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ABSTRACT

The coordination ability of alkali (Li*, Na*), alkaline earth metal (Mg?*, Ca?*, or Ba?*) and
indium ions with sulfonates, phosphinate, phosphates and carboxylates has been examined by
means of UV-visible spectroscopy, based on the specific interactions including precipitation of the
non-charged species and the successive re-dissolution of the charged species, i.e., “reverse-
coordinated” species. The solubility products and “reverse” coordination constants have been
successfully evaluated for all the systems.

The specific interactions between alkaline earth metal (M?*) and p-toluenesulfonate (L"), 1,5-
naphthalenedisulfonate (L), or 1,3,6-naphthalenetrisulfonate (L) ions have been examined in
primary alcohols as well as in the binary acetonitrile-alcohols (MeCN-MeOH, MeCN-EtOH),
ethanol-methanol (EtOH-MeOH) and methanol-water (MeOH-H20) solvents. The precipitation of
non-charged species (e.g. ML® and the successive re-dissolution of the precipitates, with
increasing concentration of M(ClOa)2, have revealed the formation of cationic charged species or
“reverse-coordinated” species, M2L?*, even in the protic media as well as the aprotic solvent
MeCN. (Chapter 2)

In MeCN, the precipitation completely takes place between (M*) or M?" and 1,3,6-
naphthalenetrisulfonate (L*). The precipitation of LisL and MgL3 re-dissolves partially to form
the “reverse-coordinated” species of LisL* and Mg.L" by the addition of excess amounts of the
metal ions. Both precipitation and re-dissolution can occur between In®* and L* in all the primary
alcohols. The influences of H2O or methanol on precipitation and re-dissolution reactions in MeCN
have been investigated. (Chapter 3)

In MeCN and binary solvents of MeCN-H>O and MeCN-MeOH, the specific interactions of
M™*and M?* with various phosphorus anions, L, i.e., diphenylphosphinate, diphenylphosphate, and

bis(4-nitrophenyl)phosphate, have been examined. The formation of “reverse-coordinated”



species, M2L" or ML", has been observed in the presence of excess amounts of the metal ions to
the anions. (Chapter 4)

In binary solvents of MeCN-MeOH and MeCN-H-0, the coordination ability of M* or M?*
with and 1,4- or 2,3-naphthalenedicarboxylate has been examined by UV-visible spectroscopy. As
for 1,4-naphthalenedicarboxylate (1.0 x 10* mol dm~), an excess amounts of Na* and Li* causes
formation of “reverse-coordinated” species of MsL"™ in 10% MeOH-MeCN. The precipitation
extent increases in the order of Ca?* > Ba?* > Mg?*. The solubility products (pKsp) and the “reverse”
coordination constants (log Kz and log Kz) have been evaluated in MeCN containing various

content of MeOH or H20. (Chapter 5)

Keywords: “reverse” coordination; triple ion formation; UV spectroscopy; alkali or alkaline earth

metal ions; acetonitrile; primary alcohols; protic-aprotic binary solvent mixtures.



TABLE OF CONTENTS

F N = R I ¥ O E TP TURTPPRPP i
TABLE OF CONTENTS L.ttt sttt st e et e st e e sn b e e et e e bbe e s be e e nrbeeanteas iii
LOF =T o] (= I 1 o T [FTox o] o PSSR 1
1.0, 10N ASSOCTALION....ettieeit ettt bbb bbb bbbt bbbt b e 1
I I o] L= o TS (1o Y SR 2
1.2.1. Electron spin resonance (ERS) or electron paramagnetic resonance (EPR) spectroscopy......... 3
1.2.2. CONAUCTOIMELIY ...tttk bbbtk b bbbt bbbt bt ne e 4
1.2.3. POIArOQrapNY ....cviiiccce e st e e re e nte s reeresreeraere s 6
1.2.4. NIMR SPECIIOSCOPY ....veveurerteateenresteeseesresseessesteessesbesse e b sse e s e sbeaseesreabeebesneeseenesseennesreanenreereeneas 7
1.2.5. REBMAN SPECLIOSCOPY ...uveveerteireesrerieeseesresieesresrees e sbe s e b sse e s e sbeaseesrease e besneese e nesseennesreanesresreennens 9
1.2.6. UV-ViSIDIE SPECIIOSCOPY....cviiuritiitieiteiteeie st sttt ste et te s ste st be s be s e be s e e stesbe e e e sbeetaesbesreenne e 10
1.2.7. The Other METNOGS ..o 11

1.3. The relevant studies in our [aD0TALONY ..ot 12
1.3.1. Homo- and heteroCoNUQAtioN .........cceiiiieiie ittt ettt sbe e e 12
1.3.2. Salt effect in NON-AQUEOUS SOIULION .......ccviiiiciiic et 13
1.3.3. Complexing ability of alkali metal and alkaline earth metal ioNS ...........ccccvvvvevviiveccncire 15

1.4. Objectives and the content of the theSIS ..o 16
RETEIBNCES ...ttt Rt R ettt h R Rt n e n e 17

Chapter 2 Specific coordination phenomena of alkaline earth metal ions with aromatic sulfonate ions in

alcohols and binary solvents of acetonitrile-alCoNOIS. ..., 22
ABSTRACT .ttt bbb s bt bbb E R bR bR bbbt 22
P22 I 11 1o T [0 Tox o PSS 23



2.2. EXPEIIMENTAl SECHION .....oviiiie ettt e te e e s re s e beaneetesneeneennas 25

2.2.0. CREMICAIS ..o 26
2.2.2. ApPAratus and PrOCEAUIE .......c.ueviieiirieiteste sttt b et b e e e 26
2.2.3. Evaluation of “reverse” coordination formation Constants...........c.ccccvvinvvininiieiininneens 27
2.3. ReSUItS @Nd dISCUSSTON ........cuiuiiiiiiiiici i 29

2.3.1. The specific interactions between alkaline earth metal and 1,5-naphthalenedisulfonate (L)

(10T a TN T =1 (ol ] T ] ST SS 29
2.3.2. In the binary solvents of MeCN-MeOH and MeOH-H20.........cccccevviiiiciciiecc e 33
2.3.3. In the binary MeCN-EtOH miXed SOIVENLS ..o 38

2.3.4. The specific interactions between Ba?* and p-toluenesulfonate (L) or 1,3,6-

naphthalenetrisulfonate (L) iN @lCONOIS ..........cciveiriiiicicices e 38
2.3.5. Computational prediction of the structures of Ba;L* in EtOH .........c.ccocoivviiii i, 42
2.4, CONCIUSION ...ttt bbbt b bbbt b et et e e bbbt b et e b e b e e e e e neene e 43
RETEIENCES ...t bbbt bbb bbbt b Rt bbb e e e 47
F AN o] 0L 40 L PSSO P PP 49

Chapter 3 Coordination phenomena of alkali metal, alkaline earth metal, and indium ions with the 1,3,6-

naphthalenetrisulfonate ion in protic and aprotic SOIVENTS .........ccooiiiiiiiieeee e 51
ABSTRACT ettt b e b bt £ b bR £ b b £ bR R bbbt ettt b b 51

S L INEFOTUCTION ...ttt b bbbttt b bbbt n e 51
3.2, EXPErimMENTaAl SECTION ....cuiviiitiiiicee et bbbt 53

K I B 1 =T o (o | OSSP U TP PP PSPPI 53
3.2.2. ApPAratus and PrOCEAUNE .......cueeeiieiieteiteete ittt bbbttt b b b ene e 54



3.2.3. Evaluation of “reverse” coordination formation CONSLANTS............cecvvrvrireeersiieirrreereeessssireeeeees 54
3.3, RESUILS AN QISCUSSION.....ciietiieeiitieee sttt e s sttt e e s st e e e s st e e s s sab e e e s s sbb e e e s s sbbaessssabesssssabanessnres 56

3.3.1. Coordination ability of alkali metal ions (Li*, Na*) with the 1,3,6-naphthalenetrisulfonate ion

(L) in MECN N @ICONOIS ........vevieiiietiictetees ettt ettt st et nsans 56

3.3.2. The influences of H,O or MeOH on the precipitation and re-dissolution reactions between

alkali Metal 10NS AN L3I0 IMECN ...ttt ettt ettt ettt et e et et e e et et e eee et eeee e 59

3.3.3. The coordination reactions of alkaline earth metal ions (Mg?*, Ba?*) with L* in MeCN and

o1 [o10] 210 LT TPRR 61

3.3.4. The influences of H,O or MeOH on the precipitation and re-dissolution between alkaline earth

Metal 10NS aNA L3N IMECN ......cuiuiiiieieieisiee ettt 63
3.3.5. The interaction between In® and L* in MeCN, MeCN-H,0, and alcohols................ccceurrnne. 65
3.3.6. Computational prediction of the structures of LisL* in MeCN ........cccccovvvvinnienieeenr e 67
B4, CONCIUSION......it ettt bbb bbbt b bttt bbbt 68
RETEIEICES ...t b bbbt b bbbttt 73
AAPPEINTIX 1.ttt bbb E et R R R R bbb e E Rt bt bbbt n et 76

Chapter 4 Complexing ability of alkali metal and alkaline earth metal ions with organic phosphinate or

phosphates in acetonitrile and binary solvents with protic SOIVENS............ccccoviiiiiiinincicc 77
A B ST RA T Lottt h et b e e bRt sh bR bt bR e b e b et R bt b e e bt nhe e naeennn e 77
AL INEFOUUCTION . b bbb bbbt b ettt 77
4.2, EXPEIIMENTAL ..ottt bbb bbbttt b bt ens 79

O N O = = LSS SS RS RSSN 79
4.2.2. APPAratuS aN0 PrOCEAUIE ........oouiieieeeiteet e ree ettt ee st et e ste e seeeseestesseeneesteaneesaesaeeneesreeseenneas 80



4.3, RESUIS QN GISCUSSION ..veeeeiiereiee i ittt e ettt e s ettt e s sttt e s sbaeeessabaeeessabaeeessbaeeessbaeeessaraeeessasaeeessarsenessans 81

4.3.1. The diphenylphosphinate 10N (L7) ....eoeiiieeieieees e 81
4.3.2. Diphenylphosphate (L~ and HL) ..o 87
4.3.3. Bis(4-nitropheny)phosphate (HL) .......ccvoiiiiiiiiecie st 94
A4, CONCIUSTON.....cetit ettt bt bR bt e e b et bbb e e ene s 98
RETEIENCES ... bbbt E bbbttt R bbb n e 102
A o] 01T 10 L SRS 104

Chapter 5 Specific coordination between alkali metal or alkaline earth metal ions with

naphthalenedicarboxylate ions in acetonitrile-water or acetonitrile-methanol binary mixtures............... 109
ABSTRACT .ttt bbb e b £ bbb e bbb bR bRt e bbbt 109
5.1 INEFOTUCTION ... b bbbttt b bbb b s b 109
5.2, EXPEIIMENTAL ..ottt bbb 111

5.2.0. CRBMICAIS ...t b bbb 111
5.2.2. ApParatus and PrOCEAUIE .......c.eieuiiuiitirieite sttt sttt bbb nn e ene s 111
5.2.3. Evaluation of “reverse” coordination formation CONStants............cceererriueriieereeseeseeseesnenne 111
5.3. RESUILS 8N GISCUSSION ...ttt ettt 112

5.3.1. Specific interactions between 1,4-naphthalenedicarboxylate (L?°) and alkali metal ions (Li*,

Na*) IN MECN-MEOH MIXLUIES. ....c.eouiiiiitiitiite ittt ere s 112

5.3.2. Specific interactions between 1,4-naphthalenedicarboxylate (L?") and alkaline earth metal ions

(Mg?*, Ca?*, Ba?*) in MECN-H20 MIXIUIES......ccovririririiiiiiisiiteieisisisiste ettt 116

5.3.3. Specific interactions between 2,3-naphthalenedicarboxylate (L?") and alkali metal ions (Li*,

Na™) IN MECN-H20 MIXIUIES. ....cveiiiiiiecie et e e te e sre e sreesreesreeeeeenreesreenneas 120

Vi



5.3.4. Specific interactions between 2,3-naphthalenedicarboxylate (L% and alkaline earth metal ions

(Mg?, Ca?*, Ba?") in MECN-H20 MIXIUIES........c.ceieiirereriiesieteeese et res s re et nsaenas 122

TR o] o4 1] o] oSS 124
RETEIENCES ...ttt b bbbt b bbb bt R bRt bbb ettt 128
CRAPLEN B SUMIMAIY ......viiviii ettt ettt et e e st e et e et e sbe e st e besre et e s baesbesbeetsebesteeneesbeaneenee e 131
ACKNOWIBAGEIMENES ...ttt e st et et e s re e st e nbeeseeneesbeebesbeeneenbeaneeneenreaneeneas 132
ACRTBVEIMIENT. ...ttt bbbt h bbb b b e e bt e bt b s bbb et et n e ne s 133

Vil



Chapter 1

Chapter 1 Introduction

1.1. lon Association

In aqueous solution, many salts (those consisting of anion of a strong acid and/or cation of a
strong base) would dissociate almost completely. Dissociation is a process in which ionic
compound (i.e. salt, complex, etc.) separates into smaller parts, like ions (anions, cations) and/or
molecules: AB — A" + B". In dilute solution, the ion association behavior of strong electrolytes
have been successfully explained by Debye-Hiickel theory [1] in 1920s, which modeled the dilute
electrolyte solutions as consisting of completely dissociated ions perturbed by long-range
Coulombic interactions.

However, in solvents having lower dielectric constants (permittivity), the differences are too
large to be accounted for by any extension of the Debye—Hiickel theory. In 1926, Bjerrum [2]
introduced the concept of association of oppositely charged ions into dipolar pairs to explain the
deviation of the experimental results from Debye—Hiickel theory. Bjerrum theory deals explicitly
with the formation of ion pairs, and can be used to calculate an expected value of the association
constant for an equilibrium between two ions and an ion-pair. Based on the specific models of the
ion-pair, many other theories of ion association have been proposed by Denison and Ramsey [3],
Gilkerson [4], Fuoss [5-8] and other researchers [9-10].

The initial proposed concerning ion pair formation has had an enormous impact in many
branches of chemistry including mechanistic organic chemistry [11, 12]. lon association have
attracted researcher’s attention near a century due to its fundamental importance in solution,
having been widespread investigating not only in electrolyte behavior [13-15], solvent properties
[16-18] or thermodynamic studies [19-21] but also in application in widely different fields. Early
in 1953, Schellm [22] applied Bjerrum theory to the binding of chloride by serum albumin with
the assumption of shielding by the protein. Walser [23] examined the ion association between
calcium, magnesium and inorganic phosphate, citrate and protein in normal human plasma. The
formation of okadaic acid-K* complex was carried out in CDClIs by self-association of okadaic

acid upon complexation with potassium ion [24]. Z. Shu et al. [25] determined that anion exchange
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follows a dissociative mechanism for Mg?* and an associative mechanism for Ca?*, in order to
discriminate between calcium and magnesium for these ions to perform their distinct biological
functions. Schmuck [26] have synthesized a new class of flexible zwitterions, in which a
carboxylate is linked via an alkyl chain with variable length (one to five methylene groups) to a

guanidiniocarbonylpyrrole cation attribute to the self-association properties of zwitterions.
1.2. Triple-ion study

Besides ion-pair species, Fuoss and Kraus [27] considered that the triple-ion species would
be formed in solvent of lower dielectric constants. They rationalized the appearance of a minimum
in the relation between the molar conductivity and the concentration of electrolytes dissolved in
media of low permittivity (er< 12 or 23.2) by postulating the existence of triple ions. Also, they
introduced the idea of triple ion formation from an ion A" or B with anion pair: A"+ B~ = A;B*
and B-+ AB = AB:> by the electrostatic forces.

The formation of a normal coordination-type species (A2B*) can be easily accepted by many
chemists because of the possible stability on chelating in solution. Raban et al. [28, 29] reported
experimental evidence for a chelated lithium bisacetylacetonate (Li(acac).”) complex in methanol
solution. However, the “dilithium complex” of a ligand (L") [30] has still been regarded as an
uncertain matter. Murray and Hiller [31] first suggested involvement of two lithium ions in a ligand
loss during one-electron reduction of Fe(acac)s in acetonitrile (MeCN) containing LiClOg as the
supporting electrolyte:

Fe(acac)s + 2 Li* + e = Fe(acac), + Lix(acac)” (1.1)
Similarly, the formation of [CH3COOL.i2]* species was suggested for the effect of LiCIO4 on the
polarographic reduction of dimeric copper(ll) acetate in MeCN [32]. The idea of both normal
coordination and “reverse coordination” between a carboxylate ion and monovalent metal ions is
illustrated in equation 1.1.
So far, the triple ion formation in various solvents have been investigated by means of electron
spin resonance spectroscopy (ERS), conductometry, polarography, UV-visible, *H and *C NMR

spectroscopy. Also, the formation constant have been calculated by different methods.
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1.2.1. Electron spin resonance (ERS) or electron paramagnetic resonance (EPR) spectroscopy

T. E. Gough and P. R. Hindle [33] found the direct evidence for the existence of triple-ions
by ESR studies. With the addition of sodium tetraphenylboride to solutions of sodium-
semiquinone ion-pairs (NaD) in tetrahydrofuran (THF), the hyperfine lines of the protons in the
semiquinone anions were split into seven lines (Fig. 1.1), an indication that two equivalent sodium
nuclei interact with each anion (NazD*). Meanwhile, they added NaX (X~ = PhsB~, CIO47, I) to
sodium-semiquinone ion pair and found that triple ion formation was observed when X~ = Ph4B",
however, when X~ = CIO4 or I~ intermolecular cation scrambling occurred, which results
postulated that such scrambling reactions proceed via the triple ion [34]. Barzaghi [35] investigated
the rate and the mechanism of sodium exchange between the 3,5-dinitrobenzonitrile-sodium ion

pair and sodium tetraphenylborate (NaBPh) in THF by ESR spectroscopy.

Fig. 1.1. Na hyperfine multiplets of the triple ions (a) durosemiquinone-Na;* and (b) 2,3-dimethyl-p-

benzosemiquinone-Nay*, showing the asymmetric broadening of the alkali metal splitting [33].

EPR spectroscopy can be utilized in the evaluation of certain kinetic and thermodynamic
parameters that control processes and equilibria involving anion radicals [36]. The kinetics and the
thermodynamics of triple-ion formation involving the anion radical of 1,3,5-trinitrobenzene
associated with sodium cation in THF containing sodium tetraphenylborate were studied by EPR
spectroscopy [36]. All hfs-constant and line-width data and their dependence on temperature and
salt concentration have been interpreted in the frame of an adequate model for ionic association.
The influence of the transport properties of the solution have also been discussed.

K. S. Chen and N. Hirota [37] examined the process of the formation of Li, Na and K triple

3
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ions and kinetics of the formation and dissociation of triple ions (M*A"M") by comprehensive EPR
studies. The authors demonstrated that intermediate triple ions or ion quadruplets are formed in
the course of cation-transfer reactions. The equilibrium constants were estimated to be
approximately 10 ~ 10* M for the Na triple ion in THF at 25 “C. In order to obtain these species,
higher concentrations of salts are needed. They also considered that the formation of triple ion
strongly depends on the dissociation constant (Kp) of the added salts as well as the equilibrium
constant (Kr) for the formation of triplet ion, because of the examined alkali metal salts generally

form ion pairs in ethereal solutions.
1.2.2. Conductometry

By conductometry, the conditions and concentrations of chemical species can be examined
based on the transformation phenomena of ionic species. As early as 1933, Fuoss and Kraus [27,
38, 39] reported and discussed conductivity data of the thiocyanate and tetraisopentylammonium
nitrate, among other salts, in dioxane (&r = 2.21), benzene (er = 2.27), and in dilute mixtures of
benzene with 1,2-dichloroethane (er = 2.8) and of dioxane with water. The minima observed in

conductometric curves (er<9.0) were interpreted by the formation of the “symmetrical” triple ions.
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Fig. 1.2. Observed molar conductivities (4) in THF at 25 °C: (e) LiClO4; (o) LiPic (lithium picrate); () 2,4-

(N02)2C10H50Li; (A) LiNO3 [40].

In low permittivity solvents such as THF (&= 7.58, Fig. 1.2), 1,2-dimethoxyethane (er=7.2),

chloroform (er = 4.8), and ethyl acetate (er= 6.0), conductivities of a number of uni-univalent salts,
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including tetrabutylammonium and lithium nitrophenolates were measured [40]. Minima in the
conductometric curves (4 — C¥2) were observed for concentrations which were dependent upon
both the salt and the solvent. The observed molar conductivities including Cmin could be
completely explained by the formation of ion pairs, “symmetrical” triple ions, and (in some cases)
additional formation of quadrupoles. A linear relationship (the slope of —1) between the triple ion
formation constants and the salt concentrations at the minimum (log Cmin) was given for all the
salts in the various solvents.

Even with higher permittivities (20 < & < 65), in solvents of low solvating abilities, especially
in protophobic aprotic solvents. The conductivity data of conductivity data of n-BusNHCF3COz in
MeCN (er = 35.94) were interpreted by triple-ion and quadrupole formation in addition to ion-pair
formation [41]. The triple-ion and quadrupole formation from trialkylammonium halides,
RsNH*X" [42], and lithium trifluoroacetate [43] can occur through hydrogen bonding and
coordination bond forces, respectively, between or among the cation and the anion. Fig. 1.3 shows
the Shedlovsky plots of lithium pentafluoropropionate (LiC2HsCOy) in propylene carbonate (PC,
&r~65): the relation between 1/4S and CASf2 gave not a linear but a concave curve. Barthel et al.
[44] have concluded from conductivity measurements that triple ions are formed by lithium

fluoroacetates in PC at C < 0.009 M.
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Fig. 1.3. Shedlovsky plots for LiC2FsCO; in PC: (o) experimentally observed points; (o) simulated points with

ion pair, triple-ion, and quadrupole formation; (e) simulated points with ion-pair formation [42].

