
(kJ mol™!) and entropy (kJ mol™! K~') changes are evaluated by least-
squares fitting from the data in Table 1 smoothed on I points, see Table 2).
The AG values in Table 2 are interpolated values, and AH and AS are given
as the statistically most probable values within the investigated concentra-
tion range (¢ = 0-40° C).

Owing to the assumption of linear dependence of AG on ¢, it follows that
AH and AS are the constant parameters of a straight line. Therefore the
values reported in this contribution can be interpreted: (i) as constant
parameters within the temperature range; or (ii) as the values referred to the
average temperature; or, more generally, (iii) as the most probable values
within the investigated temperature range. Their probability decreases on
moving from the average temperature towards the extremes.

Table 3 refers to the step-wise thermodynamic data inferable from Table
2.



TABLE 2

Most probable overall stability constant, AG, AH and AS values (dm®" mol ™", kJ mol ™, kJ
mol~! and kJ mol~! T! respectively) for the complex formation between Ag' and thioureas
or substituted thioureas, at t =25°C and p =0, in methanol

Ligand n log B, - AG AH AS I?
Tu 1 8.63 49.26 -127 %15 —261+ 52 3
2 13.09 74.74 —-66 + 9 +24+ 31 3
3 15.94 90.98 ~118 + 8 -92+ 27 3
MeTu 1 8.81 50.28 -56 + 8 +19+ 30 3
2 13.38 76.37 +86 14 +544+ 49 3
3 16.03 91.50 -128 + 9 —123+ 31 3
Me,Tu 1 8.77 50.06 -37 14 +44+ 49 3
2 12.52 71.48 —60 + 8 +36+ 30 3
3 15.24 87.02 -110 + 7 =77+ 23 3
Me,Tu 1 6.39 36.48 -338 + 7 +9+ 23 3
2 9.70 55.39 -324 + 4 +77+ 13 3
3 12.58 71.82 -32.0 £15 +133+ 51 3
EtTu 1 9.97 56.9 -396 £+ 3 +58+ 12 3
2 13.58 77.5 —849 + 7 —-25+ 25 3
3 16.38 93.5 -1199 + 7 —88+ 22 3
Et,Tu 1 9.06 51.7 +2.06+ 6 +180+ 22 3
2 13.17 75.2 —-220 +16 +326+ 60 3
3 16.03 91.5 —-47.3 130 +148+ 104 3
EnTu 1 8.71 49.7 —129 +22 +123+ 75 3
2 12.63 72.1 —-442 + 7 +94+ 26 3
3 15.45 88.2 -89 17 -2+ 25 3
(IsPr),Tu 1 8.39 47.9 -82 +3 ~115%+ 66 3
2 12.12 69.2 =57 %12 +411 41 3
3 15.31 874 -117 + 7 -9+ 25 3
ALTu 1 9.70 55.16 =76 +12 -71+ 41 3
2 13.89 79.3 -823 £10 -10+ 35 3
3 16.48 94.08 ~105.2 +10 —-37+ 33 3

* This column refers to the number of points used for smoothing the original data.

Free energy changes

Figure 1 shows the overall (Ag' + nL = AgL,, Fig. 1A) and the step-wise
(AgL,_, + L=AgL,, Fig. 1B) free energy changes for the formation of
alkyl-substituted thiourea complexes of Ag'. The overall free energy changes
at 25°C (Fig. 1A) are spread over 20-25 kJ mol~'. The step-wise AG
dispersion (Fig. 1B) halves for Agl as reacting substrate (the second
coordination step) and pratically vanishes for the third coordination step



TABLE 3

Most probable step-wise stability constant, AG, AH and AS values (dm*" mol~!, kJ mol~%,
kJ mol ! and kJ mol~! T~ respectively) for the complex formation of Ag' with thiourea or
substituted thioureas, at ¢t =25°C and p =0, in methanol