M. N. Roy and co-workers [45-50] have studied molecular interaction of ion-ion, ion-dipole
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for some ethanoates and tetraalkylammonium iodides in THF, dimethyl sulfoxide (DMSO), n-
hexanol and binary mixture by electrical conductance. By the Fuoss-Kraus theory of triple ions,
the values of the ion-pair and triple-ion formation constants (Ke and Kt) were evaluated and the
results have been discussed in terms of molecular scale model. Meanwhile, they explored the
structure of ion-pair and triple-ion, Scheme 1.1 depicted the triple-ion formation for lithium acetate
in pure THF.

o [+ | —r1or--[+{ ];[ ]

Lithium Ion Acetate Ion Ton-Pair

[2 ][ %o]

Triple-Ton

[%]-[£]1—[er]

Triple-Ton

Scheme 1.1. The triple-ion formation for lithium acetate in pure THF [45].
1.2.3. Polarography

Polarography has been a powerful means to determine the stability constants of metal
complexes. By means of polarographic studies, the ion-pair formation of acetate ion and lithium
ion in MeCN was examined [51]. When the concentration of LiCIO4 was low (1 — 20 mM) for the
0.35 mM acetate ion, the wave-height of the acetate ion was extremely depressed. The decrease in
the anodic wave-height would be caused by the precipitation of CHsCOOL.i. The anodic wave (—
0.45 V) of the acetate disappears at 1:1 equivalent point. Again, an anodic wave from the acetate
ion appeared at —0.05 —+0.06 V for the addition of a large excess of Li*, owing to the acetate ion
exists in the form of electrochemically active species, CH3COO (Li"). (Fig. 1.4). Also, the

formation constant was evaluated as K¢ = 1 x 10! M2 for the reaction as equation 1.2.
Kt
CH3COO + 2 Li* == CH3COO (Li*)2 (1.2
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Fig. 1.4. Amperometric titration curves for 0.35 mM acetate ion of 20 ml by 0.2 M LiClO4 and NaClO4: (o)

LiClOs; (A) NaClO4. The changes of total volume were corrected [51].

The interaction between the trialkylammonium ions (T*) and the halide ions (X°) is
symmetrical in MeCN was observed by polarographic study [52, 53]. Both (T*)2X and T*(X)2

type species are formed with the formation constants similar to each other.

1.2.4. NMR spectroscopy

'H and *C NMR data can supply us with information of the electron density on a specific
proton or carbon atom in molecules. Hiller et al. [30] have reported that the *H NMR spectrum of
the Liz(acac)” exhibits signals at = 1.85 and 5.28 ppm versus TMS, signals which were assigned
to the methyl and methine protons in acetylacetone, respectively. Plewa et al. [54, 55] confirmed
that the signals of the LiBF4 and the MCFsSOs (M = Li*, Na*, K*, (n-Bu)sN*) solutions in glyme
(1,2-dimethoxyethane, DME, & = 7.2) were originating from free anions, pairs and triplets by °F
NMR spectroscopy.

The interaction between lithium ion and tetrabutylammonium tropolonate (n-BusNC7HsO5)
have been examined by *H NMR [56] (cf. Fig. 1.5). The addition of an equivalent amount of
LiCIO4 (1.0 x 10 mol dm™) leads to remarkably lower magnetic-field shifts, as compared to the
d values without salt. By further addition of LiClOa, the chemical shifts were observed at lower
magnetic-fields. Definitely 5-H was affected to the most extent by the addition of Li*. Meanwhile,

the *C NMR chemical shifts of 1.0 x 102 mol dm= n-BusNC7HsO, showed that the 1,2-C signal
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shifted slightly toward higher magnetic-fields, despite that positive charged species are interacting

with the tropolonate ion. The formed dilithium tropolonate is illustrated as scheme 1.2.

3,7
(1) a6 .
(2)

8 7 6 >
&('H) / ppm

Fig. 1.5. 'H NMR spectra of 1.0 x 102 mol dm™2 n-BusNC7Hs0: in the presence of LiClO4: (1) 0; (2) 1.0 x

10°3; (3) 0.50 mol dm™3 LiClO4 [56].

Lit LT

Scheme 1.2. The structure of dilithium tropolonate [56].

The protonated 4-isopropyltropolone (H2L*) was produced by addition of methansulfonic or
trifluoromethanesulfonic acid to 4-isopropyltropolone dissolve in MeCN [57]. The *C chemical
shifts of all C-atoms in the seven-membered ring were assigned for HoL* and HL as well as for the
deprotonated species, L™. The interaction between alkaline earth metal ions (M?* = Mg?*, Ba?")
and benzoate ion (L") had been examined in MeCN by H and *3C NMR spectroscopy [58]. The
results confirmed that the M?* react with benzoate to form the precipitate (ML) and the triple

cation or so-called “reverse-coordinated” species (ML") (scheme 1.3).
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Scheme 1.3. Successive formation of ML, and ML* in MeCN [58].

1.2.5. Raman spectroscopy

York et al. [59] reported the Raman and IR studies on poly(ethylene imine) (LPEI)
complexed with LICF3SO3 and NaCFsSOs. As the salt concentration is increased in the LPEI-
LiCF3SOs system, in turn “‘free’” ions, contact ion pairs and the triple cation [Li2CF3SO3]* each
become the dominant species present, whereas contact ion pairs appear to be the dominant ionic

species over the same composition range in the LPEI-NaCF3SO3 system.
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Fig. 1.6. Raman spectrum for a solution containing 4.098 mol kg™ (3.670 mol L™%) MgCl, + 0.107 mol kg™
(0.0956 mol L) MgSOs at 23 “C, showing the sum, component and (bottom trace) residual curves. Note the

appearance of the new mode at 1005 cm, which has been assigned to a triple ion, MgSO4?* (aq) [60].

W. W. Rudolph [60] investigated the speciation of MgSOa, because of the unusual sensitivity
of the strong Raman band to minor perturbations in its environments. In MgSOQas (aq), the well-
known asymmetry in the v1-SO+* mode at ~980 cm™ that develops with increasing concentration
has been assigned to a mode at 993 cm™ associated with the formation of an MgOSOs contact ion

pair (CIP). In solutions with high Mg?*/SO4?~ concentration ratios, a further vi1-SO4>~ mode was
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observed at 1005 cm™, which has been tentatively assigned to a Mg.SO4%* (aq) triple ion (Fig. 1.6).
Due to MgSO;s is very common and plays important roles in many biological, geological, and
chemical processes. Other papers [61-63] also examined the association behavior of MgSO4 under
different conditions using Raman spectroscopy. Analyses of the v1-SO4>~ bands confirmed the
presence of four-sulfate species of unassociated SO42~, CIPs and triple ion.

Bacelon et al. [64] and Chabanel et al. [65] characterized the formation conditions for triple
cations and triple anions of alkaline sulfocyanides (LINCS, NaNCS) in nitromethane (CH3NO3),

THF and 1,3-dioxolane through infrared and Raman spectroscopy.
1.2.6  UV-visible spectroscopy

Hojo et al. [66] observed the triple cation formation from substituted-benzoate ions in MeCN.
The addition of LiClO4 up to the equivalent amount of the benzoate ion (A”) caused the decrease
in the absorbance around 300 nm and, at the same time, the increase around 250 nm without
precipitation; the appearance of an isosbestic point at 297 nm indicates the presence of A~ and
Li*A™. The isosbestic point was shifted from 297 to 291 nm by the addition of an excess of Li™,
which may suggest the coexistence of Li*A~and (Li")2A". Meanwhile, a method for obtaining the
formation constants of triple ion have been developed using the spectroscopic data.

In low permittivity media, the formation of triple ions is based on electrostatic interaction
between ions in electric fields of low permittivity. However, in the solvent of higher permittivity
(20 < & < 65) [67-72], chemical force (i.e., covalent bonding or coordinating) as well as Coulombic
interactions have been proved to play role on the formation of triple ion.

By a series of studies through UV-visible spectroscopy, it have been found that the interaction
between alkali (M*) or alkaline earth metal ions (M?*) and anions (L") goes through a specific
process: (1) the formation of a triple anion or normal coordination species (ML2") by addition of
half an equivalent amount of M* to L™; (2) precipitations takes place (ML) in the presence of an
equivalence of the metal ion; (3) the precipitates successively re-dissolved to a triple cation or
“reverse-coordinated” species (M2L") by a large excess of metal ion. Murray [31] and Itabashi [32]
have suggested the formation of “reverse-coordinated” species for acetylacetonate and acetate ions,

respectively. The process as precipitation and re-dissolution shows as the first decrease and the
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followed increase of UV absorbance of anion with increasing concentration of metal ions.

As so far, the triple formation or specific interaction between alkali metal or alkaline metal
ions and a variety of benzoate [66], tropolonate [56], phosphate [73], sulfonate [73,74], and
carboxylate [74] has been investigated in various solvents by UV-visible spectroscopy in our
laboratory. As for the benzenesulfonate ion in MeCN, an excess amount of Li* caused the increase
in the absorbance as the second Li* ion can attack the ion pair to form the “reverse-coordinated”
species, whereas the addition of Na* caused a monotonous decrease of the absorbance (Fig. 1.7)
[73]. In acetone, the “reverse” coordination formation constant was evaluated for (PhO).PO2~ with

Li* [73].
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Fig. 1.7. Changes of absorbance of EtsN*CsHsSO3 (5.3 x 102 mol dm2) with increasing concentration of alkali

metal perchlorates in MeCN: (o) LiClOg; (o) NaClOa; (A) EtaNCIO4 in addition to 0.01 M LiCIO4 [73].
1.2.7. The other methods

Perelygin and Klimchuk [75] studied the interionic and ion-molecular interactions in
solutions of LINCS, NaNCS, KNCS, and Ca(NCS). in MeCN, acetone, pyridine, and
tetrahydrofuran by vibrational spectroscopy. The spectra have characterized the ionic triplets
(M*NCS M* and SCN"M*NCS"). Zalewska et al. [76] examined the effect of the type of alkali
metal cation and salt concentration on ion-ion and ion-polyether interactions for poly(ethylene
glycol) (PEG)-MSCN (M = Li, Na, K) electrolytes by means of impedance spectroscopy, DSC,
rheological, and FT-IR techniques. The FT-IR spectrum showed that two regions are of interest
for studies of ion-ion and ion-polymer interactions. These are ~2050 cm™ and 1100 cm™,

respectively, which characterizes the C-N stretching vibrations of the SCN- anion and stretching
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vibrations of C-O-C bonds of the polyether chains, respectively. The positions of the latter change
with the formation of transient cross-links due to the interactions of alkali metal cations or
positively charged triplets with base centers on polyether oxygen atoms. A detailed investigation
of aqueous solutions of MgSQO4 has been made by dielectric relaxation spectroscopy [77]. Evidence
has been obtained for the existence of a triple ion, Mg.SO4?* (aq), or possibly a more aggregated

species, at high electrolyte concentrations (c > 1 M).
1.3. The relevant studies in our laboratory

The relative researches about the ion association behavior of electrolytes or the coordination
behavior of alkali or alkaline earth metal ions have been studying in our laboratory over thirty
years [78], which mainly including as (1) the homo- and heteroconjugation reaction; (2) salt effects
in non-aqueous solution environment; (3) coordination and “reverse” coordination ability of alkali

or alkaline earth metal ions.
1.3.1. Homo- and heteroconjugation

In amphiprotic solvent, such as water and ethanol, strong hydrogen-bonding between solvent
s and solute would prevent the solutes interact together. However, in aprotic solvents, the
conjugate anions (A") from weak acids (HA) may interact with the mother acid or a related acid
(HA’) molecular to form anionic homo- or heteroconjugated species as follows:

A +HA = AHA": anionic homoconjugation

A +HA’ = AHA’": anionic heteroconjugation (where A is different form A’)
Similarly, cationic homo-or hetero-conjugated species are derived from the interaction between a
weak base (B) and the conjugate acid (BH™):

BH*+ B = BHB™: cationic homoconjugation

BH*+ B’ = BHB’": cationic heteroconjugation (where B is different form B”)

By means of conductometry, we [79] have observed that the sulfonic acids, such as
methanesulfonic and p-toluenesulfonic acids, behave indeed as weak acids in benzonitrile (e =
25.2) to form 1:2-type homoconjugated species, A"(HA)2. Benzonitrile has rather small values of

Gutmann’s donor and acceptor number [80], DN = 11.9 and AN = 15.5. The phosphoric acids,
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including ortho-phosphoric acid (HO)sPO, can cause homoconjugation strong enough to give the
maxima in conductometric titration curves even in DMF possessing a larger donicity (DN = 26.6,
[80]). It has been demonstrated that the stability of OH groups in a phosphoric acid molecule of
non-, mono- and diphenylphosphate [(PhO)2(HO)PO] derivatives. Conductometric titrations with
triethylamine (EtsN) of mono-, di-, and trisulfonic acids have been performed in MeCN, and strong
homoconjugation for di- and trisulfonic acids have been revealed [81].

By means of polarography [51], it have been observed that an acetate or benzoate ion (A")
forms a homoconjugation species, A" (HA)2, with two molecules of the mother acid (HA) in the
presence of a large excess of HA in MeCN solution. Our voltammetric experiments have evidenced
also that the chloride or bromide ion can interact with two ammonium ions, such as EtsNH" or n-
BusNH"* [53], and inversely, the ammonium ions NH4*, EtsNH", etc. can be coordinated by
multiple numbers of CI- or Br-in MeCN [52]. Thus, triple ion formation reactions, based on mainly
the hydrogen-bonding force, have been vigorously examined by means of conductometry for
various ammonium halides in protophobic aprotic solvents, acetone, MeCN, PC, PhCN, and
PhNO: [52, 82].

Nevertheless, some investigators have insisted that the technical term “triple ions” should be
restricted to those based on merely the electrostatic interaction, otherwise obscuring the
electrostatic interactions leading ion pairs and triple ions [83]. At any rate, we have demonstrated
that even sulfonate anions are apt to accept hydrogen bonding in protophobic aprotic solvents in
the order of MeCN < PhCN < PhNO: [56], while sulfonic acids behave as almost strong acids in

aqueous solution.

1.3.2. Salt effect in non-aqueous solution

The “non-aqueous environments” are realized in such conditions as (1) non-aqueous solvents
with low solvation abilities, (2) aqueous solution containing large amounts of organic solvents or
highly concentrated salts, (3) nano-scale water droplets in reverse micelle systems, (4) aqueous
solution on the surface of ion-exchange resins, proteins, or at the interface with organic solvents
and (5) water in supercritical conditions or at very high temperatures. We [78, 84] have proposed

that properties of bulk water in aqueous solution should be altered into those of non-aqueous
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solvents when the water structure is modified by some causes. Such water can be “reduced” to
authentic singular H.O molecules (also called “dihydrogen ether,” (H)-O—(H)) [85-87]. Reichardt
et al. [88] have concisely interpreted “dihydrogen ether” that, at high salt concentrations [c(salt) >
5 mol dm™3], region C, according to the solvation model of Frank and Wen [89], can be abolished
and only regions A and B survive, resulting in an aqueous solvent called “dihydrogen ether.”

Through a series of studies, we have demonstrated the specific interaction or “reverse”
coordination could take place between alkali metal or alkaline earth metal ions and simple anions,
such as halide, sulfonate, and carboxylate ions [78]. Such interactions may be observed only in
“non-aqueous environments”. Furthermore, we confirmed that the existence of salt would affect
the acid-base indicator [67, 69, 70, 90-92] and solvolysis (hydrolysis) reaction [68, 85, 94, 95].

By the addition of MCIO4 and M(CIOa)2 to rhodamine B base, the intramolecular y-lactone
ring (C—O) was found to be cleaved within the MeCN solution. Only Mg?* was effective for crystal
violet lactone; the magnesium ion has strong interaction with the carboxylate ion from the lactone
[67]. It has been concluded that the changes or developments in colors of acid-base
sulfonephthalein indicators, such as phenol red and bromothymol blue, are caused by the y-sultone-
ring opening through the chemical interaction between the metal cations of added salts and the
sulfonate ions from the sulfonephthalein indicators [90]. A practical fluoran-based black color
former reacts with alkali metal and alkaline earth metal ions to develop the black color in MeCN
[69, 92].

The stabilization of carbocations in solution is a matter of great interest in considering the
mechanisms of organic reactions, especially Sn 1 and Sy 2 reactions in solvolysis. By the addition
of metal chlorides, such as HgCl,, AICls, and SnCls to PhsCCI solutions (MeCN and MeNO-
solvents), the trityl cation (PhsC™) can be formed even quantitatively through the following
reaction [93]: PhsCCl + MCln = PhsC* + [MCln+1]". By means of UV-visible absorption
spectroscopy, we have found that the PhsC* ion is produced from PhsCX (X = Cl, Br) by the
addition of MCIO4 (M = Li, Na) or M(ClOs)2 (M = Mg, Ca, Sr, Ba) in MeCN. The addition of the
metal perchlorates to 4-MeO-substituted trityl chloride, (4-MeOCsH2)nPh3z_nCCI (n = 1~3), caused
the production of the corresponding trityl cations [67]. These reactions could be utilized for the

preparation of trityl perchlorate compounds [68].
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In MeOH-H,0 mixed solvent, the “pseudo” first-order reaction rates (k/s™?) for typical Sn1
substrates, such as 1-adamantyl bromide and t-butyl chloride, were found to increase exponentially
with increasing concentration of alkali metal or alkaline earth metal perchlorates, whereas with a
nonmetallic salt (EtsNBr), the reaction rates decreased [85]. The positive effects of Na* were
smaller than those of Li* while the effects of Mg?* or Ba?* were much larger. We have concluded
that the observed positive effects of the metal perchlorates are due to the formation of “stable”
carbocations (R*) through “chemical” interaction between the halides (X) and the metal cations

(M*, M?*) in the “modified” solvent.
1.3.3. Complexing ability of alkali metal and alkaline earth metal ions

Compared with transition metal ions, the coordination ability of alkali metal or alkaline earth
metal should be much weaker owing to their lack of partly filled d- of f-shells. Fromm [96] stated
that “the coordination chemistry of groups 1 and 2 metal compounds with organic ligands in the
widest sense has been, until relatively, largely unknown compared to transition metal coordination
network”. In aqueous solution, the weak complexes with alkali metal ions are often neglected, and
a strong dependence of protonation constants for ligands on the concentration of background is
generally ascribed to activity factors. However, Daniele et al. [97] stressed that a rigorous
treatment of acid—base equilibria must also take into account the weak interaction between the
ligand under study and the cation background. The complex formations of alkali metal ions with
macrocyclic compounds, such as crown ethers, have been investigated widely by means of various
techniques [98].

On basis of triple ion theory, we found a specific interaction would occur between higher
concentration of alkali (M*) or alkaline earth metal (M?*) ions and simple anions not only by the
Coulomb force but also coordination as well as hydrogen bonding force. The “triple cation” formed
through the specific interaction of ion pair with metal ions is regarded as the “reverse-coordinated”
species [78], which presents as one anion (univalence) toward two alkali metal ion or one to one
complexes for alkaline earth metal ions.

As so far, by various methods, we examined the coordination ability of M* or M?* with

different anion, e.g. halides (CI-, Br [53, 67, 68]), sulfonates (mono- [73, 90], di-sulfonate [74]),
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(PhO).PO2 [73], carboxylates (RCO2 [51, 66, 69], nitrophthalate [74]) and nitrophenolate [72]
ions. The formation of “reverse-coordinated” specie, such as Cl7(Li")2 [53], PhSOs(Li*)2 [73],
(PhO)2PO2 (Li*)2 [73], RCO2(M*)2 (M = Li or Na) [51, 66], NO2CsH3(COO)2(M?*)2 (M = Mg,
Ca, Ba) [74], R(SO3)2(M?*), (M = Mg) has been reported in acetonitrile, acetone or the mixed
solvents of MeCN-H>0. However, the formation of the (Li).L~ (L™ = tropolonate) was not observed

in solvents of higher solvating abilities such as MeOH and N,N-dimethylformamide.
1.4. Objectives and the content of the thesis

Despite under controversy [83], the triple ion mechanism or theory [99] has been applied in
studying on lithium batteries [100, 101], ion-aggregation [81] and supramolecular construction
[102]. Also, we developed a method for color development or changes of indicators or dyes of
sulfonic [90] and carboxylic [69, 92] types which dependent on the specific coordination reactions
between alkali metal or alkaline earth metal ions.

Meanwhile, the results from the studies of specific interaction could give an important clue
to recognize the kinetic mechanism in hydrolysis reactions under “non-aqueous solvent condition”
or in biologic systems, supporting our proposal [85-87, 102-104] that the salt effects on the
solvolysis of Sy 1 to Sy 2 haloalkane substrates can be accounted for without on conventional
reaction schemes [105-108] or the arbitrary functions of various ion pairs.

The major purpose of this study is to further confirm that alkali metal, alkaline earth metal,
and III Group metal ions actually have strong coordination ability, the specific association
behaviors of those metal ions with different anions are investigated not only in aprotic solvent of
poor solvation but also in protic solvent or aprotic—protic mixed solvents. The present works are
as follows:

1. In primary alcohols as well as in the binary MeCN-alcohols, ethanol-methanol and
methanol-water, the specific interactions between alkaline earth metal and p-
toluenesulfonate, 1,5-naphthalenedisulfonate, or 1,3,6-naphthalenetrisulfonate ions are
examined by means of UV-visible spectroscopy. (Chapter 2)

2. The coordination ability of alkali metal (Li*, Na*), alkaline earth metal (Mg?*, Ca®*, or Ba?*),

and indium (In®*) ions with the 1,3,6-naphthalenetrisulfonate ion are examined not only in
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MeCN but also in primary alcohols (from methanol to 1-hexanol). (Chapter 3)

3. In MeCN, the specific interactions of alkali metal and alkaline earth metal ions with various
phosphorus anions, i.e., diphenylphosphinate, diphenylphosphate, and bis(4-
nitrophenyl)phosphate, are examined by means of UV-visible spectroscopy. Also, the
influences of additional protic solvents, such as water, MeOH, or EtOH, on the chemical
interaction between the metal ions and the anions are investigated. (Chapter 4)

4. In binary acetonitrile-water (MeCN-H20) and acetonitrile-methanol (MeCN-MeOH)
solvents, the specific interactions between alkali metal or alkaline earth metal ions and 1,4-
or 2,3-naphthalenedicarboxylate ions had been examined by UV-visible spectroscopy.