Ligand n log K - AG AH AS — |log K |n_,
Tu 1 8.63 49.26 —-127 —261 -
2 4.46 25.48 +61 +285 417
3 2.85 16.24 —52 -116 1.61
MeTu 1 8.81 50.28 —56 +19 -
2 4.57 26.09 +142 +535 4.24
3 2.65 15.13 —214 —667 1.92
Me,Tu 1 8.77 50.06 ~37 +44 -
2 3.75 21.42 -23 -8 5.02
3 2.72 15.54 -50 -113 1.03
Me,Tu 1 6.39 36.48 -3338 +9 -
2 331 18.91 +14 +68 3.08
3 2.88 16.43 +04 +56 0.43
EtTu 1 9.97 56.9 —39.6 +58 -
2 3.61 20.6 —453 -83 6.36
3 2.80 16.0 —35.0 —63 0.81
Et,Tu 1 9.06 51.7 +20 +180 -
2 411 235 +20.0 +146 4.95
3 2.86 16.3 —-69.0 -178 1.25
EnTu 1 8.71 49.7 -12.9 +123 -
2 3.92 224 —313 -29 4.79
3 2.82 16.1 —4438 -96 1.10
(IsPr),Tu 1 8.39 479 —82.0 —-115 nbl
2 3.73 21.3 +25.0 +156 4.66
3 3.19 18.2 -60.0 —140 0.54
ALTu 1 9.70 55.36 —-176.0 -71 -
2 419 23.94 —-6.3 +61 551
3 2.59 14.78 -229 -27 1.60

(AgL, + L = AgL,). It is clear that the solvent mainly affects the reactants
of the first coordination (Ag' + L = AgL).

The point pattern of Fig. 1A shows that the complexing reaction can be
divided into two sharply discriminated groups: the first includes thiourea
and partially substituted thioureas; the other consists tetramethyl-thiourea
alone whose overall compiex formation with Ag' in methanoi at 25°C is
unfavoured by some 10 kJ mol ™!, independent of the coordination level.
The mutual metal ion-to-ligand chemical affinity sequence (—AG), accord-
ing to the overall complex formation reactions, is almost independent of the
coordination level as demonstrated by the few points of intersection among
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Fig. 1. Free energy change diagrams for complex formation of Ag! with thiourea and
substituted thioureas in methanol as a function of the coordination number n at p =0 and
t=25°C. A, AG for the reaction Ag'+ nL = AgL,; B: AG for the reaction AgL,_,+L =
AgL,. o, Tu; O, MeTu; 0, Me,Tu; ®, Me,Tu; X, EtTu; o, Et,Tu; +, EnTu; &, (IsPr),Tu;
o, ALTu.

the crossing lines in Fig. 2A. For the first complexation (Ag' + L = AgL) it
is found that

Me,Tu < (IsPr),Tu < EnTu < Tu < Me,Tu < MeTu < Et, < ALTu < EtTu
(1)
While for the second complexation (Ag' + 2L = AgL,), the sequence is
Me,Tu < (IsPr), < EnTu = Me,Tu < Tu = Et,Tu < MeTu < EtTu < ALTu
(2)
which includes three inversions relative to the previous one (Tu-Me,Tu,

MeTu-Et,Tu, EtTu-ALTu).
For the third complexation, the stability sequence (—AG,;) is

Me, Tu < Me,Tu < (IsPr),Tu < EnTu < Tu < Et,Tu < MeTu
< EtTu < ALTu (3)

which shows a single inversion both with respect to sequence (1) for the first
coordination (Me,Tu-/(IsPr),Tu < EnTu < Tu/) and to sequence (2) for
the second coordination (Me,Tu—/(IsPr),Tu < EnTu/).

According to the step-wise complexing reactions (Fig. 1B), the AgL,
(n = 0-2) substrate-to-ligand mutual affinity decreases with increasing sta-
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Fig. 2. Free energy change comparison between water and methanol for complex formation
of Ag! with thiourea and substituted thioureas as a function of coordination number n at
p=0and t=25°C. A, B and symbols as in Fig. 1.

bility of the substrate with a sharp drop between n=0 and n=1 (A(_?1 <
AG, < AG;). The relative position of the various systems on the different n
coordinates of Fig. 1B, is changed and several inversions occur on the n = 2
coordinate with respect to n =1, and on n = 3 with respect to n = 2.

At 25°C the transfer from water to methanol of the overall complexing
reactions (Ag'+ nL = AgL,, Fig. 2A) favours the complex formation be-
tween Ag' and Tu or partially alkyl-substituted thioureas. It involves trans-
fer free energy changes (Table 4) from = —8 kJ mol ™! (for L = Tu, n =2)
to = —23 kJ mol™! (for L =Et,Tu, n=2). In contrast with the other
ligands, the complexing reaction with tetramethylthiourea does not involve
much change in the Ag'-to-ligand chemical affinity for n=1,2 when
passing from water to methanol (AG(tr. H,O > MeOH)= —4 and —1
respectively for n =1 or 2). The simultaneous coordination of three Me,Tu
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TABLE 4

Overall and step-wise transfer free energy, enthalpy and entropy (kJ mol 2, kJ mol~! and kJ
mol~! T~!) from water to methanol for the complex formation of Ag' with thiourea or
substituted thioureas at t =25°C and p =0

Ligand Reaction
Ag'+nL = AgL, AgL, ,+L=AgL,
n AG AH AS AG AH AS
Tu 1 -179 +27 +115 -179 +27 +115
2 —14.5 +42 +175 —-6.6 +15 +60
3 —181 -9 +29 -3.6 ~51 —146
MeTu 1 -139 —38 +82 -13.9 ~38 +82
2 -19.1 +132 +506 -52 +170 +424
3 -17.4 —4 +39 +1.7 —-136 —467
Me,Tu 1 —-15.4 -37 =73 —-154 -37 =73
2 -121 —-42 —103 +33 -5 -30
3 -9.6 —64 —182 +25 -22 =79
Me,Tu 1 -39 —28 —40 -39 —28 -79
2 -1 —-12 —40 +29 +16 +39
3 +2.7 +5 +7 +3.7 +7 +47
EtTu 1 -20.5 +15 +119 -20.5 +3.7 +8
2 —-16.8 +23 +136 +3.7 +8 +17
3 -15.2 +14 +101 +1.6 -9 —-35
Et,Tu 1 —18.2 +90 + 386 —18.2 +90 + 386
2 -233 +106 +427 -51 +16 +41
3 —-224 +41 +213 +1 —65 +214
EnTu 1 -17.5 +18 +119 -17.5 +18 +119
2 —16.8 +8 +104 +0.7 -10 —-15
3 —-16.2 -1 +44 +0.6 -9 —60
ALTu 1 -173 —-96 —264 -17.3 - 96 —264
2 -20.1 -16 +11 —-28 +80 +275
3 —18.7 —43 —98 +14 -27 —109

groups is slightly disfavoured in methanol with respect to water (AG,(tr.
H,0 - MeOH) = +2.7 kJ mol™}).

By examining the step-wise data (reaction AgL,_;, + L = AgL,, Fig. 2B),
it can be inferred with some exceptions (see Table 4) that the transfer
process is mainly related to the thermodynamic characteristics of the re-
actants and products of the first coordination. These characteristics disap-
pear when the reacting substrate is mono- or dicoordinated Ag' This
behaviour is in accordance with the previously mentioned similar statement
for the overall and step-wise free energy changes and their relation to the
first coordination stage.
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In spite of that, the variability of the transfer free energy data (see Table
4) indicates detectable contributions from the substituents. Although these
contributions seem to be quite complicated at first sight, they can be
rationalised.

Focusing on the reaction for the first complex formation, Ag' + L = AgL,
the successive substitution of the hydrogen atoms of thiourea with similar
radicals (methyl-substituted or ethyl-substituted ligands) results in favour-
able contributions to the transfer process. These contributions pass through
a maximum corresponding to the monosubstituted ligands and are more
favourable when compared with thiourea (AG,; _r,(tr. H,O - MeOH) >
AG 1 - meru(tr. H,O > MeOH) < AG;; _pe,mo(tr. H,0 — MeOH) <
AG 1~ Me,Tu(tr- HZO — MeOH); AG,;_1,(tr. H,0 - MeOH) >
AGy 1 —gero(tr. HYO » MeOH) < AG; _g, 1, (tr. H,O — MeOH)).