(Chapter 5)
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Chapter 2 Specific coordination phenomena of alkaline earth metal ions with aromatic

sulfonate ions in alcohols and binary solvents of acetonitrile-alcohols
ABSTRACT

The specific interactions between alkaline earth metal (Mg?*, Ca2*, or Ba?*) and p-toluenesulfonate
(L), 1,5-naphthalenedisulfonate (L?), or 1,3,6-naphthalenetrisulfonate (L*) ions (from the
tetraethylammonium salt of L-, L, or L*) have been examined by means of UV-visible
spectroscopy in primary alcohols (from methanol to hexanol) as well as in the binary acetonitrile-
alcohols (MeCN-MeOH, MeCN-EtOH), ethanol-methanol (EtOH-MeOH) and methanol-water
(MeOH-H-0) solvents. The precipitation of non-charged species (e.g. ML) and the successive re-
dissolution of the precipitates, with increasing concentration of M(ClO4)2, have revealed the
formation of cationic charged species or “reverse-coordinated” species, M,L2*, even in the protic
media as well as the aprotic solvent MeCN. The solubility products (Ksp) and the “reverse”
coordination constants (2M?* + L2 = MaL?*, Ka( 2= [M2L?*]/ [M?*]? [L?]) have been evaluated.
In ethanol, both phenomena of the precipitation of ML® and the successive re-dissolution to
produce ML2* are observed for Ca?* or Ba?*, but not for Mg?*. In butanol, the interaction between
Mg?* and the L2~ causes the complete precipitation of MgL° (pKsp = 10.39) and also the successive
re-dissolution of MgzL?* (log K22 = 8.08). Even in methanol, the interaction between Ba?* and
L% results the precipitation (log Ksp = 8.28) and the “reverse- coordinated” species, BazL>* (log
Ka(2) = 5.58). The interaction of Ba?* with L~ or L®" causes no precipitation in methanol, however,
in all the other alcohols, it results both the precipitation (BaL> or BaslL2) and the “reverse-
coordinated” species, BaL" or Ba,L". The formulation for the formation constants (K(3)) for M?*
and L* is newly presented and the constants (2Ba?* + L* = Ba,L", Ky 3) = [Ba:L"] / ([Ba®']?
[L37]) are evaluated in ethanol and propanol as well as the binary EtOH-MeOH solvents, up to 70%
(v/v) MeOH. The donicities towards M?* of the media have been related to the pKsp and “reverse”

coordination constants for L-, L% and L3

Keywords: “reverse” coordination in protic solvent; solvent donicity; solubility product; tripe ion

formation through coordination; DFT calculation.
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2.1. Introduction

The association modes of metal ions and anions in various solvents have acquired the great
attention due to the extensive use in many areas of fundamental research, e.g. the evaluation of
major physico-chemical properties of solution [1], mechanistic studies in organic chemistry and
supramolecular chemistry [2], and the prediction of drug solubility and chemical stability in
pharmaceutical sciences [3]. Recently, the coordination reactions of the alkali metal and alkaline
earth metal ions has been extensively investigated, due to its widespread application on industry,
the importance in maintaining the ionic equilibrium of human’s body and especially relevance in
pharmaceutics [4]. The mixtures of aqueous-organic or organic-organic mixed solvents find a
broad application in industries as the manufacture of paints to detergents and deodorants [5], and
enable the variation of properties for studying the ion-ion and ion-solvent interactions [6].

It is a common idea that the alkali metal or alkaline earth metal salts in low concentrations as
electrolytes totally disassociate in aqueous solution. Through the series of studies, however, we
have demonstrated that the specific interaction between alkali metal or alkaline earth metal ions
and simple anions can operate in non-aqueous solvents by means of conductometry [7],
polarography [8], UV-visible [9], *H and **C NMR spectroscopic methods [10]. The formation of
both the coordinated and the “reverse-coordinated” species in aprotic solvents has been proposed
[11]: with half-equivalent amount of LiClO4 or NaClO4 added to carboxylate ions (L") [12], the
direct coordinated species (MLz") may form, however, then the precipitation (ML) takes place in
the presence of an equivalence of the metal ion, which is followed by the re-dissolution of the
precipitates, due to the formation of the “reverse-coordinated” species (M2L"), with increasing
metal concentration.

Although it is generally acknowledged that alkali metal or alkaline earth metal ions exhibit
no coordination ability in dilute aqueous solution, aside from the chelate formation of alkaline
earth metal ions with a powerful chelate reagent, such as EDTA (ethylenediamine -N,N,N’,N -
tetraacetic acid), these metal ions may exhibit a more covalent character similar to transition metal
compounds when polar organic solvents are used [13].

Acetonitrile (MeCN) is an archetype for dipolar aprotic solvents with simple molecular
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structure, which has attracted considerable interest in the study of interplay between ion solvation
and association of electrolyte solutions [14]. Acetonitrile of a relatively high permittivity (er = ca.
36) [15] is not only an aprotic solvent but also a protophobic solvent [16], having poor solvation
ability (DN =14.1, AN =19.3 [17], cf. Table 2.1) toward both metal cations and anions. In many
aprotic solvents, including MeCN, of higher permittivities, it has been reported [11] that the higher
ion-aggregates, triple ions and quadrupoles, can be produced from trialkylammonium halides,
RsNH*X", lithium trifluroacetate, etc., basically through hydrogen bonding and coordination
forces, respectively. The higher ion-aggregation from lithium fluoroalkanoates has been
conclusively evidenced in another protophobic aprotic solvent, propylene carbonate [19] with the
high permittivity of ca. 65 [15].

Contrastingly, protic solvents, such as water and primary alcohols with relatively higher
donicity and acceptivity (Table 2.1), can strongly solvate both cations and anions. Even very small
amounts of water (~0.5%) added to acetonitrile can significantly influence the coordination
reaction between magnesium and p-toluenesulfonate ions [9b]. Although the permittivities of
many primary alcohols (EtOH, 1-PrOH, 1-BuOH, 1-HexOH) are lower than that of MeCN, the
donor (DN) and acceptor numbers (AN) of the alcohols under bulk conditions are much larger
than those of MeCN (Table 2.1). Only ion pair formation has been found between Li* and the
tropolonate ion (C7Hs02") in methanol [9a]. The actual donicity of bulk methanol (DN = 31.3 [18])

is much higher than the original value (DN = 20) reported by Gutmann [17].

Table 2.1 Properties of the solvents concerned to the present study

Solvents DN? AN? &P
Acetonitrile (MeCN) 141 19.3 35.94
Water (H20) 40.3¢, 18.0¢ 54.8 78.36
Methanol (MeOH) 31.3¢, 19¢ 41.3 32.66
Ethanol (EtOH) 27.8¢, 204 37.1 24.55
Propanol (1-PrOH) (27)¢ 34 20.45
Butanol (1-BuOH) 26.2¢ - 17.51

Hexanol (1-HexOH) - - 13.3

3 Gutmann’s donor and acceptor number, Ref. [17]. ® The permittivity values cited from Ref. [15].
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¢ For bulk water, methanol and ethanol, Ref. [18]. ¢ Isolated H,O and ROH molecules (not as the bulk

solvents) in 1,2-dichloroethane, Ref. [17]. ¢ Estimated from the donor numbers of EtOH and 1-BuOH.

Some sulfonic acids, such as methanesulfonic and p-toluenesulfonic acids, have been
observed to be week acids in benzonitrile (DN = 11.9, AN = 15.5) to form the 1:2-type
homoconjugated specie by means of conductometry [20]. Meanwhile, conductometric titrations
with EtsN of di- and trisulfonic acids in MeCN have revealed the strong homoconjugation for the
di- and trisulfonic acids [21]. In the previous study [9b], the precipitation and re-dissolution
reactions of alkali metal (Li*, Na*) or alkaline earth metal (Mg?*, Ca?*, Ba®") ions with p-
toluenesulfonate and 1,5-, 2,6-, and 2,7-naphthalenedisulfonate ions in MeCN have been examined
by means of UV spectroscopy. The addition of small amounts of water has influenced the specific
reactions so strongly.

In the present work, the chemical interaction of alkaline earth metal ions (Mg?*, Ca?*, Ba?")
with p-toluenesulfonate (L"), 1,5-naphthalenedisulfonate (L), and 1,3,6-naphthalenetrisulfonate
(L*) ions (cf. Chart 2.1) in primary alcohols as well as MeCN are investigated by means of UV
spectroscopy. The interactions between the alkaline earth metal and 1,5-naphthalenedisulfonate
ions are carefully examined in binary mixed solvents of MeCN-MeOH, MeCN-EtOH, and even
EtOH-MeOH and MeOH-H0. The solubility products and “reverse” coordination constants have

been successfully evaluated for the systems.

H304©— SOzH SOzH
p-Toluenesulfonic acid
SO;H

SO;H
1,5-Naphthalenedisulfonic

HO;S SOH acid

1,3,6-Naphthalenetrisulfonic acid

Chart 2.1. Aromatic sulfonic acids examined in the present study.

2.2. Experimental section
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2.2.1. Chemicals

Tetraethylammonium p-toluenesulfonate was purchased from Aldrich.
Tetraethylammonium 1,5-naphthalenedisulfonate was prepared as the previous method [9b]: A 1.0
g of 1,5-naphthalenedisulfonic acid tetrahydrates (Aldrich) was dissolved in methanol, and was
titrated by EtsNOH (20 wt. % in H20, Aldrich) in methanol up to the equivalence point. The
solution was evaporated to dryness at 50 “C, and the salt was dried in vacuo at 150 C.
Tetraethylammonium 1,3,6-naphthalenetrisulfonate was prepared from 1,3,6-naphthalenetri-
sulfonic acid in a similar method. However, the 1,3,6-naphthalenetrisulfonate was dried at 120 “C
in vacuo, and the conductometric titration with trifluoromethanesulfonic acid suggested that the
hydrated waters in the salts can be negligible.

1,3,6-Naphthalenetrisulfonic acid was prepared from the sodium salt as follows: thirty-five
grams of sodium 1,3,6-naphthalenetrisulfonate (purchased from TCI Shanghai, chemical, china)
was dissolved in pure water of 2 litters, and the sodium ions were exchanged to protons with an
ion-exchange column. The Na* concentration was determined by an atomic absorption
spectrophotometer, and was kept to be less than 0.1 ug/mL. The elute solution was evaporated to
dryness in a rotary evaporator at < 35 °C, and the acid crystals were dried in vacuo at 35 C.

Metal perchlorates without water, Mg(ClOs). and Ba(ClO4)2 (all Aldrich), were used as
received. Calcium perchlorate tetranydrates from Aldrich was dried in vacuo at 150 °C to obtain
anhydrous Ca(ClOa4)2. Commercially obtained acetonitrile (MeCN) solvents of GR and super
dehydrated grades (Wako), containing < 0.1 and < 0.001% (v/v) H20, respectively, were used as
received. Alcohols (MeOH, EtOH, 1-PrOH, 1-BuOH, 1-HexOH) all from Wako were used. The
water contents are certificated < 0.1% (v/v) in MeOH and < 0.2% (v/v) in all the other alcohols.
Water was purified by means of a MilliQ system (Millipore Corp.). The percentage of a solvent in

binary solvents is all expressed by the volume fraction [% (v/v)] in the present paper.
2.2.2. Apparatus and procedure

UV-visible absorption spectra were measured at room temperature using a Shimadzu double-

beam spectrophotometer (model UV-2550) in a 0.1 cm path-length quartz cuvette. When
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precipitation occurred, the solution was sonicated for a few minutes in a Branson ultrasonic bath
(model Yamato 2510, 42 kHz and 125 W) and the supernatant solution was measured after
centrifugation with a Hitachi centrifuge (model CT4D). Sometimes, a long aging time was needed
to complete a precipitation reaction.

The energies calculations were performed using the computer facilities at Research Center
for Computational Science, Okazaki, Japan and Research Institute for Information Technology,

Kyushu University, Japan.
2.2.3. Evaluation of “reverse” coordination formation constants

The “reverse” coordination formation constants between the alkaline earth metal cations
(M?*) and the “ligand” anions (L, L?") are evaluated by the UV-visible spectroscopic data as the
method previously proposed [9b] as follows:

(a) In the case of ion charges of 2:1 (M?* and L")
The reactions and equilibrium constants for precipitation dissolution (solubility products, Ksp)
and “reverse” coordination (Ki(_1)) at higher M?* concentrations, compared to L, are expressed by

Egs. 2.1 and 2.2, respectively.

MLz = M2 +2 L Ky =[M*][LTA 2.1)
M?* + L & ML, Ky = [MLT/ (IM*T[L]) (2.2)

The solubility s of ML> or the total “ligand” concentration, ct, in solution (and not in

precipitation) is expressed by Eq. 2.3.

s=ci=[L]+[ML] = \Ks [M*TT (1 + Kacy [M*T]). (2.3)

The observed absorbance Aps of L~ (and ML*) can be rationalized by Lambert-Beer’s law as,

Aps=ccCl~esl (2.4)

Where ¢, ¢, and | are the molar absorptivity (cm= mol~ dm?®) of L~ (or ML"), the concentration
(mol dm~3), and the path-length (cm), respectively. Eq. 2.5 is given by introducing Eq. 2.3 into Eq.
2.4.
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Avs=clci=el \[Kep [MFTE (1 + Kicy [M2]). (2.5)

With higher M?* concentrations and larger Ki¢ 1y values, equation 2.5 can be arranged to be

Aps=¢ | \/ Ksp [M2+] K]_(fl).

(b) In the case of ion charges of 2:2 (M?* and L?)

ML &= M2+ L2, Ky = [M?][L2], (2.6)

2 M+ L2 &= MaL?, Koo = [M2LZ*]/ (IMZ T [L2]) (2.7
The total “ligand” concentration, Ct, in solution is
ct = [L¥] + [M2L*] = Ksp [M*T (1 + Ka() [M*'T) (2.8)
The observed absorbance Aps is expressed as
Aps = & | Ksp [MZ]1 (1 + Ko [M*TP) (2.9

Eq. 2.9 (between 2:2 charged species) can be easily arranged for 1:1 species, i.e., between M*

and L™ as Eq. 2.10.
Aps =& | Ksp [MT? (1 + Kz 2) [M*]?) (2.10)

Actually, with higher M?* concentrations and larger Kz 2) values, Eq. 2.10 can be arranged to

be Abs =& I Ksp K2(72) [M2+].

The formation constants of “reverse coordination” between the alkaline earth metal cations
(M?*) and the 1,3,6-naphthalenetrisulfonate ion (L") are evaluated as follows:

(c) In the case of ion charges of 2:3 (M?* and L*)

Msly = 3M?" + 213 Ky = [M2]3 [L3]?, (2.11)

2M? + L3> &= MLt Koy = [M2L*]/ ([IMZ]2 [L3)). (2.12)
The total “ligand” concentration, Ct, in solution is

= [L¥]+ [Mal'] = \Kep [M*T? (1 + Koy [M*]?) (2.13)
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The observed absorbance Aps is expressed as

Aos =1 \[Kp [MZT? (1 + Ko 3 [MZ) (2.14)

With higher M2* concentrations and larger Ko 3) values, Eq. (2.14) can be arranged to be Aps

=& I \' Ksp [M2+] K2(73).

2.3. Results and discussion

2.3.1. The specific interactions between alkaline earth metal and 1,5-naphthalenedisulfonate (L)

ions in alcohols

We [9b] have already reported that Mg?* interacts with the 1,5-naphthalenedisulfonate ion
(L?) to form the 1:1 precipitation (MgL), and the precipitation is successively re-dissolved
(Mg2L?") by the addition of a large excess of Mg(ClOa), in MeCN, whereas Ca?* and Ba?* ions
can scarcely produce the soluble species of M2L?* from the precipitates in the same solvent. In
protophobic aprotic solvents, such as MeCN (DN = 14.1, AN = 19.3[17]) [9b] and acetone (DN =
17.0, AN = 12.5[17]) [9a, 22], due to the lower donicity, the alkali metal cations (especially Li*)
have a good opportunity to interact with simple anions (excluding ClIO4™, PF¢™, etc.) to form not
only the coordination-type species (LiL") and the ion pair (LiL°) but also the “reverse-coordinated”
species (Li2L"). Conversely, such specific interactions between Li* and mono-charged anions have
not been detected in the solvents of relatively high donicity, such as MeOH (DN = 31.3, AN =
41.3, cf. Table 2.1) [9a], DMF (DN = 26.6[17]) and DMSO (DN = 29.8[17]) [22]. Furthermore,
the chemical interaction between metal cations and anions could be largely inhibited by addition
of the protic solvents, such as H20 or MeOH, to MeCN [9].

However, even in ethanol of relatively high donicity, the precipitation and successive re-
dissolution phenomena between Ba?* and L?" are observed (Fig. 2.1). Tetraethylammonium 1,5-
naphthalenedisulfonate [(EtsN*).L?"] has given a strong band at 228 nm (¢/cm™* mol™ dm® = 6.1
x 10% and a smaller band at around 290 nm in MeCN [9b]. In EtOH, the wavelength of strong
peak of L2 (Amax = 227.5 nm) is almost the same or just slightly shorter than that in MeCN. With

increasing concentration of Ba(ClOs)2, the absorbance at around 227 nm decreases gradually, and
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the band suddenly disappears in the presence of an equivalence of Ba?*, 1.0 x 10 mol dm~3, which
is accompanied by the complete precipitation. However, the successive re-dissolution of
precipitates takes place with further increasing Ba?* concentration, which should be caused by the
formation of the “reverse-coordinated” species of BazL2*. Whereas, those of BaL have never been

re-dissolved by a large excess amount of Ba?* in MeCN [9b], as mentioned above.

T T T T
11,12 3
0.5 G J20xd -
L (3—)5.0 % 1ojL
4—)1.0X 10
8 0.4 Es %2.0 x 107 7
= r (6 —)5.0% 107
2 03 (7—) 1.0 X 107 _
. ¢ 0
e [ -
0.2 10 —— 0.2 .
= ( )0.5 ‘
0.1 \.O mol dm™
200 250 300
Wavelength / nm

Fig. 2.1. The UV spectra of 1.0 x 104 mol dm3 1,5-naphthalenedisulfonate (0.1 cm path-length) in EtOH with

increasing concentration of Ba(ClO4)..

Absorbance

£ 3 =2 < B
Log [¢c(M(CIO,),/ mol dm™)]
Fig. 2.2. Changes in absorbance (Amax = ca. 227 nm) of 1.0 x 10 mol dm-3 1,5-naphthalenedisulfonate ion with

increasing concentration of alkaline earth metal ions in EtOH: (o) Mg(CIlOa)2; (e) Ca(ClOa4)2; (A) Ba(ClO4)2.

Fig. 2.2 shows the changes in absorbance (at Amax) of L%~ with increasing concentration of
alkaline earth metal ions (Mg?*, Ca?*, Ba®*) in ethanol. Neither the precipitation (nor the re-
dissolution) occurs between Mg?* and L2 in EtOH, whereas Mg?* can interact with L2~ to form
precipitates of MgL and the “reverse-coordinated” species of MgzL?* in MeCN [9b]. The

precipitation between Ca?* and L2 takes place at the equivalence point, however, the precipitates
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begin to re-dissolve after 0.01 mol dm~ Ca?* and completely re-dissolve at 1.0 mol dm= Ca(ClO4)2.
The precipitates of CaL are apt to re-dissolve successively to form CazL?" more easily than those
of BaL, therefore, the values of “reverse” coordination constant (Table 2.2), log Kz, for CazL?* and
Ba,L?" are given to be 7.49 and 7.11, respectively. In the present paper, for simplicity, we may
describe log Kz and not log Kz 2) for the “reverse” coordination constants between M?* and L2
unless some confusion is anxious.

The interaction of the alkaline earth metal ions with the 1,5-naphthalenedisulfonate ion (L%)
in EtOH seems to be apparently different from that in MeCN, cf. Ref. [9b]. For the first time,
however, we have discovered the specific interaction (M2L?") between the alkaline earth metal
ions (M?*) and a divalent anion (L?") in a protic solvent. Scheme 2.1 shows the reaction scheme

for the precipitation of ML (M = Ca and Ba) and the successive re-dissolution of the precipitates

in EtOH.
O
‘1 Oy--M2*
0=8=0 [
0=5—0
2 2
M2+ “ — “
Lo |
0° M2+.....O
M>* +L> —> ML} ML+ M* — ML*|
Precipitation Re-dissolution

Scheme 2.1. Successive formation of ML and M,L?* (M = Ca and Ba) for the 1,5-naphthalenedisulfonate ion in

EtOH.

The interactions between alkaline earth metal ions and L2~ in other primary alcohols (MeOH,
1-PrOH, 1-BuOH) were also examined. Fig. 2.3 shows the differences in the interaction between
Mg?* and L? in EtOH and 1-BuOH, and in MeCN as the reference solvent. In MeCN, the
precipitation completes at an equivalence of Mg?*, and then re-dissolves completely in the
presence of 1.0 mol dm= Mg(ClOs).. In EtOH, however, the absorbance (at Amax) Of L~ is almost
unchanged with the increasing Mg?* concentration (vide supra), indicating that no apparent

interaction takes place between Mg?* and L?". In 1-BuOH, the complete precipitation occurs at an
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equivalence of Mg?*, and the precipitates begin to re-dissolve at a 10-fold concentration of Mg

added to the 1.0 x 10~*mol dm=3 L% solution.

0.6

<
~

Absorbance

&
]
T

+ 3 =2 4 0
Log [c(Mg(ClO ),/ mol dm™)]

Fig. 2.3. Changes in absorbance (Amax = ca. 227 nm) of 1.0 x 10 mol dm-3 1,5-naphthalenedisulfonate ion with

increasing concentration of Mg(ClQOy,): in different solvents: (o) EtOH; (A) 1-BuOH; (o) MeCN.

Absorbance

-4 3 2 T B
Log [¢(Ca(ClOy),/ mol dm™)]

Fig. 2.4. Changes in absorbance (Amax = ca. 227 nm) of 1.0 x 10 mol dm~3 1,5-naphthalenedisulfonate ion with

increasing concentration of Ca(ClO,). in different solvents: (o) MeOH; (a) EtOH; (A) 1-BuOH; (o) MeCN.

In the aprotic solvent, MeCN, the calcium ion has been found to cause the complete
precipitation at an equivalence to L2, however, CalL precipitates have never re-dissolved by a large
excess amount of Ca(ClOa)q, cf. Ref. [9]. Fig. 2.4 shows that, in a protic solvent, MeOH, Ca?* can
react with L2 to cause partial precipitation of CaL. The absorbance (at Amax) of L? begins to
decrease at 1.0 x 10~* mol dm= of Ca?*, and the absorbance minimum of 0.126 is given in the
presence of 1.0 x 1073 mol dm= Ca?*. Apparently, the excess amounts of Ca®" to L?" assist the

precipitation reaction.
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In EtOH, an equivalent amount of Ca?" actually has caused the complete precipitation. At any
rate, the precipitates would re-dissolve completely by an excess amount of Ca(ClOs); in both
MeOH and EtOH. The precipitation of CaL in 1-BuOH takes place to a larger extent than in MeOH
or EtOH. The pKsp values of CaL increased in the order of MeOH < EtOH < 1-BuOH (cf. Table
2.2). Unfortunately, the solubility of Ca(ClO4). in 1-BuOH (&r = ca. 17.5) is not enough to examine
at 1.0 mol dm= Ca(ClO4)..