/
100 n=3 0(9)0 /
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/6 A
//
> ¥
n=1 &mo//
7
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7
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o | 7
) - AG(H20) 100
o
60 n-i & o ///
@ o /
LB(MelH) i
s B
//
‘i/
e
n-2 _':l-:t /
om),,a
/
0 7
0 -AB(H0) 60

Fig. 3. Free energy change relationships between water and methanol for complex formation
of Ag! with thiourea and substituted thioureas at p =0 and ¢t=25°C. A and B as in Fig. 1.
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For the mono-substituted ligands, the transfer process also passes through
a maximum which depends on the length of the alkyl chain of the sub-
stituent. The maximum corresponds to EtTu: AG,; _1,(tr. H,O - MeOH)
> AG;; —meru(tr. H;O = MeOH) > AG,; _gq,(tr. H,O —» MeOH) <
AG, 1 —ar1o(tr. H,O —» MeOH). The same behaviour, with some exceptions
for the ethyl-substituted ligands (see Table 4), is found for n =2 and 3.

Figure 3 shows the interdependence of the complexing reaction series in
water and methanol. Well discriminated point-clusters for the coordination
levels are evident. The data for the reaction series are only roughly propor-
tional to each other. Methanol and water have the same discriminating
ability towards the overall complexing reactions (Fig. 3A) and the same
susceptibility both inside a single cluster (which refers to a complexing
reaction at the same coordination level) and among the clusters (the dis-
criminating ability with respect to different coordination levels).

Data concerning the reaction AgL + L =AgL, and Agl,+ L = AgL,
(Fig. 2B, n =2, 3) have a spread in their respective clusters which shows
negative dependence but the same discriminating ability of the two solvents
for n =2 and a lack of susceptibility of methanol for n = 3.

Enthalpy and entropy changes

The following figures show some enthalpy relationships. Figure 4 repro-
duces overall (A) and step-wise (B) changes in enthalpy which are dependent

Y= 250 T T T
- n=1 - n=2 - n=3
. ! !
A
OH Y A [
YN
I°N_t
- =T
BT <\
.‘i&.‘\ '
Y--250 1 I
A B

Fig. 4. Enthalpy change diagrams for complex formation of Ag! with thiourea and sub-
stituted thioureas in methanol as a function of coordination number n at p=0 and
t=25°C. A, B and symbols as in Fig. 1.
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on coordination number, n. The data indicate overall exothermal reactions
except for the formation of Ag(MeTu), (AH = + 86 kJ mol™?), Ag(EtTu),
(AH = +22.0 kJ mol™") and AgEtTu whose value is close to zero in
comparison with the corresponding reactions with the other ligands.

The AH pattern is less homogeneous than the one given in Fig. 1A which
is related to AG changes. However, a pattern, more evident in the partial
data diagram (Fig. 4B), can be discerned. The ligands can be classified into
two groups which totally differ from those previously indentified on the
basis of the free energy. For the group containing Tu, MeTu, (IsPr),Tu and
ALTu, and probably Et,Tu, the relationships AH, <AH, > AH,, for the
overall enthalpy changes, and AH, < AH2 > AH, with AH, <0 and AH, <
0, for the step-wise enthalpy changes, is clearly defined. In Figs. 4A and B,
this group is identified by the cuspidate lines.

Y= 200
0 1 2 4
AH n-1
=Y
e
=-200 -
Y= 200
[} 1 2 4
N
AH 71N n-2
’ » _
- : - -
¥=-200
¥y= 200
0 1 2 4
AH n-3
¥=-200 EA--

Fig. 5. Overall and stepwise enthalpy changes at p =0 and ¢ = 25° C for complex formation
of Ag' with thiourea and substituted thioureas as a function of the number and nature of the
substituents. A, B and symbols as in Fig. 1.
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A different overall AH sequence (AH, > AH, > AH,) and a more limited
relationship among step-wise AH values characterise the groups of the
remaining ligands. In general, the overall enthalpy changes for Ag' complex
formation with substituted thioureas are found to be more positive (see
Table 2) or else equal to the values found for the corresponding Ag!-Tu
complexes. For the reaction Ag'+ L= AgL (L = thiourea or methyl-sub-
stituted thioureas), an asymptotic tendency with increasing number of
substituted hydrogen atoms is observed for AH,, with a quite regular,
homogeneous trend (AH,(L = Tu) < AH,(L = MeTu) < AH,(L = Me,Tu) <
A H (L = Me,Tu). The same trend is observed for ethyl-substituted thioureas
(Fig. 5A, n=1)).

n=1 n=2 n=3
v 2 T 1 T 7
H20 MeOH H2O MeOH H20 MeOH
/
AOH , y
7/
\\:_‘,i? / 4 1
h\X: F:A‘ —_——
AR —4 > -
P -
’ P 2
E “~
Y=-208
A
Y= 200 T T T T
H20 HelH H20 MeOH H MelH
/
/
’
_ /
AH b / /
7 7
N ¢ +#
:ng“ £z« -7
-7-% =7 -z
p \ L ::;_
4
_ ’
- N
N
Y=-200 N

R

]

Fig. 6. Enthalpy change comparison between water and methanol for complex formation of
Ag! with thiourea and substituted thioureas as a function of coordination number 7 at p =0
and t =25°C. A, B and symbols as in Fig. 1.
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The overall AH, pattern is also uniform and regular, although to a
different extent and in a different way when compared with the one just
discussed. It shows enthalpy increasing with both the number of the sub-
stituted hydrogen atoms and the complexity of the substituents. Variability
is encountered in the second coordination (Ag'+ 2L = AgL,; Fig. 5A).
Because of this behaviour, two related patterns are observed for the step-wise
AI?2 and AI73)' if an increasing (decreasing) tendency occurs for AH, on
going from one ligand to another, then a decreasing (increasing) tendency is
found in the respective step-wise AH, pattern, e.g. AH. ,(L=Tu) <AH,(L
= MeTu) but A Hy(L = Tu) > A H,(L = EtTu).
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+ Vs
8 /
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i N <.
o// A
- %
o q/_9’ ®
+ y ¢
s o
+ g7+
R %
Lod
- O
160 o P
-160 AHHZ0) 160
168 + //
7/
_ 7/
OHMeor | e
- O -b/
7
K -
? 09}’{:‘ B
< sz) <
3 5
s , S o
L 7
7
7
160 o -
7
1 . i i S S i H Y s
-160 ARH0) 160

Fig. 7. Enthalpy change relationships between water and methanol for complex formation of
Ag! with thiourea and substituted thioureas at p =0 and ¢ =25°C. A and B as in Fig. 1. o,
n=1;, +, n=2; ¢, n=3.
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Fig. 8. Enthalpy-entropy coupling for step-wise complex formation of Ag' with thiourea and
substituted thioureas in methanol at p =0 and ¢ =25°C. o, Enthalpy change; O, entropy
changes. The numbers refer to the ligands ordered as in the list of symbols.

The diagram of the transfer enthalpy from water to methanol (Fig. 6) is
quite complicated owing to the almost complete lack of correlation between
AH in MeOH and AH in H,O for the overall as well as for the step-wise
reactions (Fig. 7). Although the reaction enthalpy changes are comparable in
their respective values and range, the transfer enthalpy changes are in-
fluenced by the nature of the substituents. The processes are both endo- or
exothermic in strict dependence on the nature and number of substituents
and on the coordination number.