0.6

0.4

Absorbance

W8 2 L
Log [¢(Ba(ClO,),/ mol dm™)]
Fig. 2.5. Changes in absorbance (Amax= ca. 227 nm) of 1.0 x 10*mol dm2 1,5-naphthalenedisulfonate ion with

increasing concentration of Ba(ClOa); in different solvents: (#) MeOH; (A) EtOH; (A) 1-PrOH; (o) 1-BuOH;

(o) MeCN.

Fig. 2.5 shows that the interaction of Ba?* with L2~ is similar to that of Ca?* in MeOH, apart
from that the precipitation of BaL takes place to larger extent than CaL. The absorbance minimum
(at Amax) Of 0.076 is given by the addition of 2.0 x 10~ mol dm= Ba?*. As the permittivities and
donor numbers of primary alcohols decrease, the precipitation proceeds more completely but the
formation of the “reverse-coordinated” species seems to become more difficult: the absorbance (at
Jmax) are 0.372, 0.069, 0.061 in EtOH, 1-PrOH and 1-BuOH, respectively, in the presence of 0.5
mol dm~ Ba(ClOa)..

2.3.2. In the binary solvents of MeCN-MeOH and MeOH-H>0

Fig. 2.6 shows the precipitation and the successive re-dissolution of MgL in the binary
MeCN-MeOH solvents. In the 10% (v/v) MeOH mixed solvent, the precipitation takes place

incompletely, compared to that in sole MeCN, and the successive re-dissolution of MgL is much
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promoted: the re-dissolution of MgL precipitates begins as low as 1.0 x 10~ mol dm= Mg?*. The
pKsp value and the “reverse” coordination constants are list in Table 2.3. The interaction between
the divalent cation and the divalent anion is almost inhibited in the 20% MeOH. In the previous
paper [9b], we have reported that the addition of small amounts of water (1.0-5.0%) to MeCN
tend to inhibit the Mg,L2* species to form from the MgL® precipitates, although the precipitation
of the non-charged species itself was not so much influenced by these additional waters and that
the addition of 10% water or more than that causes an increase of solubility of the MgL salt without
assisting the formation of the Mg.L?" species. We have also reported the effect of water upon the
specific interaction between Li*" and the tropolonate ion in MeCN is similar to but much more

distinct than that of MeOH [9a].

Absorbance

4 3 =2 0
Log [¢(Mg(ClO,), /mol dm'3)]

Fig. 2.6. Changes in absorbance (Amax = ca. 227 nm) of 1.0 x 10 mol dm~31,5-naphthalenedisulfonate ion with
increasing concentration of Mg(ClO.), in MeCN-MeOH mixtures: (o) O; (o) 10; (A) 20; (A) 50% (v/v) of

MeOH.

Fig. 2.7 shows the precipitation and the successive re-dissolution of CaL in MeCN-MeOH
and MeOH-H0 mixtures. In sole MeCN, the precipitates of CaL have formed completely at an
equivalent amount of Ca?*, and CaL precipitates have been found not be re-dissolved even by the
large excess amount of Ca(ClO4). [9b]. When 20% MeOH are added to MeCN, the precipitation
and re-dissolution phenomena are not influenced so much: the precipitates form completely at an
equivalence of Ca?*, and are just partly re-dissolved by the addition of 1.0 mol dm= Ca(ClOa)..

With increasing contents of MeOH, the precipitation reaction becomes incomplete and at the same
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time the re-dissolution is promoted. Calcium perchlorate of 1.0 mol dm™ causes the complete

recovery in absorbance as the MeOH content in the solvent reaches 70% (cf. also Table 2.3).

Absorbance

Log [¢(Ca(ClO,),/ mol dm™)]

Fig. 2.7. Changes in absorbance (Amax = ca. 227 nm) of 1.0 x 10 mol dm~3 1,5-naphthalenedisulfonate ion with
increasing concentration of Ca(ClOa), in MeCN-MeOH mixtures: (o) 0; (e) 20; (A) 50; (A) 70; () 80; (m)

100% (v/v) of MeOH; and in MeOH-H,0 mixtures: (V) 1.0; (V) 2.0; (<) 5.0% (v/v) of H20.

We have proposed that the properties of the residual amount water in (aprotic) organic
solvents should resemble to an ether [11, 23], and we have termed it “dihydrogen ether” [24-26].
Through hydrogen bonding, however, the water molecules may interact with protic solvents, such
as MeOH. In order to evaluate the effects of water on the specific interaction between Ca?* and
L%~ in MeOH, the change in absorbance (at Amax) of 1.0 x 10~*mol dm= L?" are examined in MeOH-
H>O mixtures. With the addition of 1.0% water to MeOH, some small changes occurred in both
the precipitation and re-dissolution reactions (cf. Fig. 2.7). The values of pKsp and log K> are
evaluated to be 6.57 and 4.01 in 1.0% H>0O-MeOH, while those values are 8.26 and 5.60 in the
sole MeOH. The addition of 2.0% H2O to MeOH, however, alters the interaction suddenly: the
absorbance of L% decreases just slightly at 1.0 x 1073 mol dm= Ca?*. Finally, no decrease of the
absorbance is observed in 5.0% H2O. As a short conclusion, the influence of water of a small
amount (1.0 — 5.0%) in MeOH is large enough to alter the precipitation and successive re-
dissolution reactions of CaL.

Fig. 2.8 shows the absorbance changes of 1,5-naphthalenedisulfonate ion with increasing
concentration of Ba(ClO4); in the MeCN-MeOH mixtures. In sole MeCN, an equivalence Ba?* has

caused the complete precipitation of L%, and those precipitates have never been re-dissolved [9b].
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Even the MeOH content reaches 50%, both the precipitation and the successive re-dissolution of
non-charged species (BaL) are not influenced so much, and the precipitation would not be re-
dissolved even in the presence of 1.0 mol dm= Ba(ClO4).. A great difference is given at 75%
MeOH and the absorbance (at Amax) of 1.0 x 10~ mol dm= L% are completely recovered at 0.2 mol
dm=Ba?* (cf. also Table 2.3). Among the three alkaline earth metal ions, we may notice that Ba*
is the least influenced by the additional MeOH for the reactions between M?* and L~ in the binary

MeCN-MeOH media.

Absorbance

o
[3®]

()

l D n O I n O )
-4 -3 -2 -1 0
Log [¢(Ba(ClO,),/ mol dm™)]
Fig. 2.8. Changes in absorbance (Amax = ca. 227 nm) of 1.0 x 104 mol dm~23 1,5-naphthalenedisulfonate ion with
increasing concentration of Ba(ClO4), in MeCN-MeOH mixtures: (o) 0; (¢) 50; (A) 70; (A) 75; (o) 100 % (v/v)

of MeOH.

The interaction of Ba?* with L2~ is rather similar to that of Ca?* with L> in MeCN-MeOH.
The similarity can be seen in the solubility products (pKsp) and “reverse” coordination constants
(log K2) displayed in Fig. 2.9. The “reverse” coordination constants of Ca,L?* and Ba,L?" are close
to each other, however, the precipitates of CaL are totally re-dissolved by an excess amount of
Ca2" in 70% MeOH, while that of BaL are totally re-dissolved not in 70% but 75% MeOH. In the
binary MeCN-MeOH solvent system, the pKsp values of both CaL and BaL decrease, however, the
log K2 values of Cal," and BaL," remains constant or slightly increase with increasing contents

of >50% MeOH (cf. also Table 2.3).
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Fig. 2.9. The changes of solubility products (pKsp) and “reverse” coordination constants (log Kz) vs. MeOH

contents in MeOH-MeCN for the interaction between Ca?* (e, o) or Ba?* (¥, V) and 1,5-

naphthalenedisulfonate ion. The solid and open symbols represent pKsp and log Kz, respectively.

Absorbance
©
=

&
o
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Fig. 2.10. Changes in absorbance (Amax = ca. 227 nm) of 1.0 x 10* mol dm-3 1,5-naphthalenedisulfonate ion
with increasing concentration of Ba(ClO4), in MeOH-H20 mixtures: (o) 0; (m) 1.0; (0) 2.0; () 5.0; (A) 10; (A)

20; (V) 30; (') 50% of H20.

Fig. 2.10 shows the influences of additional water (1.0 — 50%) on the successive reactions of
precipitation and re-dissolution (the Bal® and Ba,L?* formation) for the 1,5-
naphthalenedisulfonate ion (L?) in MeOH-H-O. It is curious to report that the solubility of BaL
decreases with increasing H2O contents, i.e., the pKsp value of BaL increase from 8.28 for no
additional water t0 9.22, 9.39 and 9.48 for 1.0, 2.0 and 5.0% H2O, respectively. On the other hand,
the re-dissolution of the precipitates are inhibited with increasing contents of H-O. Firstly, the re-
dissolution is gradually reduced with increasing water contents (1.0 — 10%). With the water content

of 20%, the absorbance (imax) minimum of L2 is still observed at 0.10 mol dm= Ba?*. With 30%
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H20, the absorbance of L% suddenly decreases at 1.0 x 102 mol dm= Ba?*, and continue to
decrease monotonously up to 1.0 mol dm= Ba(ClO4).. The larger amounts of water cause an
increase of solubility of the BaL salt. Neither precipitation nor re-dissolution is observed in the

presence of 50% water.
2.3.3. In the binary MeCN-EtOH mixed solvents

The coordination reactions between alkaline earth metal ions and L2 were investigated also
in MeCN-EtOH mixed solvents. The precipitation of MgL take place completely when an
equivalence of Mg?" are added to 1.0 x 10 mol dm= 1,5-naphthalenedisulfonate (L) in the
binary MeCN-EtOH solvent of 10 or 20% EtOH. When the EtOH content reaches 30%, however,
the precipitation becomes incomplete. The re-dissolution of the precipitates is promoted with
increasing EtOH contents. The “reverse” coordination constant of Mg2L?*, logKz, in the 10 and
30% EtOH solvents are evaluated to be 7.15 and 8.57, respectively. However, the interaction
between Mg?* and L?~ was totally inhibited in 50% EtOH (cf. Fig 2A.1).

Although the complete precipitation of CalL has taken place at an equivalence of Ca?* not
only in MeCN but also in the sole EtOH, the re-dissolution of the precipitates happens differently
in both sole solvents: the precipitates would never be re-dissolved by an excess amount of
Ca(Cl04)2 in MeCN (vide supra), while the absorbance of L%~ (or CazL?*) can be totally recovered
by the addition of 0.02 mol dm~ Ca?* in EtOH. The re-dissolution is gradually promoted as the
EtOH contents increase in the binary solvent: the absorbance increased as 0.082, 0.219, and 0.558
for 20, 30, and 50% EtOH at 1.0 mol dm=3 Ca(ClO4). (cf. Fig 2A.2). However, the precipitates of
BaL are not re-dissolved by 1.0 mol dm=Ba(ClO4), even in 50% EtOH-MeCN (cf. Fig 2A.3).

2.3.4. The specific interactions between Ba?* and p-toluenesulfonate (L) or 1,3,6-

naphthalenetrisulfonate (L*) in alcohols

The specific interactions of monosulfonate and trisulfonate ions with Ba?" were also
examined in the alcohols. The pKa values of the sulfonic acids are shown in Table 2.4. The
permittivity of MeOH is close to that of MeCN, however, the donor number and acceptor number

of MeOH are much larger than those of MeCN. Neither the normal coordination species nor the
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“reverse-coordinated” species is observed between Ba?* and p-toluenesulfonate ([EtsN*
CH3CgHsSO37], L) in MeOH: the absorbance (at Amax) of L™ remains almost unchanged with
increasing concentration of Ba(ClO4). (Fig. 2.11), while the precipitation of BaL has taken place
to a large extent between Ba?* and 1,5-naphthalenedisulfonate (L) ions in MeOH (vide supra).
In EtOH, the UV absorption spectrum of the p-toluenesulfonate ion [EtaN* CH3CsH4SO3] gives a
strong band at 222 nm (s/cm™ mol™ dm? = 1.1 x 10%), which shows a slight blue shift, compared
with the band in MeCN (imax = 223 nm). The interaction between Ba?* and L~ causes some
incomplete precipitation at the equivalence point (5.0 x 10 mol dm= Ba?"): the absorbance (at
Amax) Minimum of 0.345 in EtOH, cf. 0.031 in MeCN. The absorbance is gradually recovered after
the minimum, and totally recovered at 1 x 1072 mol dm~ Ba?*, accompanied with the formation
of “reverse-coordinated” species of ML", cf. Eq. (2.6).
ML® + M?* — 2 ML* (2.6)

The precipitation of BaL> takes place to a larger extent in 1-PrOH and 1-BuOH than in EtOH.
Neither precipitation nor successive re-dissolution occurs between Ca?* and L™ in all the alcohols

even 1-HexOH.

Absorbance
o
¥

6T & 3 2 0
Log (Ba(ClO,), / mol dm ™)

Fig. 2.11. Changes in absorbance (imax = ca. 222 nm) of 1.0 x 103 mol dm= p-toluenesulfonate ion with
increasing concentration of Ba(ClO4), in MeCN and alcohols: (o) MeCN; (o) MeOH; (A) EtOH; (A) 1-PrOH;

(o) 1-BUOH.

In MeCN, tetraethylammonium 1,3,6-naphthalenetrisulfonate (L*") gives a strong UV band
at Amax = 238 nm (e/cm™ mol™ dm? = ca. 7.7 x 10%), apart from the broad band around 280 nm of

the naphthalene body. The alkaline metal ions cause the complete precipitation at 1.5 x 10~ mol
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dm=3 for 1.0 x 10* mol dm~3 L3, but almost no re-dissolution of the precipitates at 1.0 mol dm™3
M(CIQOg4)2, except for Mg(ClO4)2. In MeOH, neither precipitation nor re-dissolution is caused for
L3 even by Ba?* (Fig. 2.12). Regardless in MeOH, both precipitation and re-dissolution (between
or among Ba?" and L*) can take place in the other primary alcohols (from EtOH to 1-HexOH).
The complete precipitation at the equivalence point ([Ba?*]:[L*] = 1.5:1.0) should be based on the
formation of BasL.. The successive re-dissolution of the precipitates is supposed to the formation
of the Ba,L" species in EtOH and 1-PrOH, cf. Eq. (2.2) and Scheme 2.2. The most probable
occupations by two barium ions in the 1-, 3-, and 6-positions are discussed in the final section of
the present paper.

o
| o

0=$—0
M2
[—————2
0 /OI’~. 2+
\ MZo /SQ‘\,'M
N O B 7 o
SO; o) \\O O/
M2t 4+ 213> Myl, ! ML, I + M2t > 2 M,L* 1
(precipitation) (re-dissolution)

Scheme 2.2. Successive formation of MsL, and ML* (M = Ba) for the 1,3,6-naphthalenetrisulfonate ion

(L%*) in EtOH and 1-PrOH.
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Log (Ba(ClO4), / mol dm™)

Fig. 2.12. Changes in absorbance (imax = ca. 238 nm) of 1.0 x 10~*mol dm 1,3,6-naphthalenetrisulfonate ion
with increasing concentration of Ba(ClO4), in MeCN and alcohols: () MeOH; (A) EtOH; (A) 1-PrOH; (o)

MeCN; and in EtOH-MeOH mixtures: (V) 20; (o) 50; (m) 70% (v/v) of MeOH.

We are so interested in the large different influences with solvent alcohols, especially, the
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difference between MeOH and EtOH that we examine the specific phenomena in the binary
MeOH-EtOH mixed system. In the 20% MeOH solvent, still occurs the almost complete
precipitation at 2.0 x 10#mol dm= Ba?*, and the successive re-dissolution from BasL. is promoted.
With the 50% MeOH content, the precipitation becomes incomplete, and the successive re-
dissolution is promoted. Even at 70% MeOH-EtOH, precipitation formation and re-dissolution

phenomena can be observed (Fig. 2.12).
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Fig. 2.13. The solubility products (pKsp) and “reverse” coordination constants (log Ks, n = 1 or 2) vs. donor
numbers (DN) of alcohols for the interaction between Ba?* and TsO-, 1,5-NDS?, and 1,3,6-NTS®: (e, 0) p-
toluenesulfonate (TsO"); (¥, V) 1,5-naphthalenedisulfonate (1,5-NDS%); (A, A) 1,3,6- naphthalenetrisulfonate
(1,3,6-NTS*). The solid and open symbols represent pKs, and log Kn, respectively. The binary mixed solvents

of EtOH-MeOH and MeOH-H0 are used for 28 <DN < 31 and 31.5 < DN < 34, respectively.

Fig. 2.13 shows the solubility products (pKsp) and the “reverse” coordination constants (log
Ki(1), log Kz¢2), or log Kz 3)) for the interaction between Ba?* and the sulfonate ions (L, L%, and
L*) in different alcohols. In the primary alcohols of the lower donor numbers, such as 1-BuOH
(DN = 26.2, cf. Table 2.1), the precipitation reaction is apt to take place to a larger extent than in
methanol (DN = 31.3). In other words, with increasing donicity of the alcohols, the pKsp values
decrease. At the same time, the log K, values would be depressed. For the interaction between
Ba?* and L3 in the binary EtOH-MeOH solvent system, the pKsp values decrease as 27.6, 26.3,
23.0, and 20.3 in a good accordance with the log Ko3) 0f 9.8, 9.3, 8.4, and 7.5 in 0, 20, 50, and
70% MeOH (the DN of 27.8, 28.5, 29.55, and 30.25), respectively. However, we have to report an

41



Chapter 2

irregular fact that the solubility of BaL (barium 1,5-naphthalenedisulfonate) decreases with the
addition of the smaller amount of water (1.0 — 10%), which is also displayed in Fig. 2.13. The
donor numbers of the binary MeOH-HO system are estimated just assuming the linearity between

31.4 of MeOH and 40.3 of H20, up to 30% H20.

2.3.5. Computational prediction of the structures of Ba,L* in EtOH

Fig. 2.14. The optimized structures of 1,3,6-naphthalenetrisulfonates to which two Ba?* ions are coordinated at

(@) 1,3-, (b) 1,6-, and (c) 3,6-positions.

For predicting the coordinating structures of Ba,L" shown in Scheme 2.2, we performed
geometry optimization using GAMESS program package [29]. All geometries were optimized
with the density functional theory (DFT) employing the long-range corrected BOP (LC-BOP)
exchange-correlation functional [30]. Except for hydrogen atoms, all core electrons were treated
by the model core potential (MCP) [31], and the valence electrons were described via MCP-dzp
basis set [32], while the diffuse functions were augmented to oxygen atoms. For hydrogen atoms,
the cc-pVDZ set [33] was adopted. In this paper, we only report the results for the lowest energy
conformers. In the present calculations, the ethanol solvent was taken into consideration by the
conductor-like polarizable continuum model (C-PCM) [34] with the solvation model density
(SMD) [35].

Fig. 2.14(a) — (c) show the projected views of optimized structures of 1,3,6-
naphthalenetrisulfonates to which two Ba?* ions are coordinated at (a) 1,3-, (b) 1,6-, and (c) 3,6-
positions. For all three structures, Ba®* ion coordinates to two O atoms of sulfonate. Accordingly,
the S—O lengths coordinated by Ba®* (1.49 — 1.50 A) were slightly longer than those at free

sulfonate (1.47 — 1.48 A). Table 2.5 summarizes the relative energies for these Ba,L* structures
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obtained by the DFT calculations in ethanol. The 3,6-coordinated structure is the most stable
among these three species, although the difference from the most unstable 1,3-coordinated

structure is less than 1.2 kcal/mol.
2.4. Conclusion

In the present study, the coordination phenomena of alkaline earth metal ions (M?*) with the
mono-, di-, and trisulfonate ions (L, L%, and L") have been observed in sole alcohols as well as
the binary solvent mixtures. We have demonstrated that the precipitation of the non-charged
species, i.e. ML2%, ML?, and MsL2° and the successive formation of the “reverse-coordinated”
species (ML*, M2L?*, and M,L") take place not only in an aprotic solvent, acetonitrile, but also in
protic media, i.e. alcohols and their binary mixtures (including H20). Even in methanol, Ca®* and
Ba?* can interact with L2~ to form precipitates and also the “reverse-coordinated” species. However,
no apparent coordination phenomena have been observed between all the alkaline earth metal ions
(Mg?*, Ca®*, and Ba?*) and L~ or L®> in MeOH. In the other primary alcohols (from ethanol to
hexanol), both the precipitation and successive re-dissolution reactions occur between Ba?* and
L, L or L* at different degrees. The reactivities of alkaline earth metal ions are apt to influenced
in protic solvents in the order of Ba?" < Ca®" < Mg?". We have explained successfully the re-
dissolution of precipitates in the protic media based on the coordination or “reverse coordination”
ability of the alkaline earth metal ions with the sulfonate ions and not based on the changes in the

activity coefficients of solutes.

Table 2.2 Precipitation and re-dissolution reactions of alkaline earth metal and 1,5-naphthalenedisulfonate (L)

ions in acetonitrile and alcohols.

I:giiil Equilibrium constants? MeCN MeOH EtOH 1-PrOH 1-BuOH
[ No No [
(pKsp) 10.92 — — 10.39
Mg?* (PKsp)® 11.29 - - 11.48
O No No O
log K> 7.15 — — 8.08

43



Chapter 2

o A o [

(PKsp) >9.82 8.26 10.74 10.80

Ca*" (PKsp)° > 10.20 8.69 11.40 11.89
No O O A

log Kz - 5.60 7.49 7.04
o A o o [

(PKsp) >9.82 8.28 11.00 10.62 10.89

Ba?* (PKsp)° > 10.20 8.70 11.66 11.49 11.98
No O O AN No
log Kz - 5.58 7.11 - -

Explanatory notes: Solid circles and triangles represent apparent complete and partial precipitation, respectively.
The complete precipitation means here that the absorbance of the “ligand” anion (L% reaches < 1/10 of the
initial value at the equivalent or any amount of a metal ion. Open circles and triangles represent complete and
partial re-dissolution of precipitation, respectively. The mark “No” indicates no precipitation or no re-dissolution.
2 M(CIOs)2.

b Solubility products (Ksp) and “reverse” coordination constants (Kz), cf. the Experimental section in Ref. [9b].
The uncertainties (errors) in Ksp values and “reverse” coordination constants may be less than +0.01 and £0.05,
respectively, in this table and Tables 2.3 — 2.4.