The most striking feature of the enthalpy diagrams is the high variability
of the enthalpy data compared with that of the corresponding free energy
data. Obviously the enthalpy changes are compensated by the entropy
changes (and vice versa), flattening the AG variability. In Fig. 8, the
step-wise enthalpy and entropy changes are plotted on one diagram. They
exhibit parallel lines so statistical analyses were performed on the logarithms
of the step-wise stability constant deduced from Table 1, in order to search
for the occurrence of isoequilibrium conditions [12]. The step-wise data are
used because the reactions AgL,_, + L = AgL, (L = a set of ligands which
differ in the systematic introduction of groups more or less far from the
donor or acceptor centres) can be regarded as a series of “homologous”
reactions, in which the status of reagents and products is gradually modified
in more or less remote positions from the reacting centres.

The results of the data analysis for the reaction Ag'+ nL = AgL, are
shown in Fig. 9. The set of straight lines shows a single intersection point
(T, =292.6 K, In K= 891 with F=0.446). The lines for the system with
Me,Tu, EtTu and ALTu have been excluded from the constrained lines.
Similar results are obtained for the reactions AgL + L = AgL, (T, = 290.5
K, In K=394, F=1.24) and Agl,+ L =AgL, (Ti;;,=2950 K, In K=
3.05, F=0.53), Therefore, the AH — AS parameters for the step-wise com-
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Fig. 9. Arrhenius diagrams In K vs. 1/7 for the reaction Ag'+L=AgL (L=Tu and
substituted thioureas). The parabolic curve shows the behaviour of the test in the proximity
of the minimum (In K =891; 1/7 =3.412X1073; F,, = 0.446).

plex formation are almost linearly related (Fig. 10). In contrast with the
results of statistical analysis, only the system with tetramethylthiuorea in the
first coordination reaction falls obviously off the line.

150

~700 550
Fig. 10. Step-wise enthalpy—entropy change relationships for complex formation of Ag' with
thiourea and substituted thioureas in methanol at g =0 and ¢ = 25°C. o, reaction Ag' +L =
AgL, AH = —50.99(2.46) +0.291(0.02)AS; O, reaction AgL+L = AgL,, AH = —21.89(0.99)
+0.302(0.004)AS; ®, reaction AgL,+L =AgL,, AH= —16.62(0.44)+ 0.296(0.002)AS
(standard deviations are reported in parentheses).
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CONCLUSIONS

The behaviour of the systems formed by Ag! with thiourea or substituted
thioureas in methanol solutions are not significantly different from their
behaviour in water solutions. At 25°C, the use of methanol as solvent
favours the formation of Ag' complexes with thiourea or substituted
thioureas. It modifies the ligand stability sequences, e.g. the relative position
of thiourea is at one extremity in H,O and in the middle of the sequence in
CH;0H, but some peculiarities remain unchanged. The sequence of the
step-wise free energy changes in methanol, AG, < AG, < AG;, valid for all
the ligands inclusive of tetramethylthiourea (which has lower differences
among the successive step-wise AG, (n=1-3)) is identical to the sequence
found in water. Also identical is the discriminating ability of Ag' towards
the incompletely substituted ligands in the two solvents, while in methanol
the peculiar behaviour (peculiar in respect to the other ligands) of tetra-
methylthiourea is emphasised.

The discriminating ability in methanol is fundamentally manifested in the
first coordination. Mono- and dicoordinated AgL, (n =1, 2) substrate have
no discriminating ability with respect to tetramethylthiourea. _

For the following common relationship between partial AG, and AG,
for different ligands

AG, < (>)AG, = AG,,, > (<)AG,,, (4)

where AG and AG’ are the step-wise free energy changes for Ag' complex
formation with L and L', there are several inversions in the stability
sequence of the ligand series with respect to successive AgL, (n=1,2)
substrates. This sequence must be considered as the directly negative in-
fluence of the nth step-wise coordination on the following one (negative
because the greater stability of a complex leads to a corresponding lower
stability of the following one). This should not be considered as a general
case although it has also been previously found for the complex formation of
Hg" with the same ligands as investigated here. In fact, when there is a great
difference between the stabilities of the complexes with L and L', the
reversing of order in the relationship between successive step-wise AG,
values does not necessarily occur. Generalisation (if it can be done) of the
above findings probably requires a suitable normalisation procedure.