¢ Thermodynamic solubility products (Ksp) corrected with the activity coefficients of ions. The mean activity

coefficients of ions are evaluated from the limiting Debye—H{ickel equation, log y==—A|Z+ Z_| 217, cf. Ref. [28].

Table 2.3 Precipitation and re-dissolution reactions between alkaline earth metal and 1,5-naphthalenedisulfonate

(L) ions in binary MeCN-MeOH and MeOH-H,0 solvents.

. Equilibrium
Metal ions?
constants®
MeCN-MeOH 10 50 70 75 80 100
[MeOH contents / % (v/V)]
o No No No No No
Mg (PKsp) 10.18 - - - - -
(PKsp)© 10.57 - - - - -
O No No No No No
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log K> 8.15 - — — — _
o o A - A A
(PKsp) - 10.19 9.17 - 8.55 8.26
Ca?* (PKsp)© - 10.58 9.57 - 8.96 8.69
No A O - O O
log K> - - 5.45 - 5.52 5.60
o o o o o A
(PKsp) - 9.20 8.74 8.47 - 8.28
Ba?* (PKsp)© - 9.59 9.15 8.87 - 8.71
No No A O O O
log K> - - - 5.20 - 5.58
MeOH-H,0
[H20 contents / % (v/V)] L0 20 >0 20 30 50
[ o o [ A No
(PKsp) 9.22 9.39 9.48 7.82 6.51 -
Ba** (PKsp)© 9.64 9.77 9.87 8.11 6.76 -
O A No No No No
log K> 5.46 5.25 - - - -

For the Explanatory notes, cf. Table 2.2.

2 M(CIO4)z.

® Solubility products (Ksp) and “reverse” coordination constants (Kz), cf. the Experimental section in Ref. [9b].

¢ Cf. Table 2.2, note ¢ for the thermodynamic solubility products (Ksp) corrected with the activity coefficients of

ions.

Table 2.4 Precipitation and re-dissolution reactions of Ba?* with the mono-, di- and trivalent aromatic sulfonate

ions in alcohols.

Equilibrium

EtsN* salts pPK4? MeOH EtOH 1-PrOH 1-BuOH  1-HexOH
Constants®
p-Toluenesulfonate -0.43 No A A A A
(1.0 x 10 mol dm-3) gorc  (PKsp) —~ 1048 1159  13.10 -
(PKsp)® 11.03  12.32 14.01
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No O O O O

log Ki (1) - 7.58 8.9 10.32 -

1,5-Naphthalenedisulfonate  —0.60 A o o o o

(1.0 x 10 mol dm-%) (PKsp) (828)  (11.00) (10.6)  (10.89) -
(PKsp)® (8.70)  (11.66) (11.49)  (11.98)

O O VAN A No

log K2 (-2 5.58 7.1 - _ _

1,3,6-Naphthalenetrisulfonate  —0.76 No @ @ @ @

(1.0 x 10* mol dm®) (PKsp) - 27.60  27.66 _ _
(PKsp)* 2912 29.67

No @) O A A

log K2 (3 — 9.76 0.86 — _

Explanatory notes: Solid circles and triangles represent apparent complete and partial precipitation, respectively.
The complete precipitation means here that the absorbance of a “ligand” anion (L, L?", and L*") reaches < 1/10
of the initial value at the equivalent or any amount of a metal ion. Open circles and triangles represent complete
and partial re-dissolution of precipitation, respectively. The mark “No” indicates no precipitation or no re-
dissolution.

2 The first pKa value of HA, H2A, or HzA in water, cf. SciFinder: Calculated using Advanced Chemistry
Development (ACD/Labs) Software VV11.02 (© 1994-2014 ACD/Labs).

® Solubility products (Ksp) and “reverse” coordination constants (K1, Ky), cf. the Experimental section in the
present paper and in Ref. [9b].

¢ The pKa values in acetonitrile, cf. Ref. [27]

d Cf. Table 2.2, note ¢ for the thermodynamic solubility products (Ksp) corrected with the activity coefficients of

ions.

Table 2.5 Calculated relative energies for Ba,L* (L: 1,3,6-naphthalenetrisulfonate) in EtOH.

Positions of Ba?* Relative energy / kcal mol*
1,3- +1.19
1,6- +0.71
3,6- 0.00
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Appendix

Absorbance

4 3 =2 a1 o
Log [¢c(Mg(ClO,), / mol dm™)]

Fig. 2A.1. Changes in absorbance (imax = ca. 227 nm) of 1.0 x 10 mol dm-3 1,5-naphthalenedisulfonate ion
with increasing concentration of Mg(ClOa) in MeCN-EtOH mixtures: (o) 0; (o) 10; (A) 20; (A) 30; (o) 50; (m)

100% (v/v) of EtOH.

Absorbance

U—3 35 =2 I 0

Log [¢(Ca(ClOy), /mol dm™)]

Fig. 2A.2. Changes in absorbance (Amax = ca. 227 nm) of 1.0 x 10 mol dm-3 1,5-naphthalenedisulfonate ion

with increasing concentration of Ca(ClOa), in MeCN-EtOH mixtures: (o) 0; (e) 20; (A) 30; (A) 50; (o) 100%

(v/v) of EtOH.
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Absorbance

Log [¢(Ba(ClOy), /mol dm'3)]

Fig. 2A.3. Changes in absorbance (imax = ca. 227 nm) of 1.0 x 10* mol dm~2 1,5-naphthalenedisulfonate ion
with increasing concentration of Ba(ClO4), in MeCN-EtOH mixtures: (o) O; () 20; (A) 50; (A) 70; (o) 80; (m)

90; (V) 100 % (v/v) of EtOH.
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Chapter 3 Coordination phenomena of alkali metal, alkaline earth metal, and indium ions

with the 1,3,6-naphthalenetrisulfonate ion in protic and aprotic solvents
ABSTRACT

Not only in acetonitrile (MeCN) but also in primary alcohols (from methanol to 1-hexanol), the
coordination ability of alkali metal (Li*, Na*), alkaline earth metal (Mg?*, Ca?*, or Ba?*), and
indium (In®*) ions with the 1,3,6-naphthalenetrisulfonate ion (L3, 1.0 x 10~ mol dm~3) has been
examined by means of UV-visible spectroscopy. In MeCN, the precipitation takes place completely
between alkali metal or alkaline earth metal ions and L*~. In the presence of excess amounts of the
metal ions, the precipitates of LisL and MgzL3 tend to re-dissolve partially to form the “reverse-
coordinated” species of LisL* and Mg.L*. However, those precipitates of NasL, CasL», and BasL»
would not re-dissolve even in the presence of large excess amounts of the metal ions in MeCN.
Between In®* and L*", both precipitation and successive re-dissolution reactions can occur in all
the primary alcohols. The solubility products (pKsp) and “reverse” coordination constants with L3~
(log Kaa+), log Kae+), and log Kag+) for alkali metal, alkaline earth metal, and indium ions,
respectively) have been evaluated in MeCN, the primary alcohols, and binary solvents of MeCN-
H20 and MeCN-MeOH. Where, for instance, Ka+ = [M4L*] / ([M*]* [L*7]) for the reaction: 4 M*
+ L% = MuL". DFT calculations have been performed to predict the coordinating structures of

the LisL" species in MeCN.

Keywords: coordination; stability constant; solubility product; ion pair; tripe ion formation; DFT

calculation.
3.1. Introduction

The coordination chemistry of groups 1 and 2 metal compounds with organic ligands in the
widest sense has been, until relatively recently, largely unknown compared to transition metal
coordination networks [1], even though those metals play vital roles in biological system and
pharmaceutics [2]. Owing to lack of partly filled d- or f-shells, the complexing abilities of alkali
metal and alkaline earth metal ions are much weaker than that of transition metal ions [3].

In aprotic solvents such as acetonitrile (MeCN), the specific coordination reactions between
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alkali metal or alkaline earth metal ions with some simple ions such as halides (CI-, Br) [4,5],
tropolonate [6], sulfonates, and carboxylates [7] have been demonstrated by means of various
analytical methods. With the increasing concentration of M* (an alkali metal ion), the specific
reaction may proceed in three steps: at first, a half equivalence or less than that amount of M™*
interacts with an anion (L") to form the normal coordination species [ML;]; then followed by the
ion pair (ML) or precipitation formation by the addition of an equivalence of M*; finally, a “triple
cation” [M2L"], positively charged species, can be produced from the precipitates with an excess
amount of M, that is, the re-dissolution of precipitation. Chen and Hirota [8] have investigated
the formation and dissociation of a triple ion (M*A"M*, M = Li, Na, K, A = anthraquinone) through
EPR studies and demonstrated that intermediate triple ions are formed in the course of cation-
transfer reactions.

Fuoss and Kraus [9] have introduced the concept of triple ion between free ions and triple
ions in the solvents of low permittivity (er < 10 or 23.2). According to their calculation, the triple
ions based on the pure Coulombic interaction become unstable for e > 23.2 under certain
conditions. The theory for triple ion has been developing for half a century [10]. Another view [11]
has been given on these associations by coordination chemistry: the introduction of multiple
hydrogen-bonding sites along with the resulting topological considerations in anion receptors leads
to the concept of double valence for anions as well as for transition-metal ions. For anions, the
primary valence is the negative charge on the anion and the secondary valence is provided by
hydrogen bonds to the anion. In previous papers [12, 13], we have regarded the “triple cation” as
the “reverse-coordinated” species. The coordination bonding forces as well as Coulombic forces
should contribute to the interaction between Li* and halide (CI-, Br) or thiocyanate (SCN") ions
in iso-permittivity binary mixed solvents between THF and 2-ethyl-1-hexanol [14].

In low permittivity media (er < 10), triple ions may be produced by electrostatic interaction
[9]. Indeed, we have verified that higher ion aggregation including triple ions could take place in
higher permittivity media (20 < & < 65) of poor solvation abilities [15]. Furthermore, we have
found that precipitation and re-dissolution reactions take place between Ba®* and the 1,5-
naphthalenedisulfonate ion even in the protic solvents, e.g. methanol or ethanol [16].

Murray and Hiller [17] first suggested the involvement of two lithium ions in a ligand loss
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during one-electron reduction of Fe(acac)s in MeCN containing LiCIO4 as the supporting
electrolyte. The formation of triple ions from LiClO4 with O-donors in non-aqueous solvents has
been utilized for the electrochemical device [18] such as lithium battery [19]. A series of lithium
based coordination phenomena, e.g. Li2CeH204 [20], Li2CgH404[21], and Li2C14HeO4 [22], as the
positive electrode material for the Li-ion battery have been reported in recent years. Oshovsky et
al. [23] developed a novel method for constructing a supramolecular capsules based on triple ion
(pyridinium-anion-pyridinium) interactions in methanol and water. The specific coordination
reactions between alkali metal or alkaline earth metal ions and anions have been utilized for the
color development or changes of indicators or dyes of sulfonic [24] and carboxylic [25-27] types.

Organosulfonates are widely used as surfactants and dyes, and are an important class of
oxygen donor ligands toward alkali metal and alkaline earth metal ions [1]. Previously [7,16], the
specific complexing behavior of alkali metal or alkaline earth metal ions with p-toluenesulfonate
and 1,5-naphthalenedisulfonate ions has been thoroughly investigated in MeCN, alcohols, and
binary solvents of MeCN-H20 and MeCN-alcohols. Naphthalenetrisulfonate is commonly used as
a chemical function of suramin and suradistas [28].

As an extension of the studies, in the present work, we examine the coordination behavior
between alkali metal, alkaline earth metal, and indium ions with the 1,3,6-naphthalenetrisulfonate
ion by means of UV spectroscopy. As the solvents, MeCN and primary alcohols (methanol, ethanol,
1-propanol, 1-butanol, and 1-hexanol) are used. Meanwhile, the effects of added water and

methanol on the coordination behavior in MeCN are also examined.
3.2. Experimental section
3.2.1. Chemicals

The tetraethylammonium 1,3,6-naphthalenetrisulfonate [(EtsN*)sL3] was synthesized by
following the method described previously [16]. A 1.0 g 1,3,6-naphthalenetrisulfonic acid and the
equivalence of EtsNOH (20 wt. % in H20, Aldrich) were mixed in methanol, followed by
evaporation to dryness at 50 ‘C, and the salt was dried in vacuo at 80 C . 1,3,6-
Naphthalenetrisulfonic acid was prepared from the sodium salt [16].

Metal perchlorates without water, LiClO4 (Wako), NaClO4, Mg(ClQOa4)2, and Ba(ClO4). (all
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Aldrich), were used as received. Calcium perchlorate tetrahydrates from Aldrich was dried in
vacuo at 150 °C to obtain anhydrous Ca(ClOs).. Both In(ClO4)3-xH20 (x = 8 — 10) and
In(CF3S03)3 were purchased from Aldrich. Commercially obtained solvents of GR grade (Wako),
acetonitrile, methanol (MeOH), ethanol (EtOH), propanol (1-PrOH), butanol (1-BuOH), and
hexanol (1-HexOH) were used as received. The water contents in the solvents are guaranteed to
be less than 0.1% for MeCN and MeOH,; less than 0.2% for the other primary alcohols. Water was
purified by means of a MilliQ system (Millipore Corp.). The water contents of binary solvent

systems in the present paper are represented by the volume ratio, % (v/v).
3.2.2. Apparatus and procedure

UV-visible absorption spectra were measured at room temperature using a Shimadzu
double-beam spectrophotometer (model UV-2550) in a 0.1 cm path-length quartz cuvette. When
precipitation occurred, the solution was sonicated for a few minutes in a Branson ultrasonic bath
(model Yamato 2510, 42 kHz and 125 W) and the supernatant solution was measured after
centrifugation with a Hitachi centrifuge (model CT4D). Sometimes, a long aging time was needed
to complete the precipitation reaction.

The energies calculations were performed using the computer facilities at Research Center
for Computational Science, Okazaki, Japan and Research Institute for Information Technology,

Kyushu University, Japan.
3.2.3. Evaluation of “reverse” coordination formation constants

The evaluation of “reverse” coordination formation constants between alkaline earth metal
(M?*)and 1,3,6-naphthalenetrisulfonate (L") ions has been already described in the previous paper
(cf. the experimental section of Chapter 2, [16]). The solubility products and “reverse”
coordination constants between an alkali metal (M*) or the indium (M3*) ion and L3~ are evaluated
as follows:

(a) Alkali metal ions [reaction between (1+) and (3-)]
The solubility product, Ksp, and the “reverse” coordination constant, Kau+), at higher M*

concentrations, compared to L3, are expressed by Eqgs. 3.1 and 3.2, respectively.
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MsL = 3M"+ L3, Ky = [MP[L3], (3.1)
4M*+ L3 = MaL?, Kaasy = [MaL*]/ ([M*T* [L3]). (3.2)

The solubility s of MsL or the total “ligand” concentration, Ct, in solution (not in precipitation)

is expressed by Eqg. 3.3.
s =0t = [L3] + [MaL'] = Ksp [MT (1 + Kausy [M'T9) 3.3)

The observed absorbance Aps of L* (and M4L*) can be rationalized by Lambert-Beer’s law

as Eq. 3.4.
Aps=¢ccl~esl (3.4)

Where ¢, ¢, and | are the molar absorptivity (cm™ mol? dm?® of L3 (or MsL"), the
concentration (mol dm-3), and the path-length (cm), respectively. Eqg. 3.5 is given by introducing

Eg. 3.3 into Eq. 3.4.
Aps = & | Ksp [M*]73 (1 + Kaasy [M™]%) (3.5)

Eqg. 3.5 can be arranged to be Aps = ¢ | Ksp Kaz+) [M*] with higher M* concentrations and
larger Kaq+) values,

(b) The indium ion [reaction between (3+) and (3-)]

ML = M3 + L%, Kgp = [M3*] [L3], (3.6)
2 M3 + L3 = Mol®, Koy = [MaL3] / ([M*]2 [L3]). (3.7)

The total “ligand” concentration, Ct, in solution is

ct = [L¥] + [MoL>] = Ksp [M¥] (1 + Koy [M*T). (3.8)
The observed absorbance Aps is expressed as

Aps=clci=el K [M*T (1 + Koy [M3]?). (3.9)

Eq. 3.9 can be arranged to be Ass = & | Ksp Koy [M3*] with higher M3* concentrations and

larger Ka(s+) values.
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3.3. Results and discussion

3.3.1. Coordination ability of alkali metal ions (Li*, Na*) with the 1,3,6-naphthalenetrisulfonate

ion (L*) in MeCN and alcohols

Alkali metal ions have a great tendency to bond to —SOs™, with a majority of the coordination
environment made up of sulfonate-oxygen atoms [29]. Acetonitrile, being an aprotic as well as
protophobic solvent, possesses a rather higher permittivity (er = ca. 36) [30] but poor solvation
ability (DN = 14.1, AN = 19.3) [31a]. Fig. 3.1 shows the UV spectrum changes of 1.0 x 10~* mol
dm~3 1,3,6-naphthalenetrisulfonate ion [(EtaN*)sL3"] with increasing concentration of LiCIO4 in
MeCN. The L3 ion gives a strong band at max =238 nm (e/cm™ mol™ dm?® = ca. 7.8 x 10%) and a
weak broad band around 285 nm. With increasing concentration of LiClO4, the band at 238 nm
decreases gradually, however, the absorbance of ca. 0.5 (at imax) remains even in the presence of
the equivalence of Li* (3.0 x 10*mol dm~3). At the same time, the band peak shows a blue shift
to 231 nm, which may suggest some strong interaction is operating between L3~ and Li*. Finally
the band disappears completely in the presence of 5.0 x 10 mol dm= Li*. However, we may
mention that the absorbance from L3 recovers partially when 1.0 mol dm= LiClO4 is added to L,
suggesting the formation of the “reverse-coordinated” species of LisL" in the presence of the large
excess amount of Li™.

The precipitation and successive re-dissolution reactions between Li* and L3 in MeCN can
be illustrated by Scheme 3.1. The precipitates of a lithium mono-sulfonate salt (benzenesulfonate
[32] or p-toluenesulfonate [7]) have been re-dissolved completely by the addition of more than 0.1
mol dm~ LiCIO4 in MeCN. However, the precipitates of dilithium 1,5-naphthalenedisulfonate
have never been re-dissolved in the presence of even 1.0 mol dm= LiClO4 [7]. DFT calculations
have been performed to predict the coordinating structures of LisL™ in MeCN (cf. the final section

3.3.6). The 1,3,6,6-derivative is shown tentatively in Scheme 3.1.
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Fig. 3.1. The UV spectra of 1.0 x 10 mol dm 1,3,6-naphthalenetrisulfonate ion (0.1 cm path-length) with

increasing concentration of LiClO4 in MeCN.
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Scheme 3.1. Successive formation of MsL and M4L* (M = Li) for the 1,3,6-naphthalenetrisulfonate ion in MeCN.
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Fig. 3.2. Changes in absorbance (imax = ca. 238 nm) of 1.0 x 10* mol dm= 1,3,6-naphthelenetrisulfonate ion

with increasing concentration of alkali metal ions: (o) LiClO4; (e) NaClOa.

The addition of 5.0 x 10* mol dm= NaClO, to a 1.0 x 10* mol dm=3 L3 solution causes

complete precipitation. However, the precipitates of NasL would not be re-dissolved by the
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addition of a large excess concentration of Na* (Fig. 3.2). Smaller ions are apt to coordinate more
strongly due to stronger electrostatic interactions, according to the concept of hard and soft acids

and bases (HSAB) [33].

e o
o o

Absorbance
o
=

e
[3®]

4 a4 2 A 0
Log [¢(NaClO, / mol dm'3)]

Fig. 3.3. Changes in absorbance (Amax = ca. 238 nm) of 1.0 x 10-* mol dm= 1,3,6-naphthalenetrisulfonate ion
with increasing concentration of NaClOs in different solvents: (o) EtOH; (A) 1-PrOH; (A) 1-BuOH; (o) 1-

HexOH; (o) MeCN.

In the primary alcohols of relatively high donicity and acceptivity, the specific interactions
between Li* or Na* and L® are also examined, and the solubility products (pKsp) and “reverse”
coordination constants (log Ksa+) in MeCN and primary alcohols are listed in Table 3.1. Neither
precipitation nor re-dissolution between Li* and L® is found in all the primary alcohols (from
MeOH to 1-HexOH). Between Na* and L3, however, the precipitation reaction can take place in
1-PrOH, 1-BuOH, and 1-HexOH (Fig. 3.3), while no apparent reaction in MeOH and EtOH. In 1-
PrOH, incomplete precipitation occurs in the presence of more than 1.0 x 103 mol dm= Na*.
Considering that the donor number of 1-PrOH (DN = 27) [16] is close to that of EtOH (DN = 27.8)
[31b], and that the permittivity of 1-PrOH (er = 20.45) [30] is smaller than EtOH (er = 24.55) [30],
the stronger Coulombic interaction in 1-PrOH than EtOH may result in the precipitation between
the ions. The precipitation of NasL takes place to a larger extent in 1-BuOH and 1-HexOH than in
1-PrOH, and the values of solubility products, pKsp, are 10.40, 13.90, and 14.00 in 1-PrOH, 1-
BuOH, and 1-HexOH, respectively (cf. Table 3.1).

All the alcohols are amphiprotic solvents and have rather strong solvation ability toward

anions and cations. However, the permittivities of 1-BuOH and 1-HexOH are relatively small, i.e.,
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17.51 and 13.3, respectively [30]. Therefore, we have to consider the incompleteness of the

dissociation of NaClOa.

3.3.2. The influences of H2O or MeOH on the precipitation and re-dissolution reactions between

alkali metal ions and L3 in MeCN

lon association and solvation behavior of different electrolytes have been studied extensively
in mixed solvents [34]. The studies of excess functions of binary mixtures are of considerable
importance in understanding organic reaction mechanism [35] and the nature of molecular

interaction [36].

Absorbance
o
-3

& 3 2 = W
Log [¢(LiCl0s / mol dm™)]

Fig. 3.4. Absorbance (Amax = ca. 238 nm) of 1.0 x 10 mol dm2 1,3,6-naphthalenetrisulfonate in the presence

of LiClO4 in MeCN-H20 mixtures: (o) 0; (¢) 1.0; (A) 2.0; (A) 5.0; (o) 10% (v/v) of H20.

Fig. 3.4 shows the influences of added water on the precipitation and the successive re-
dissolution of lithium 1,3,6-naphthalenetrisulfonate (LizL) in MeCN. Without the additional water,
the precipitation for 1.0 x 10 mol dm= L* occurs completely in a very wide concentration range
of 1.0 x 10° — 0.20 mol dm=3 LiClOa. In 1.0% H>0-MeCN, however, the complete precipitation
occurs in the presence of higher Li* concentrations, 0.10 and 0.20 mol dm=3. With the addition of
2.0% H>0, the precipitation becomes incomplete, that is, the interaction between ions is inhibited
by the added water. The further amount of Li" is needed to give some precipitates with increasing
contents of H.O in MeCN. The increase of the LiLs solubility with added water is reflected in the
solubility products (pKsp, cf. Table 3.2): the pKsp values are 16.12 and 6.42 in 2.0 and 5.0% H-O,

respectively. Finally, the precipitation reaction is totally inhibited by 10% H,O.
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Fig. 3.5. Absorbance (Amax = ca. 238 nm) of 1.0 x 10 mol dm2 1,3,6-naphthalenetrisulfonate in the presence

of LiClO4 in MeCN-MeOH mixtures: (0) 0; (¢) 5.0; (A) 7.0; (A) 10; (o) 20% (v/v) of MeOH.

Compared with H2O, the influences of MeOH (DN = 31.3) [31b] on the interaction between
Li* and L® in MeCN are smaller (Fig. 3.5). With increasing content of MeOH, the precipitation
become incomplete. The re-dissolution of the LisL* species is promoted apparently as the MeOH
content increases in the solvent mixtures. However, the “reverse” coordination constant is not
raised but reduced with increasing contents of MeOH: log Ks1+) = 9.30 and 6.08 in 5.0 and 7.0%
MeOH, respectively (cf. Table 3.2). The 10% MeOH causes no precipitation nor re-dissolution
reactions between Li* and L*".

The precipitation reaction of NasL is not influenced so much by small amounts of the added
water (1.0 — 2.0%), cf. Fig. 3A.1. However, 5.0% H20 causes incomplete precipitation (cf. Table
3.2). When the H2O content increases up to 10%, the absorbance remains almost unchanged. Even
by the addition of 5.0% MeOH, the precipitation occurs almost completely, however, the
precipitation becomes incomplete at 10% MeOH. The additional MeOH causes an increase of the
NasL solubility, and the solubility products (pKsp) are given to be 13.82, 10.26, and 5.14 for 5.0,
10, and 15% MeOH-MeCN, respectively (cf. Table 3.2), while pKsp is 15.37 in sole MeCN. Finally,
the interaction between Na* and L% has not been observed in 20% MeOH (cf. Fig. 3A.2.). The
absorbance minimum of L3 appears at higher alkali metal concentrations with increasing H20 or
MeOH content in MeCN.

The properties of residual (or small amount of) water in organic solvents have been discussed
previously [7, 16]. Now that the “residual” water molecules in an organic solvent are isolated each

other and cannot form the huge network through hydrogen bonding, its role in the non-aqueous
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solvent must be similar to diethyl ether [37, 38]. Alcohols, such as MeOH and EtOH, possessing
hydrogen bonding structure, have shown a behavior similar to H,O in their chemical shifts (*H
NMR) with changing their contents in MeCN [12]. In the present section, we can conclude briefly
that added H20 or alcohols of the very small amounts (< 1.0%) in MeCN does not influence so

much on the interaction between M* and L% in MeCN.

3.3.3. The coordination reactions of alkaline earth metal ions (Mg?*, Ba?*) with L* in MeCN and

alcohols

0.8———

122 T (1—) 0 mol dm?
24 Q--92.0 % 10°
3—50x 10°

(4-——)1.0 X 107
o (5——)15X 10
= (6-—-2.0 X 103
S 7----95.0 X 10
= 8----)1.0x 10°
Z ©-—)0
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200 220 240 260 280 300
Wavelength / nm

Fig. 3.6. UV spectra of 1.0 x 10 mol dm2 1,3,6-naphthalenetrisulfonate ion (0.1 cm path-length) with

increasing concentration of Mg(ClO4)2 in MeCN.

Fig. 3.6 shows the UV spectral changes of 1.0 x 10 mol dm= 1,3,6-naphthalenetrisulfonate
ion with increasing concentration of Mg(ClO4). in MeCN. The absorption band of L* around
238nm decreases obviously in the presence of 1.0 x 10~ mol dm~ Mg?* and suddenly disappears
at an equivalence of Mg?* (1.5 x 10~* mol dm~3). The precipitates of MgsL: give no signal for the
re-dissolution under the wide concentration range from 1.5 x 10~*mol dm=to 0.20 mol dm= Mg?*.
The peak absorbance shows a small rise at 0.50 mol dm= Mg?*, and increases significantly (to
0.548) in the presence of 1.0 mol dm= Mg(ClO4),, due to the formation of the “reverse”
coordinated species of Mg.L", cf. Eqg. 3.10.

MgsLo + Mg?* & 2 Mg.L* (3.10)
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Fig. 3.7. Changes in absorbance (Amax = ca. 238 nm) of 1.0 x 10* mol dm 1,3,6-naphthelenetrisulfonate ion

with increasing of alkaline earth metal ions in MeCN: (o) Mg(ClO4).; (®) Ca(ClO4)2; (A) Ba(ClO4)2.

The complete precipitation occurs also between Ca?* or Ba?* and L3 (Fig. 3.7), and the
solubility product (pKsp) values of MgslL», CasL,, and BasL are evaluated to be very close to one
another, i.e., 29.64, 32.39, and 31.54, respectively (cf. Table 3.1). Whereas, those of CasL or BasL»
would not be re-dissolved by a large excess amount of Ca(ClO4)2 or Ba(ClO4).. In EtOH and 1-
PrOH [16], two Ba?* ions might be coordinated to O-atoms of sulfonates at 3- and 6-positions of

1,3,6-naphthlenetrisulfonate.

Absorbance
<o o <
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o
o
T
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Log [¢c(Mg(ClO ),/ mol dm™)]

Fig. 3.8. The changes in absorbance (max = ca. 238 nm) of 1.0 x 10 mol dm= 1,3,6-naphthalenetrisulfonate
ion in the presence of Mg(ClO4); in alcohols and MeCN: (o) MeOH; (aA) EtOH; (A) 1-PrOH; (o) 1-BuOH; (o)
MeCN.

In primary alcohols, as shown in Fig. 3.8, the interaction between Mg?* and L3 is much
weaker than in MeCN. In MeOH, neither precipitation nor re-dissolution occurs between Mg?*
and L*. In EtOH, the absorbance shows a slight decrease to 0.669 at 2.0 x 10* mol dm~ Mg?*.

Whereas, it has been reported that complete precipitation could take place between L3 and Ba?*
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in EtOH [16]. The precipitation occurs to a larger extent in 1-PrOH and 1-BuOH: the absorbance

minimum values are 0.567 and 0.521, respectively, at 2.0 x 104 mol dm= Mg?*.

3.3.4. The influences of H2O or MeOH on the precipitation and re-dissolution between alkaline

earth metal ions and L3 in MeCN

0.6

04

Absorbance

=
[39]

L B B B L
Log [¢(Mg(ClOy), / mol dm™)]

Fig. 3.9. Absorbance (Amax = ca. 238 nm) of 1.0 x 104 mol dm~2 1,3,6-naphthalenetrisulfonate ion in the presence

of Mg(CIQOa)z in MeCN-H20 mixtures: (©) 0; () 1.0; (A) 3.0; (A) 5.0; (o) 10; (m) 20% (v/v) of H20.

Fig. 3.9 shows the influences of added water on the precipitation and the successive re-
dissolution reactions of MgsL2 in MeCN. Basically, the 1.0% H20 in MeCN plays no significant
role on the precipitation and re-dissolution. The precipitation occurs in a very wide concentration
range from 1.5 x 10~ to 0.20 mol dm= Mg?* in sole MeCN and also 1.0% H,0O-MeCN. In 3.0%
H.0, however, the absorbance gradually increases in the presence of more than 2.0 x 10~ mol dm-
$Mg?*, while the precipitation occurs completely just after the equivalence of Mg?*. In 5.0% H-0,
the precipitation becomes incomplete, meanwhile, the re-dissolution is promoted. Finally, the
interaction is inhibited apparently with the 20% H.O content. The pKsp value decreases with
increasing contents of H2O to be 26.00, 24.58, and 19.85 in 3.0, 5.0, and 10% H>O-MeCN,
respectively (cf. Table 3.3), while pKsp is 29.64 in sole MeCN (cf. Table 3.1).
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Fig. 3.10. Absorbance (imax = ca. 238 nm) of 1.0 x 104 mol dm2 1,3,6-naphthalenetrisulfonate ion in the
presence of Mg(ClOa4); in MeCN-MeOH mixtures: (o) 0; (o) 5.0; (A) 10; (A) 15; (o) 20; (m) 50% (v/v) of

MeOH.
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Fig. 3.11. Absorbance (Amax = ca. 238 nm) of 1.0 x 10* mol dm3 1,3,6-naphthalenetrisulfonate ion in the

presence of Ba(ClO4)2 in MeCN-H20 mixtures: (o) 0; (8) 5.0; (A) 10; (A) 15; () 20; (m) 30 % (v/v) of H20.
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Fig. 3.12. Absorbance (Amax = ca. 238 nm) of 1.0 x10-*mol dm=1,3,6-naphthalenetrisulfonate ion in the presence

of Ba(ClO4)2 in MeCN-MeOH mixtures: (o) 0; (o) 10; (A) 20; (A) 40; (o) 50; (m) 70; (V) 100 % (v/v) of
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MeOH.

The influences of MeOH on the coordination reaction between Mg?* and L are much smaller
than those of H20 (Fig. 3.10). Even with 5.0% MeOH, the precipitation occurs almost completely.
When the amount of additional MeOH reaches 10% in MeCN, the precipitation becomes
incomplete but the precipitates re-dissolve almost completely at more than 0.10 mol dm= Mg?*.
Coincidently, we have found the complete precipitation between Mg?* and 1,5-
naphthalenedisulfonate in MeCN containing 10% MeOH [16], which is probably ascribed to the
stronger lattice energy between divalent metal cations and divalent anions. The solubility products
(PKsp) and “reverse” coordination constants (log Kz(+)) of the specific interaction between Mg?"*
and L* in the binary solvents of MeCN-H,0 and MeCN-MeOH are listed in Table 3.3. Fig. 3.11
shows the influences of the added water on the precipitation reaction of BasL> in MeCN. The
influences of additional 5.0% H>O on the precipitation reaction of Ba?* with L  are lesser than
that of Mg?* with L. As the H,O content reaches 10%, the precipitation occurs incompletely and
it is inhibited at 20% H-O.

Fig. 3.12 shows the influences of the added MeOH on precipitation and the successive re-
dissolution of BasL.. The larger MeOH content of 10% gives almost no effect on the precipitation.
Even with addition of 20% MeOH, the precipitate occurs completely and the re-dissolution of the
precipitation is slightly promoted. With 40% MeOH, the precipitation reaction become weaker,
and the re-dissolution is much promoted (cf. Table 3.3). In sole MeOH, neither precipitation nor
re-dissolution takes place between Ba?* with L®~. Comparing between Figs. 3.11 and 3.12, we can
notice clearly that the addition of MeOH to MeCN promotes largely the re-dissolution of the

precipitates of BasL>, whereas that of H>O does scarcely.
3.3.5. The interaction between In®** and L® in MeCN, MeCN-H-0, and alcohols

As well as alkali metal and alkaline earth metal ions, group 13 metals are s-block elements.
The ionic radius of In®* (0.80 A [39]) is similar to that of Mg?* (0.86 A [40]), but In®* possesses
more electric field strength than Mg?*. Compared to AI**, the lighter homolog, In®*, has a
pronounced tendency to expand its coordination sphere [41]. In order to discuss the effects of

valence electron on association behavior of metal ions with anions, the reaction between In®* and
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the 1,3,6-naphthalenetrisulfonate ion [(EtaN*)sL>"] have been examined in MeCN and also primary
alcohols.

In MeCN, the absorbance of L~ at around 238 nm firstly decreases, then increases with the
increasing concentration of In®* [In(CIO4)3 - 8H,0 or In(CF3SOs)s]. However, the precipitation and

re-dissolution behavior was rather complicated.

0.8

Absorbance
(=]
.

.
Log [¢(In(C10,,); - 8H,0 / mol dm™)]
Fig. 3.13. Changes in absorbance (imax = ca. 238 nm) of 1.0 x 10-*mol dm2 1,3,6-naphthalenetrisulfonate ion

with increasing concentration of In(ClO4)3-8H20 in MeCN-H20 mixtures: (0)10; () 30; (A) 50; (A) 100%

(v/v) of H0.

The addition of water on the reaction between In®* [(CIO4)s] and L3~ causes more typical
precipitation and the re-dissolution (Fig. 3.13). The absorbance minimum appears in a wide range
from 1.0 x 10~ to 2.0 x 102 mol dm=in 10% H.0. In 30% H,0, the precipitation reaction
becomes incomplete, but the absorbance of L3 thoroughly recovers to the origin value (ca. 0.8) at
0.1 mol dm= In(ClO4)s. Even in 50% water, the precipitation can occur to a smaller extent,
possibly owing to the strong interaction between the high electron density of In** and L3~ The
solubility products (pKsp) are evaluated to be 8.28, 7.80, and 7.24 in 10, 30, and 50% H>O-MeCN,
respectively (cf. Table 3.4). As for the In®" ion in H.O-MeCN binary solvents, we have to pay
attention to the hydrolysis reactions of In®" with H.O. The large formation constant (log K) of
In(OH)?* between In®*" and OH~ has been reported to be 10.3 in aqueous solution [42].

The specific interaction between In** and L3~ can take place in all the primary alcohols (Fig.
3.14). At first, the L3~ absorbance decreases with increasing concentration of In(Cl04)3-8H.0, and
gradually increases after reaching its minimum at 2.0 x 10~*mol dm In®*, finally almost recovers

its original value. The minimum absorbance of L is 0.134, 0.031, and 0.023 in MeOH, EtOH,
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and 1-HexOH at 2.0 x 10~*mol dm2 In®". Scheme 3.2 represents the precipitation of InL and the
successive re-dissolution of precipitates through interaction between InL and In®*, causing the
“reverse-coordinated” species of InoL®". The solubility products (pKsp) and “reverse” coordination

constants (log K2+)) in the sole alcohols are listed also in Table 3.1.
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Fig. 3.14. Absorbance (Amax = ca. 238 nm) of 1.0 x 10-*mol dm~21,3,6-naphthalenetrisulfonate in the presence

of In(Cl04)3-8H20 in primary alcohols: (o) MeOH; (o) EtOH; (A) 1-PrOH; (A) 1-BuOH; (o) 1-HexOH.
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Precipitation Re-dissolution
Scheme 3.2. Successive formation of InL and In,L3* for the 1,3,6-naphthalenetrisulfonate ion in MeCN-H,O

or sole alcohols.

3.3.6. Computational prediction of the structures of LisL* in MeCN

For predicting the coordinating structures of LisL* in Scheme 3.1, we performed geometry
optimization using GAMESS program package [46]. All geometries were optimized with the
density functional theory (DFT) employing the long-range corrected BOP (LC-BOP) exchange-
correlation functional [47]. The aug-cc-pVDZ basis sets [48] was adopted for oxygen atoms, while
the cc-pVDZ set [48] was used for the other atoms. In the present paper, the acetonitrile solvent

was taken into consideration by the conductor-like polarizable continuum model (C-PCM) [49]

67



Chapter 3

with the solvation model density (SMD) [50].

Fig. 3.15(a) - (c) show the projected views of optimized structures of 1,3,6-
naphthalenetrisulfonates to which four Li* ions are coordinated at (a) 1,1,3,6, (b) 1,3,3,6, and (c)
1,3,6,6 positions. Each Li* ion coordinates to two O atoms even at the sulfonate group coordinated
by two Li* ions. Therefore, two Li* ions simultaneously coordinate to the same O atom of the
sulfonate group. Accordingly, the S—O lengths coordinated by two Li* ions (1.54 — 1.55 A) were
slightly longer than those coordinated by one Li* ion (1.52 — 1.53 A), though these S—O lengths
were significantly elongated from those at free sulfonate (1.48 A). Table 3.5 summarizes the
relative energies for these LisL" structures obtained by the DFT calculations in MeCN. The 1,1,3,6-
coordinated structure is the most stable among these three species, although the difference from
the most unstable 1,3,3,6-coordinated structure is less than 0.4 kcal/mol. Therefore, all these
structures are probable in MeCN, or the stability in the free energy may change by the condition

of the solution.

(a) ﬂ

(b) WS (c) oo

Fig. 3.15. The optimized structures of 1,3,6-naphthalenetrisulfonates to which four Li* ions are coordinated at

(@) 1,1,3,6, (b) 1,3,3,6, and (c) 1,3,6,6 positions.

3.4. Conclusion

The coordination ability of alkali metal (Li*, Na*), alkaline earth metal (Mg?*, Ba?*), and
indium (In®*) ions with 1,3,6-naphthalenetrisulfonate (L) has been examined in primary alcohols
as well as MeCN. In MeCN, all the alkali metal and alkaline earth metal ions can interact with L3~
to form complete precipitates, however, the re-dissolution behavior of the precipitates is quite
different from one another: the “reverse-coordinated” species of LisL"and Mg.L" can be partially
produced from the non-charged species, but the precipitates of NasL, CasL., and BasL, are never
re-dissolved even by large excess amounts of the corresponding metal ions in sole MeCN. The

coordination reaction of In®* in MeCN is much stronger than that of alkali metal or alkaline earth
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metal ion. We may conclude that the whole phenomena in the present work may not be accounted

for comprehensively just by evaluating the proper activity coefficients of ions without considering

the “reverse” coordination between (or among) the metal and L3~ ions under some protic as well

as aprotic media conditions.

Table 3.1 Precipitation and re-dissolution reactions of alkali metal (Li*, Na*), alkaline earth metal ions (Mg?*,

Ba?*), and indium (In®") ions and 1,3,6-naphthalenetrisulfonate [(EtaN*)sL®7] in sole solvents of MeCN and

primary alcohols.

Metal Equilibrium
ions? constants® MeCN MeOH EtOH 1-PrOH 1-BuOH 1-HexOH
o No No No No No
(PKsp) 15.37 - _ _ _ _
Li* (PKsp)° 15.71 - - - - -
JAN No No No No No
log Kag+) 10.98 - - - - —
o No No A A A
(PKsp) 15.37 - - 10.40 13.90 14.00
Na+ (PKsp)° 15.71 - - 11.20 14.91 15.52
No No No No No No
log Kag+) - - - - - -
o A A A A A
(PKsp) 29.64 - 19.67 20.04 20.21 -
Mg (PKsp)° 30.49 - 21.19 22.05 22.70 -
A O O O O O
log Kz 10.68 - - - - -
[ No ® [
(PKsp) 32.39 - 25.18 25.55
Ca?* (PKsp)° 33.24 - 26.70 27.55
No No O O
log Ko+ - - 9.00 9.01
[ No o o [
Ba* (PKsp) 31.54 - 27.60¢ 27.66¢ 26.41
(PKsp)© 32.39 - 29.12 29.67 28.92
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No No O O AN
log Ko+ - - 9.76¢ 9.86¢ 9.20
A A [ ] [ [ o
(PKsp) e 8.17 8.28 8.34 8.36 8.92
In3* (PKsp)° 10.35 10.90 11.90 12.86 (15.75)
A O O O O O
log Ko+ e 6.52 6.00 6.08 6.18 7.45

Explanatory notes: Solid circles and triangles represent apparent complete and partial precipitation, respectively.

The complete precipitation means here that the absorbance of the “ligand” anion (L%) reaches < 1/10 of the

initial value at the equivalent or any amount of a metal ion. Open circles and triangles represent complete and

partial re-dissolution of precipitation, respectively. The mark “No” indicates no precipitation or no re-dissolution.

2 M(CIO4)n.

b Solubility products (Ksp) and “reverse” coordination constants (Kaq+), Kz2+), Kaaw), cf. the experimental section

in the present paper and in Ref. [16].

¢ Thermodynamic solubility products (Ksp) corrected with the activity coefficients of ions. The mean activity

coefficients of ions are roughly evaluated from the limiting Debye—H{ckel equation, log 7+ = ~A|Z+ Z | 1, cf.

Ref. [43].

d The values have been proposed in Ref. [16] or Chapter 2.

¢ They were not evaluated because of the complex interaction between (or among) In®* and L3 in sole MeCN.

f The low permittivity of hexanol (& = 13.3) causes very low activity coefficients for triple charged ions, if

evaluated by the limiting Debye—Hiickel equation.

Table 3.2 Precipitation and re-dissolution reactions of alkali metal ions with the 1,3,6-naphthalenetrisulfonate

ion in binary solvents of MeCN-H>0 and MeCN-MeOH.

Metal ions? Equilibrium constants®
MeCN- H.0
1.0 2.0 5.0 10
[H20 contents / % (v/v)]
o A A No
(PKsp) 16.14 16.12 6.42 -
Li*
(PKsp)© 16.48 16.45 6.73 -
A JAN No No

70



Chapter 3

log Kaq+) 11.68 11.58 - -
o o A No
(PKsp) 16.16 15.55 10.52 -
Na* (PKsp)° 16.50 15.88 10.84 -
No No No No
log K+ - - - -
MeCN-MeOH
[MeOH contents / % (v/v)] >0 70 10 1 20
A A No No
(PKsp) 13.54 10.19 - _
Li* (PKsp)° 13.88 10.53 - -
A JAN No No
log Kag+) 9.30 6.08 - -
A A A No
(PKsp) 13.82 10.26 5.14 -
Na* (PKsp) 14.17 10.61 5.49 -
VAN AN A No

log Kaq+) - - - -

For the Explanatory notes, cf. Table 3.1.

aMCIOa.

b Solubility products (Ksp) and “reverse” coordination constants (Kau+), cf. the Experimental section.

¢ Cf. Table 3.1, note c for the thermodynamic solubility products (Ksp) corrected with the activity coefficients of
ions. The permittivity values of the binary solvent systems, MeCN-H,O and MeCN-MeOH, have been

interpolated from the data from Ref. [44] and [45], respectively.

Table 3.3 Precipitation and re-dissolution reactions of alkaline earth metal ions with the 1,3,6-

naphthalenetrisulfonate ion in binary solvents of MeCN-H,0 and MeCN-MeOH.