The interdependences of the AH and AS changes, associated with iso-
equilibrium conditions, demonstrate that the considered ligands (i.e. thio-
carbonyl with S as donor atom) in methanol, as in water, form a “homolo-
gous” series of complexing reactions. In water only, there are two linear
trends for both Ag' and Hg" complexes [1,2]: the first related to the first
complexing reaction (M + L=ML, M= Ag' or Hg") and the second
simultaneously related in an indiscriminating way to the second (ML + L =
ML,) and third (ML, + L = ML,) complexing reactions. In methanol, the
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three reaction series for the step-wise Ag' complexes are differentiated by
different intercepts (AH,.,) and probably by a slightly different AH — AS
susceptibility.

Moreover, lower isoequilibrium temperatures are found in methanol than
in water. Therefore the complexing reactions are more entropy-controlled in
methanol than in water.

Because of the different isoequilibrium temperatures of the corresponding
trends in water and methanol, the step-wise transfer enthalpy changes are
not linearly related to the step-wise transfer entropy changes. However, they
can be represented by the following equation

AH, = A(A res) + Tcn,0n X ASCH3OH — TH,0 X ASHZO (5)

where 7 is the isoequilibrium Kelvin temperature. Similar equations can be
written for the other transfer thermodynamic parameters.

In conclusion, the interactions between Ag' and the thiocarbonyl group
of the substituted thioureas do not turn out to be dependent on the presence
of the alkyl substituents on the ligand molecule because, if they are present,
the change in the o-donor strength is counterbalanced by the change in the
m-acceptor ability of the donor atom. Therefore the affinities (—AG) of the
substrate to the ligands derive from different solvent—solute interaction
possibly mainly due to the number of solvent molecules involved. The
solvent molecules bound to the acceptor and to the donor atoms are ejected
from the solvation sphere as a consequence of the metal-ion-to-ligand
association. The process is counterbalanced by coordination of the solvent
molecules on the external sphere to the hydrogen atoms (atom) of the
coordinated ligand whose positive charge is increased by the influence of the
central ion. It is probable that at this stage, ligand-specific factors become
important and these produce the differences in the transfer and complexing
thermodynamic parameters related to the first complexation, where the
solvent interaction is certainly greater. It is obvious that those ligands having
no centres whose ““solvophilicity” can be emphasised by coordination or that
have centres to which access by solvent molecules is sterically hindered, are
excluded from this mechanism.

In methanol, tetramethylthiourea, which has no solvophilic hydrogen
atom, does not follow the trend for the first coordination: it has a higher
enthalpy and lower entropy with respect to its position is the AH — AS
trend. It would be interesting to determine the behaviour of other totally
substituted ligands, of both similar and different natures from the investi-
gated ligands here.
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Tu thiourea

MeTu N-methylthiourea

Me,Tu N, N’-dimethylthiourea

Me,Tu N,N,N’,N’-tetramethylthiourea

EtTu N-ethylthiourea

Et,Tu N, N’-diethylthiourea

EnTu N, N’-ethylenethiourea

(IsPr),Tu N, N’-diisopropylthiourea

ALTu N-allylthiourea

L ligand

"10 |Agl Itot/'Agl |free

M im magt g

B, overall stability constant (dm*" mol~") for the reaction
Ag'+nL =AgL, *

K, step-wise stability constant (dm® mol™?) for the reaction

AgL, +L=AgL,

AG,, AH,, AS, overall free energy, enthalpy and entropy changes (kJ
mol !, kJ mol™! and kJ mol~! T~! respectively) for the

reaction Ag' + nL = AgL,

AG,, AH,, AS, step-wise free energy, enthalpy and entropy changes (in
the same units as above) for the reaction Agl, ; + L=

AgL,
- Ilog K |:—1 = log Kn—l *log Kn

* For simplicity, charges are omitted.