. Equilibrium
Metal ions?
constants®
MeCN- H,0 [H20 contents / % (v/v)]
1.0 3.0 5.0 10 20
() A A A No
Mg?*

(PKsp) 29.70 26.00 24.58 19.85 -
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(PKsp)° 30.54 26.81 25.37 20.58 -
A VAN AN O No
log Ko+ 10.59 8.76 7.79 5.88 -
5.0 10 15 20 30
o A A No No
(PKsp) 29.15 24.40 20.85 - -
Ba?* (PKsp)° 29.93 25.12 21.52 — -
No No No No No
log Ko+ - - - - -
MeCN-MeOH [MeOH contents / % (v/v)]
5.0 10 15 20 50
o A A No No
(pKsp) 26.01 23.33 - - -
Mg* (PKsp) 26.87 24.19 - . _
A AN O No No
log Ko+ 9.36 7.62 - — _
10 20 40 50 70
[ [ A A No
(PKsp) 26.01 23.33 22.09 20.41 -
Ba?* (PKsp)° 26.88 24.21 23.03 21.36 -
No No O O No
log Kz(2+) - - 7.53 6.67 -

For the Explanatory notes, cf. Table 3.1.

2 M(CIO4)z.

binary MeCN-H,0 media.

interpolated from the data from Ref. [44] and [45], respectively.

b Solubility products (Ksp) and “reverse” coordination constants (Kz2+), cf. the Experimental section in Ref. [16].
¢ Cf. Table 3.1, note c for the thermodynamic solubility products (Ksp) corrected with the activity coefficients of

ions. The permittivity values of the binary solvent systems, MeCN-H,O and MeCN-MeOH, have been

Table 3.4 Precipitation and re-dissolution reactions between In®* and the 1,3,6-naphthalenetrisulfonate ion in

Metal ions?

Equilibrium
constants®

MeCN-H0 [H20 contents / % (v/v)]

10

30

50
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o A A No

(PKsp) 8.28 7.80 7.24 -

In3* (PKsp)© 9.58 8.78 8.01 -
A O O No

log Kogz+) 5.36 5.38 5.20 -

For the Explanatory notes, cf. Table 3.1.

2 In(Cl04)3-8H20.

b Solubility products (Ksp) and “reverse” coordination constants (K+), cf. the Experimental section.

¢ Cf. Table 3.1, note c for the thermodynamic solubility products (Ksp) corrected with the activity coefficients of
ions. The permittivity values of the binary solvent system, MeCN-HO, have been interpolated from the data

from Ref. [44].

Table 3.5 Calculated relative energies for LisL* (L: 1,3,6-naphthalenetrisulfonate) in MeCN.

Positions of Li* Relative energy / kcal mol™
1,1,3,6 0.00
1,3,3,6 +0.32
1,3,6,6 +0.07
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Appendix
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Fig. 3A.1. Absorbance (Amax = ca. 238 nm) of 1.0 x 10* mol dm2 1,3,6-naphthalenetrisulfonate ion in the

presence of NaClO4 in MeCN-H20 mixtures: (0) 0; (o) 1.0; (A) 2.0; (A) 5.0; (o) 10% (v/v) of H20.
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Fig. 3A.2. Absorbance (Amax = ca. 238 nm) of 1.0 x 10* mol dm2 1,3,6-naphthalenetrisulfonate ion in the

presence of NaClO4 in MeCN-MeOH mixtures: (o) 0; (@) 5.0; (A) 10; (A) 15; (o) 20% (v/v) of MeOH.
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Chapter 4 Complexing ability of alkali metal and alkaline earth metal ions with organic

phosphinate or phosphates in acetonitrile and binary solvents with protic solvents
ABSTRACT

In acetonitrile (MeCN), the specific interactions of alkali metal (M* = Li* or Na*) and alkaline
earth metal ions (M?* = Mg?*, Ca®", or Ba?") with various phosphorus anions, L, i.e.,
diphenylphosphinate, diphenylphosphate, and bis(4-nitrophenyl)phosphate, have been examined
by means of UV-visible spectroscopy. The formation of “reverse-coordinated” or coordinated
species, MoL™ or ML, has been observed in the presence of excess amounts of the metal ions to
the anions. Between all the M* or M?* ions and 1.0 x 10 mol dm™ diphenylphosphinate ion (n-
BusN*Ph2PO5’), both the precipitation of the non-charged species (ML or ML) and the successive
re-dissolution of the precipitates take place. The addition of the alkaline earth metal ions of just
the equi-molar to L~ causes almost complete dissolution of the precipitates through the soluble
ML" coordinated species. As for the diphenylphosphate ion [n-BusN*(PhO).PO- ], no apparent
interaction can be insisted between the alkali metal ions or Mg?* and 5.0 x 10™* mol dm
diphenylphosphate ion, based on just no precipitation occurrence. Only Na* and Ba?* can cause
obvious precipitation with 5.0 x 10~ mol dm= bis(4-nitrophenyl)phosphate. A good evidence,
however, has been provided by the conductometric titration of 5.0 x 10* mol dm= n-
BusN*(PhO),PO,™ with LiClIO4 or Mg(ClOs), in MeCN that the “strong” interaction still operate
between L~ and Li* or Mg?* regardless of no precipitation (nor the successive re-dissolution). The
addition of protic solvents, such as water, MeOH, or EtOH, influences significantly the chemical
interaction between the metal ions and the anions in MeCN. The solubility products (Ksp) and the
“reverse coordination” or coordination constants (Ko = [MoL*] / ([M*]?[L7], K1 = [ML*] / (IM?']

[L"]) have been evaluated for the systems.

Keywords: “reverse” coordination; indifferent electrolyte; solubility product; solvation; UV-visible

spectroscopy; hydrolysis in biochemical system.
4.1.Introduction

As one of the sixth most abundant elements in the human body, phosphorus plays an
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important role in life process. Metal phosphates have been gathering great interest, widespread
investigating in biochemical [1] and pharmaceutical fields [2]. Alkali metal and alkaline earth
metal ions have very specific functions in biological systems, although alkali metal- or alkaline
earth metal-phosphates [3] are less recognized than transition metal-phosphates [4-6] due to their
weaker coordination ability. Many studies [7-9] have authenticated that the metal ions can play a
structural role on catalyzing the hydrolysis of phosphate diester.

In recent decades, the effects of added salts on the hydrolysis rates of various compounds
have been examined in our laboratory [10-16]. The exponential increases in hydrolysis rates of
Sn1 substrates (R—X) in binary mixtures between H.O and many organic solvents containing
concentrated alkali metal or alkaline earth metal (M* or M?*) perchlorates have been explained
successfully by the concept of the specific chemical interaction between M* or M?* and simple
anions. That is, the direct chemical interaction between the metal cations and the leaving-group
anions (X°) can generate favorably the carbocation (R*) as the reaction intermediate even in
“aqueous” solution containing organic solvents.

In low solvating media of relatively high permittivities (20 < & < 65), the coordination or
“reverse” coordination phenomena of alkali metal (M*) or alkaline earth metal (M?*) ions with
various anions, such as CI~ [17,18], SCN™ [19], tropolonates [20,21], sulfonates [22,23,24], and
carboxylates [22,25,26], have been examined over past three decades in our group by means of
voltammetry, conductometry, UV-visible, and NMR spectroscopy. Where the term of “reverse”
coordination represents a species (such as M2X") driven by a single-charged anion (X°) with two
or more of alkali metal ion (M") through the chemical interaction above the Coulombic force [27].
We have reported that higher ion-aggregation (over the ion pair formation between ions) takes
place not only in low permittivity media (er < 10) [28] but also in the media of relatively high
permittivity (20 < & < 65) [29]. We have attributed the higher ion-aggregation to the coordination
(of M* or M?*) as well as hydrogen bonding forces (of RsNH*) in addition to Coulombic forces
[30]. Holmes [31] has examined the hydrogen-bonding between imidazole and diphenylphosphate
by 'H NMR, IR, and X-ray technique.

The concept of triple ions in low permittivity media (er < 12 or 23.2) has been originated by

Fuoss and Kraus [32]. The triple ion formation between an ion pair and a free ion due to the
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Coulomb force [32, 33] should be discussed more. Nevertheless, the triple ion mechanism or
theory [34] has been applied in studying on lithium batteries [35], ion-aggregation [36], the color
developer of dyes [37, 38], and supramolecular construction [39].

In DMF, the higher aggregations of dihydrogenphosphate has been observed [40]. NMR
relaxation studies have shown that the sodium ion interacts with the dibutyl phosphate to form ion-
aggregates in concentrated aqueous solution of sodium dibutyl phosphate [41]. In the solubility
study [23], the specific interaction has been observed between Li* and diphenylphosphate
[(PhO)2PO2], in acetone, but somehow strangely not in acetonitrile.

Acetonitrile (MeCN) is a relatively high permittivity solvent (e = 35.94 [42]) of low donor
and acceptor numbers (DN = 14.1, AN = 19.3 [43]), attracting considerable interest in the study
of the interplay between ion solvation and association of electrolyte solution [44]. In MeCN, the
formation of the precipitates and successive formation of “reverse-coordinated” species has been
reported for M* and M?* with nitrophthalates or sulfonates (p-toluenesulfonate, 1,5-
naphthalenedisulfonate, and 1,3,6-naphethalenetrisulfonate) [22,24].

In the present work, the complexing ability of M* or M?* with diphenylphosphinate,
diphenylphosphate, and bis(4-nitrophenyl)phosphate is examined by means of UV spectroscopy
in MeCN, a protophobic and aprotic solvent. The influences of protic solvents, such as water,
methanol, or ethanol, are also investigated. The coordination or “reverse” coordination formation
constants of anions have been evaluated using UV visible spectroscopic data. The aim of this paper
Is to try convincing one that alkali metal and alkaline earth metal ions in poor salvation media can
exhibit unexpectedly strong coordination ability, not so well as 4d-shell metal ions (such as Ag",
Cd?*) in aqueous solution. We would like to recognize that the interaction between phosphates and
Mg?* or Ca?* in biochemical systems should be through the real chemical force and not just the

electrostatic interaction.
4.2. Experimental

4.2.1. Chemicals
Diphenylphosphinic, diphenylphosphate, and bis(4-nitrophenyl)phosphate acids were

purchased from Aldrich. Tetrabutylammonium diphenylphosphinate (n-BusN*Ph,PO2") was

79



Chapter 4

prepared as follows: A 1.0 g of diphenylphosphinic acid was dissolved in methanol, and was
titrated by n-BusNOH (Wako) in methanol up to an equivalence point. The solution was evaporated
to dryness at 50 ‘C, and the salt was dried in vacuo at 120 °C. Tetrabutylammonium
diphenylphosphate [n-BusN*(PhO)2.PO. ] was prepared from diphenylphosphate acid in a similar
way.

Metal perchlorates without hydrate water, LiCIO4, NaClO4, Mg(ClO4)2, and Ba(ClO4)2 (all
Aldrich), were used as received. Calcium perchlorate tetrahydrates from Aldrich was dried in
vacuo at 150 “C to obtain anhydrous Ca(ClOa).. Triethylamine (EtsN), EtsNCIOa, acetonitrile,
acetone (the spectroscopic grade), methanol, and ethanol all from Wako were used as received.
The water contents of acetonitrile, methanol, and ethanol are certificated to be less than 0.1, 0.1,
and 0.2%, respectively. Water was purified by means of a MilliQ system (Millipore Corp.). The
percentage of the solvent in binary solvents is all expressed by the volume fraction [% (v/v)] in

the present paper.
4.2.2. Apparatus and procedure

UV-visible absorption spectra were measured at room temperature using a Shimadzu
double-beam spectrophotometer (model UV-2550) in 0.01, 0.05, and 0.1 cm path-length quartz
cuvettes. When precipitation occurred, the solution was sonicated for a few minutes in a Branson
ultrasonic bath (model Yamato 2510, 42 kHz and 125 W) and the supernatant solution was
measured after centrifugation with a Hitachi centrifuge (model CT4D). Sometimes, a long aging
time was needed to complete a precipitation reaction. Electrical conductance was measured at 25
+0.02 C with an Agilent LCR meter model HP4284 at 1 kHz in a conductivity cell with a cell
constant of 0.4959 S cm™2.

The evaluation method of solubility products (pKsp) and “reverse” coordination formation
constants (K, and K; for Egs. 4.2 and 4.4, respectively) between metal cations (M*, M?*) and
“ligand” anions (L") have been proposed in the previous paper [22] and Chapter 2.

(@) Alkali Metal ions
ML & M'+L,Kyp=[M][LT], 4.1)
2M*+ L = ML, Ko =[MoL*]/ (M2 [LD). 4.2)
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(b) Alkaline earth metal ions
ML < M'+2L,Ky=[M>][LT]% (4.3
M?* + L~ & ML", Ky =[ML]/ ([M*][LY)). (4.4)

4.3. Results and discussion
4.3.1. The diphenylphosphinate ion (L")
4.3.1.1. Specific interaction between the diphenylphosphinate ion (L") and M* or M?*

The diphenylphosphinate ion (Ph,PO2: L) of n-BusN* L~ (1.0 x 103 mol dm) in
acetonitrile (MeCN) gives a broad peak around 226 nm (g/cm™ mol* dm? = ca. 1.35 x 10%) but the
aromatic band around 265 nm is very weak (Fig. 4.1). When LiCIlO4 is added to the solution, the
L~ absorbance gradually decreases with increasing concentration of LiClO4, and reaches its
minimum value of 0.099 at an equivalence of Li* (1.0 x 10~ mol dm~3), accompanying white
precipitates. However, the further addition of LiClO4 causes the precipitates to re-dissolve partially
at 0.10 mol dm= Li* and completely at 0.50 mol dm~ Li* or more. The peak absorbance of the

solution recovers fully the initial value, showing a slight blue shift (Amax = 223.5 nm).

2 I T T ) ]
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Fig. 4.1. UV spectra of 1.0 x 10~ mol dm~2 diphenylphosphinate ion (L") of n-BusN*L~ (0.1 cm path-length) in

MeCN with increasing concentration of LiClOa.

The addition of an equivalence of NaClO4 to the L™ ion also causes precipitation similarly,
but the re-dissolution of the precipitates of NaL is not completed even in the presence of an excess
amount of Na* (cf. Fig. 4.2). Scheme 4.1 indicates the manner of the ML (M = Li and Na)

precipitation and the successive re-dissolution of ML through MoL".
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Absorbance

T 0
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4 3 2
Fig. 4.2. Changes in absorbance (Amax = ca. 226 nm) of 1.0 x 102 mol dm diphenylphosphinate ion with

increasing concentration of alkali metal ions in MeCN: (o) LiClOg; (®) NaClOa.
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Scheme 4.1. Successive formation of ML and M,L* (M = Li and Na) for the diphenylphosphinate ion in MeCN.
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Fig. 4.3. UV spectra of 1.0 x 10 mol dm=2 diphenylphosphinate (0.1 cm path-length) with increasing

concentration of Mg(ClO,). in MeCN.

Fig. 4.3 shows the UV spectral changes of L~ (1.0 x 10 mol dm=3) with increasing
concentration of Mg(ClO4)2 in MeCN. The absorbance suddenly decreases to reach its minimum

in the presence of an equivalence of Mg(ClO4). (5.0 x 10 mol dm3). However, even 7.0 x 107
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or 1.0 x 103 mol dm~ Mg?* causes the re-dissolution of the precipitates and also a drastic increase
in the intensity of the absorption band around 226 nm. With the further addition of Mg?®*, the
absorbance band recovers completely the initial value, (showing a blue shift to 223 nm), which
should indicate the formation of the coordinated species, MgL".

We would like to confirm concisely that the increase in the ionic strength is not the main
factor for the recovering of the absorbance in the presence of higher Mg(Cl0Oa)2 concentrations.
The ionic strength of the MgL.-precipitated-solution (the supernatant contains 1.0 x 10° mol dm-
% n-BusNClOs) has been increased up to 0.1 by EtaNCIO4. As is shown in Fig. 4.4, however, the

absorbance value of L™ remains constant without the re-dissolution of precipitation.

Absorbance

i . 1 L | . L
OO’T -4 -3 -2 -1
Log [c(salts) / mol dm's]

Fig. 4.4. Changes in absorbance (Amax = ca. 226 nm) of 1.0 x 102 mol dm2 diphenylphosphinate ion with
increasing concentration of alkaline earth metal ions in MeCN: (o) Mg(ClO4)2; (®) Ca(ClOa)z; (a) Ba(ClOa)2;

(m) EtsNCIO4 in addition to 5.0 x 104 mol dm~3 Mg(ClOs)..

The coordination behavior of Ca?* with L~ is very similar to that of Mg?* (cf. Fig. 4.4). The
precipitation takes place in the presence of 5.0 x 10~* mol dm= Ca(ClOa)., then the re-dissolution
occurs suddenly with 1.0 x 10~ mol dm= Ca?*. Strange to say, the precipitation of BaL occurs
only to a smaller extent than that of MgL> and CaL.. Scheme 4.2 shows the precipitation of ML.
(M = Mg, Ca, and Ba) and the successive re-dissolution of ML through ML". The equilibrium
constants of the reactions between M* or M?* and the diphenylphosphinate ion (L) in MeCN are
listed in Table 4.1. The “reverse coordination” or coordination constants indicate the interaction
increases in the order of Na* < Li* and Ba?* < Ca?* < Mg?*. In the previous paper [25], the sudden

formation of ML"-type species has been observed from the precipitates of ML, for the benzoate
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ion in MeCN, and furthermore the CsHsCO2Ca" ion has been detected, indeed, by the electrospray

ionization mass spectroscopy [24].

@L VAN )@ e @ O
Pe ‘Mé"‘ P ———— P{ l: \\M2+
0O © O
M*+2L —> MLy, ML; + M?>*— 2ML* |
Precipitation Re-dissolution

Scheme 4.2. Successive formation of ML, and ML* (M = Mg, Ca, and Ba) for the diphenylphosphinate ion in

MeCN.

4.3.1.2. The influences of added water and methanol on the interaction between M* or M%* and

the diphenylphosphinate ion (L")

Absorbance

L | L | L | L L
0" 4 3 2 -1 0
Log [¢(LiClO,) / mol dm™]

Fig. 4.5. Changes in absorbance (Amax = ca. 226 nm) of 1.0 x 102 mol dm=3 diphenylphosphinate ion with

increasing concentration of LiClO4 in MeCN-H20 mixtures: (o) 0; (¢) 1.0; (A) 2.0; (A) 5.0% (v/v) of H2O.

We have urged that the properties of “residual water” (the water remains after drying) in non-
aqueous solvents are much different from those of the bulk water and that the presence of such
“minor” water can be often ignored [27]. However, additional water or protic solvents in MeCN
may cause strong influences on the reactions between alkali metal or alkaline earth metal ions and
the diphenylphosphinate ion (L) because of the stronger salvation toward both the metal and L~

ions by the additional water.
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Absorbance
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Fig. 4.6. Changes in absorbance (Amax = ca. 226 nm) of 1.0 x 102 mol dm diphenylphosphinate ion with

increasing concentration of LiClO4 in MeCN-MeOH mixtures: (o) 0; (8) 2.0; (A) 5.0; (A) 10% (v/v) of MeOH.

Fig. 4.5 shows the influences of added water on the precipitation and the successive re-
dissolution of lithium diphenylphosphinate (LiL) in MeCN. The added water of a small content
disturbs the precipitation of LiL, and the absorbance minimum increases from 0.099 in 0.0% H20
t0 0.343 and 0.586 in 1.0 and 2.0% H20, respectively. The solubility products (pKsp) are evaluated
to be 8.28, 7.20, and 6.28 in 0.0, 1.0, and 2.0% H2O, respectively (cf. Tables 4.1 and 4.2). The re-
dissolution of precipitates seems to be promoted apparently by the additional H.O. At 0.10 mol
dm3 LiClOa, the absorbance increases as 0.602, 0.733, and 1.36 for 0.0, 1.0, and 2.0% H20,
respectively. The precipitation and re-dissolution reactions are completely inhibited in 5.0% H>O.

The influences of MeOH on the interaction between Li* and L™ in MeCN are very similar but
smaller than those of H20 (Fig. 4.6). In 2.0% MeOH and 1.0% H>0, solubility products (pKsp) are
observed to be 7.30 and 7.20, respectively, and “reverse” coordination constants (log K2) are 5.02
and 4.93 (cf. Table 4.2). In 10% MeOH, no apparent precipitation or re-dissolution reactions are
observed between Li* and L~. We can easily notice that the useful solvation parameters for the
added protic solvents of > 0.5 % H>O and MeOH in MeCN should be those (DNpuk = 40.3 and
31.3) given by Marcus [45] and not the originally given by Gutmann (DN = 18.0 and 19) [43] for
H>O and MeOH, respectively.

The influences of added water (cf. Fig. 4A.1) and methanol (cf. Fig. 4A.2) have been also
examined on the interaction between Na* and L . It is worth noticing that the added water or
methanol gives larger influences on the interaction between Na* and L~ than that for Li*. In 5.0%

MeOH, for instance, the precipitation of NaL occurs only slightly (pKsp = 4.09), while that of LiL
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still takes place to a relatively large extent (pKsp = 6.83, cf. Table 4.2). In the reactions with
sulfonate anions [22, 24], however, the metal ions of larger size or lower charge density have been
less affected by the added H.O and MeOH.

Fig. 4.7(a) shows the influences of added water (1.0 — 5.0%) on the precipitation and the
successive re-dissolution of CaL,. Without H>O, as shown Fig. 4.4, the distinct precipitation takes
place at an equivalence of Ca?*. In the presence of 1.0 and 2.0% H-O, no remarkable influences
are observed in the precipitation and re-dissolution reactions, that is, the pKsp values for 0.0, 1.0,
and 2.0% H>O are given to be 11.35, 11.31, and 10.96 and log K1 = 4.11, 4.11, and 3.93,
respectively (cf. Tables 4.1 and 4.3). The absorbance minimum increases to 0.611 in 4.0% H20,
and finally it almost disappears in 5.0% H>O. The influences of MeOH on the coordination reaction
between Ca?* and L~ are smaller than H,O [Fig. 4.7(b)]. With increasing contents of MeOH, the
precipitation reaction takes place to lesser extent. Precipitation may take place in 10% MeOH, but
it is almost inhibited in 15% MeOH. The higher solubility of CaL and the sudden increase of
absorbance with increasing Ca?* [(0.5 — 1.0) x 102 mol dm®] in 5.0% MeOH kept us from

evaluating appropriate K1 values [cf. Fig. 4.7(b)].
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Fig. 4.7(a). Changes in absorbance (imax = ca. 226 nm) of 1.0 x 103 mol dm=2 diphenylphosphinate ion with
increasing concentration of Ca(ClO4), in MeCN-H20 mixtures: (o) 0; (o) 1.0; (A) 2.0; (A) 4.0; (O) 5.0% (v/v)

of H0.

Fig. 4.7(b). Changes in absorbance (Amax = ca. 226 nm) of 1.0 x 102 mol dm=2 diphenylphosphinate ion with
increasing concentration of Ca(ClO.), in MeCN-MeOH mixtures: (o) 0; (o) 5.0; (A) 10; (A) 15% (v/v) of

MeOH.
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The added water (0 — 10%) has influenced in a different way for Mg?* with L~. When 0.50%
H0 is added to MeCN, the dissolution of MgL at 1.0 x 10~ mol dm~ Mg?* (without added water,
Fig. 4.4) is obstructed remarkably and the absorbance of L™ recovers its original value at as high
as 1.0 x 1072 mol dm= Mg?*. The addition of 10% H,O causes no precipitation between Mg?* and
L™ (cf. Fig. 4A.3). Compared with H>O, methanol causes much smaller influences on the
interaction between Mg?* and L. The precipitation and re-dissolution reactions disappear in 30%
MeOH (cf. Fig. 4A.4).

The influences of added water (1.0 — 5.0%) have been examined also for BalL.. With the
addition of 1.0% H.O, very interestingly, the absorbance minimum value (at an equivalence)
decreases from 0.451 to 0.346. In 5.0% H-O, the precipitation and re-dissolution reactions are not
observed. In general, the water influences on the interaction of Ba** and L~ are similar to those on
Ca?*and L (cf. Fig. 4A.5).

The influences of added MeOH on the behavior of precipitation and the successive re-
dissolution of BaL are rather complicated (cf. Fig. 4A.6). When MeCN contains 10% MeOH, the
pKsp is evaluated to be 10.73. This value is still very close to that in 5.0% MeOH (pKsp, = 10.96, cf.
Table 4.3). The precipitation takes place in 20% MeOH, but finally, neither precipitation nor re-

dissolution appears in 30% MeOH.
4.3.2. Diphenylphosphate (L~ and HL)

4.3.2.1. Specific interaction between M* or M?* and the diphenylphosphate ion (L") or the mixture

of diphenylphosphate (HL) with EtsN

Diphenylphosphate [(PhO)2.PO2H, phosphoric acid diphenyl ester] in the group of week acids
is fairly strong in water (pKa = ca. 1.5) [23]. The UV absorption spectrum of tetrabutylammonium

diphenylphosphate [n-BusN* (PhO).PO>] exhibits a band at around 206 nm in MeCN.
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Absorbance
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Fig. 4.8. Changes in absorbance (Amax = ca. 206 nm) of 5.0 x 10~ mol dm=3 diphenylphosphate ion (0.05 cm
path-length) with increasing LiClO. and NaClO4 concentrations in MeCN (triangles) and acetone (circles). The

open and solid symbols represent LiClIO4 and NaClOa, respectively.

In MeCN, no apparent interaction could be detected between Li* or Na* and 5.0 x 10 mol
dm~3 diphenylphosphate (L"). However, in a higher L~ concentration solution, 5.0 x 102 mol dm~
3, the precipitation of LiL or NaL takes place (Fig. 4.8). The pKsp and log K, values can be evaluated
for Na* but not for Li* and L~ (cf. Table 4.4). Further details will be discussed for the interaction
between Li* and L~ along with between Mg?* and L~ (vide infra).

In acetone, the precipitation of LiL~ occurs to a larger extent than that of NaL. The Li* ion
may have a stronger tendency than Na* to associate with L™ in acetone (er = 20.56) [23]. The pKsp
and log K values have been evaluated from 5.0 x 10~ diphenylphosphate ion (Fig. 4.8) to be 6.28
and 4.07, respectively, for Li* and also 5.20 and 4.29 for Na*. By means of polarography on DME,
coincidently, we [23] have reported (rather larger) overall formation constants of LiX, and Li>X*
to be 10%° and 107!, respectively, in acetone, where X = (PhO).PO.. Fig. 4.9(a) shows the
absorbance (Amax = ca. 206 nm) of 5.0 x 10~ mol dm= diphenylphosphate ion (L) with increasing
concentration of alkaline earth metal ions in MeCN. Almost no absorbance changes appear by the
addition of Mg?*, i.e., no apparent interaction between L~ and Mg?*. With increasing concentration
of Ca(ClO4)2, however, the absorbance firstly decreases and reaches its minimum at an
equivalence of Ca(ClO4)2 (2.5 x 10 mol dm~), then the equi-molar Ca(ClO4)2 (5.0 x 10+ mol
dm~3) causes suddenly the re-dissolution of precipitates and also the drastic increase in absorbance,
the pKsp and log Ky are listed as 13.07 and 4.72 in Table 4.4. Almost complete precipitation is

caused by an equivalence of Ba(ClOs)2, and the precipitation continues up to 1.0 x 102 mol dm™3
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Ba?*. The precipitates of Bal. partially re-dissolve at 0.10 mol dm= Ba?*, and finally the
absorbance recovers the original value at 0.20 — 1.0 mol dm~ Ba?*. The UV spectral changes of
n-BusN™ L~ in the presence of increasing Ba(ClOa)2 concentrations are shown in Fig. 4.10. Scheme
4.3 shows the (reverse) coordinated species of ML™ (M = Ca, Ba), i.e., the 1:1 complex formation
from the ML precipitate.

Fig. 4.9(b) shows the changes in absorbance (imx = ca. 206 nm) of 5.0 x 10°* mol dm™3
diphenylphosphate (HL) containing an equivalent amount of EtsN with increasing of alkaline earth
metal ions in MeCN. Comparing Fig. 4.9(a) with 4.9(b), it is obvious that the alkaline earth metal
ions react with both (n-BusN*) L™ and EtsN-HL (or EtsNH*--- L") in a very similar way. Strictly
speaking, the proper interactions (without any obstruction) should be observed only with (n-
BusN™) L~ and not with EtsN-HL (or EtsNH"---L"). However, in the following sections, we
examine the metal ion reaction with EtsN-HL for experimental simplicity. It may be worth
mentioning that the hydrogen bonding interaction (in addition to the Coulombic interaction)
between RsNH* and (PhO),PO; is much stronger than the mere Coulombic interaction between
RsN* and (PhO).PO. in several protophobic aprotic solvents, such as MeCN, benzonitrile,
nitrobenzene, and propylene carbonate, according to the conductometric data [23]. Nevertheless,

n-BusN* L~ and EtsN-HL give similar pKsp and log K values for Ca?* and Ba?* in MeCN (cf. Table

4.4).
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Fig. 4.9(a). Changes in absorbance (Amax = ca. 206 nm) of 5.0 x 104 mol dm-2 diphenylphosphate ion with

Log [¢(M(C10,),) / mol dm's]

Log [¢(M(CIO,),)/ mol dm]

increasing of alkaline earth metal ions in MeCN: (o) Mg(ClO4)2; () Ca(ClO4)2; (A) Ba(ClO4)2.
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Fig. 4.9(b). Changes in absorbance (imax = ca. 206 nm) of 5.0 x 10 mol dm= diphenylphosphate (HL)
containing 5.0 x 104 mol dm=3 Et3N with increasing of alkaline earth metal ions in MeCN: (o) Mg(ClO4)2; (®)

Ca(Cl0s)z; () Ba(ClOa),.

By means of the present method utilizing the successive reactions of precipitation and re-
dissolution, no interaction between a metal ion and L™ can be indicated unless the precipitation
reaction occurs properly. Nevertheless, we may predict the log K> of ~4.2 for Li* and log K; of
~5.0 for Mg?* with the L™ ion in MeCN, judging from the log K, and log K; values for the
interaction between M* or M?* and the analogous compound (diphenylphosphinate, Ph2PO2"),

given in Table 4.1.

(1—)0
2—) 1.0 x 10*
0.8} (3—) 2.0 x 10* i
(4---9)2.5 % 10*
v Es—) 5.0 X 10‘j
6—) 1.0 X 10° i
g 06 (T—) 20 % 10°
£ - (8—) 5.0 x 107
2 04L (9—) 1.0 x 107 i
S (10----9 0.1
< | (11— 02
12 0.5
0.2 El3 % 1.0 mol dm” 7|

T 240 260 280 300
Wavelength / nm

Fig. 4.10. UV spectra of 5.0 x 104 mol dm3 diphenylphosphate ion (0.1 cm path-length) with increasing

concentration of Ba(ClOa4)2 in MeCN.

O
PO AT e PO
PmE AN PUM )
PO O O OPh PhO o
M¥+2L — ML3¢ ML, + M* — 2ML’T
Precipitation Re-dissolution

Scheme 4.3. Successive formation of ML, (M = Ca and Ba) and ML* for the diphenylphosphate ion (L") in
MeCN.

The specific interaction between Li* or Mg?* and 5.0 x 104 mol dm™ L~ in MeCN cannot be
obviously detected from the UV spectral changes, as described above. Without observing distinct

phenomena of precipitation and the successive re-dissolution, we cannot insist that Li* or Mg?*
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keeps still the strong interaction with L~. However, conductometric titrations of 5.0 x 10~ mol
dm tetrabutylammonium diphenylphosphate [n-BusN* (PhO),PO, ] with LiCIO4 and Mg(ClO4).
have supplied us with the good evidence for the interaction. The deviation point has been given at
an equivalence point for LiClO4 (5.0 x 10* mol dm~3) or for Mg(ClO4). (2.5 x 10~ mol dm~3), as
shown in Fig. 4.11(a) or Fig. 4.11(b), respectively, indicating that the chemical interaction operates
actually between Li* or Mg?* and 5.0 x 10 mol dm= L. It may be worth mentioning again that
the both systems give no precipitation indeed. The solubility of non-charged species for Li* and
Mg?* with L~ must be too high to form precipitates under those conditions.

At an equivalence point (5.0 x 10~ mol dm=) in the titration curve with LiClO4, the observed
specific conductance (k/S cm™) of 0.1425 x 10~ equals 285 of the molar conductivity (4/S cm?
mol™?). In the solution, we can expect the presence of two pairs of 5.0 x10* mol dm

Li*(PhO);PO;" and n-BusN*CIOx.

0.18——

0.17

0.16+
0.15-

0.14

0.13} ==

Specific conductance (10° & /S cm™)

Specific conductance (10° k /S ocm™)

L L I L L L | | | L | L | L
0 0.‘2 0[4 0.|6 O.IS 1 0-10 02 04 06 08 1
A(LiCl0,4) % 10° / mol dm™ c(Mg(Cl0.4),) X 10° / mol dm™

0.12

Fig. 4.11(a). Conductometric titration curve of 5.0 x 10-*mol dm-3 diphenylphosphate ion [n-BusN*(PhO),PO; ]

with increasing concentration of LiClO4 in MeCN.

Fig. 4.11(b). Conductometric titration curve of 5.0 x 10~* mol dm-2 diphenylphosphate ion [n-BusN*(PhO),PO; ]

with increasing concentration of Mg(ClO.); in MeCN.

The observed A value (ca. 118) of Li* (PhO),PO; at the equivalence point has been found to
be smaller than the calculated 4 one (130.6) for the independent Li* and (PhO),PO;". The
Acicd[LiT(PhO)2PO27] = Ao[n-BusN*(PhO)2PO2] (123.0) + Ao(LiClO4) (174.8) [29] — Ao(n-
BusN*ClO4) (167.2) [29] = 130.6. By the way, the Ao value of n-BusN*(PhO)2PO> has not directly

been measured yet, therefore, the values is estimated by the calculation from Ao[EtaN*(PhO)2PO ]
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(149.1) [23] and the difference (26.1) between EtsN™ and n-BusN* [17]. We should note that any
tetraalkylammonium and perchlorate ions have no chemical interaction except for the Coulombic
force, that is, RaN*X™ or Li*CIO4 is a strong electrolyte in higher permittivity media such as
MeCN. For instance, the association constants of n-BusNCIOas, LiClO4, and EtzN*(PhO).PO2~
have been reported to be Ka = 0, 13.6 [29], and ca. 4.0 [23], respectively.

It is worth mentioning once more that the balance (ca. 118) between 285 and 167.2, attributed
to the molar conductivity of Li*(PhO)2PO>", seems to be enough smaller than the sum value (130.6)
of independent Ao values of Li* and (PhO)2PO; . Therefore, we can predict the “strong” interaction
between (PhO),PO, and Li*" in MeCN, even without observing precipitates. The observed specific
conductance of 0.129 x 102 from the titration with Mg(CIO4). may also support the “strong”

interaction between Mg?* and L~ under no precipitation conditions.

4.3.2.2. The influences of added H,O, MeOH, and EtOH on the interaction between M* or M%*

and the mixture of HL with EtsN

Fig. 4.12 shows the influences of added H.O on precipitation and the successive re-
dissolution reactions of BaL> in MeCN. The precipitation is obviously restrained but the re-
dissolution is promoted apparently by the added H>O. The (reverse) coordination constants (log
K1) are given as “pseudo” values to be 4.25, 3.95, and 3.08 in 1.0, 2.0, and 3.0% H2O (Table 4A.1),
respectively. These values may be valid just relatively. In 5.0% H-0O, the absorbance decrease (i.e.,
precipitation) occurs slightly at 2.5 x 10 and 5.0 x 10 mol dm~ Ba?*. The 10% HO addition
causes no apparent precipitation or re-dissolution reactions between Ba®* and L.

Both MeOH (DNpuk = 31.3 [45]) and EtOH (DNpuik = 27.8 [45]) are protic solvents of higher
donicities. Not only MeOH but also EtOH may inhibit the precipitation between Ba?* and L, and
the influences may increase in the order of EtOH < MeOH < H;0 [cf. Fig. 4.13(a) and 4.13(b)].
With increasing contents of MeOH and EtOH, the precipitation reactions become incomplete. The
slight precipitation occurs in 15% MeOH or 30% EtOH, and the interaction is totally hidden by
20% MeOH and 50% EtOH (Table 4A.1).

Table 4.5 lists the equilibrium constants of the reactions between Ba?* and the (1:1) EtsN-HL

(5.0 x 10~ and 5.0 x 10~ mol dm) mixture in MeCN-MeOH. Even in 15 — 30% MeOH, the
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precipitation and “reverse” coordination can take place between 5.0 x 10~* mol dm-2 EtsN-HL and
Ba®* to a relatively large extent. The (reverse) coordination constants of 5.0 x 103 mol dm- Et3N-
HL have been given as “pseudo” values to be log Ky = 3.35, 3.06, and 2.68 in 15, 20, and 30%
MeOH, respectively. The above results indicate clearly that, by performing experiments with
higher concentrations (e.g., a ten-fold) of L-, we have still the chance to obtain equilibrium
constants even though no precipitation takes place for a metal ion with a lower L~ concentration.
Table 4.5 may convince us that the equilibrium values evaluated from different L~ (EtsN-HL)

concentrations are well consistent.

Absorbance

4 3 2 a0
Log [¢(Ba(ClO,),)/ mol dm™]

Fig. 4.12. Absorbance (Amax = ca. 206 nm) of 5.0 x 104 mol dm-2 diphenylphosphate containing 5.0 x 104 mol

dm=3 Et;N in the presence of Ba(ClO), in MeCN-H,0 mixtures: (0) 0; () 1.0; (a) 2.0; (A) 3.0; (0) 5.0; (m)

10% (v/v) of H20.
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Fig. 4.13(a). Absorbance (imax = ca. 206 nm) of 5.0 x 10~* mol dm2 diphenylphosphate containing 5.0 x 10~
mol dm-3 EtsN in the presence of Ba(ClO4), in MeCN-MeOH mixtures: (0) 0; () 10; (A) 15; (A) 20% (v/v) of

MeOH.
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Fig. 4.13(b). Changes in absorbance (imax = ca. 206 nm) of 5.0 x 10~* mol dm-3 diphenylphosphate containing
5.0 x 10 mol dm2 Et3N in the presence of Ba(ClO4), in MeCN-EtOH mixtures: (o) 0; (e) 5.0; (a) 10; (A) 20;

(o) 30; (m) 50% (v/v) of EtOH.
4.3.3. Bis(4-nitrophenyl)phosphate (HL)

4.3.3.1. Specific interaction between M* or M?* and the mixture of HL with EtsN
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Fig. 4.14. UV spectra of 5.0 x 104 mol dm-2 bis(4-nitrophenyl)phosphate (0.1 cm path-length) containing 5.0 x

104 mol dm2 EtsN with increasing concentration of NaClO4 in MeCN.

Fig. 4.14 shows the UV spectral changes of 5.0 x 10~*mol dm bis(4-nitrophenyl)- phosphate
(HL) containing an equivalent amount of EtsN (5.0 x 10~ mol dm~3), as the function of NaClOx
concentration. The UV spectrum of EtsN-HL shows two distinct absorption bands at around 218
nm and 295 nm (g/cm™ mol™ dm?® = ca. 2.0 x 10%). With increasing concentration of NaClOa, if
we may pay attention to the band at around 295 nm, it decreases gradually and reaches its minimum
of 0.067 at 1.0 x 102 mol dm= NaClO4, accompanying white precipitates (cf. Eq. 4.5). Then, the
band absorbance begins to increase with the addition of more than 1.0 x 102 mol dm~ Na*, and
recovers almost the original value at 1.0 mol dm~ Na* (cf. Eq. 4.6). Meanwhile, the band shows a
remarkable blue shift to 287 nm, suggesting the formation of a “reverse-coordinated” species of
NaoL*. The evaluated values of pKsp and log K2 between Na* and L™ in MeCN are 6.70 and 3.75,
respectively. However, no apparent interaction is detected between Li* and L~ based on the almost
constant absorbance values of the EtsN-HL mixture (Fig. 4.15), except for the blue shifts with

increasing Li* concentrations.

94



Chapter 4

EtsN---HL + Na* & Na'L + EtsNH", (4.5)
Na'L + Na* <+ Na.L". (4.6)

The UV spectral changes of 5.0 x 10 mol dm= EtsN-HL, as the function of Ba(ClO.).
concentration, are shown in Fig. 4.16. The absorption band at around 290 — 295 nm almost
disappears on the addition of an equivalence of Ba?* (2.5 x 10 mol dm~3), accompanying white
precipitates. The absorbance begins to increase with the further addition Ba®*, forming the
(reverse) coordinated species of BaL"*. The “pseudo” values of pKsp and log K1 between Ba* and
L™ in MeCN are obtained to be 13.68 and 4.81. The partial ionization of HL and the coordination
reaction are illustrated by Schemes 4.4 and 4.5. According to Fig. 4.17, a slight precipitation
reaction may take place between bis(4-nitrophenyl)phosphate and Mg?* or Ca?*. Only Na* and
Ba?* cause observable interactions with L~ through the remarkable precipitation and re-dissolution
reactions. However, we never believe that the bis(4-nitrophenyl)phosphate ion cannot interacts
with Li*, Mg?*, or Ca®* in MeCN. The solubilities of the non-charged species for Li*, Mg?*, and
Ca?* should be just too high to form precipitates in the solvent. Needless to mention, the chemical

interaction operates actually between Li*, Mg?*, or Ca?* and 5.0 x 10 mol dm=3 L~

Absorbance

e S
Log [¢(MCIO,)/ mol dm™]

Fig. 4.15. Changes in absorbance (Amax = ca. 290 nm) of 5.0 x 10* mol dm-2 bis(4-nitrophenyl)phosphate

containing 5.0 x 104 mol dm=3 EtsN with increasing of alkali metal ions: (o) LiClO4; () NaClOsa.
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Fig. 4.16. UV spectra of 5.0 x 10*mol dm2 bis(4-nitrophenyl)phosphate (0.1 cm path-length) containing 5.0 x

104 mol dm=2 EtsN with increasing concentration of Ba(ClO,), in MeCN.
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Fig. 4.17. Changes in absorbance (imax = ca. 290 nm) of 5.0 x 10* mol dm=2 bis(4-nitrophenyl)phosphate
containing 5.0 x 104 mol dm=3 EtsN with increasing of alkaline earth metal ions in MeCN: (o) Mg(ClO4)2; (®)

Ca(Cl0s)2; () Ba(ClOg).

ONPHZO \P// BN ONPRO, 0 ONPH-O__ 0
A= P BN
oNp0” on ONPh-O O—H-NEt; ONPh-O O

Scheme 4.4. The partial ionization of bis(4-nitrophenyl)phosphate by the addition EtsN in MeCN.
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M*+2L —s ML,|, ML, + M>* — 2ML-/
Precipitation Re-dissolution

Scheme 4.5. Successive formation of BalL, and BaL* for the bis(4-nitrophenyl)phosphate ion (L-) in MeCN.
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4.3.3.2. The influences of added H>O and MeOH on the interaction between Na* or Ba?* and the

mixture of HL with EtsN

Fig. 4.18 shows the influences of added H>O on the precipitation and the successive re-
dissolution of NaL. With increasing contents of H20, the solubility of NaL increases distinctly.
The pKsp values are 6.70, 5.80, and 4.63 in 0.0, 1.0, and 2.0% H-O, respectively. In 3.0% H->0, no
precipitation reaction is observed. Similarly, no apparent interaction can be detected also in 10%

MeOH (cf. Table 4.1).

Absorbance
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Fig. 4.18. Absorbance (Amax = ca. 290 nm) of 5.0 x 10~4 mol dm2 bis(4-nitrophenyl)phosphate (0.1 cm path-
length) containing 5.0 x 104 mol dm=3 EtsN in the presence of NaClO4 in MeCN-H,0 mixtures: (©) 0; (@) 1.0;

(a) 2.0 (A) 3.0% (v/v) of H20.
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Fig. 4.19. Absorbance (Amax = ca. 290 nm) of 5.0 x 104 mol dm~2 bis(4-nitrophenyl)phosphate containing 5.0 x
10* mol dm= Et3N in the presence of Ba(ClO4), in MeCN-H,0O mixtures: (o) 0; () 0.50; (A) 1.0 (A) 2.0%
(v/v) of H20.

Fig. 4.19 shows the influences of added H>O on the precipitation and the successive re-
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dissolution of BalL.. The added 0.5% H>O affects obviously both precipitation and re-dissolution
between Ba?* and the anion, despite the absorbance minimum appears at an equivalence of Ba?*.
Slight precipitation takes place in 1.0% H20. The “pseudo” solubility products (pKsp) are 13.68,
12.36 and 10.72 in 0.0, 0.50, and 1.0% H-O, respectively. The interaction is totally obscured by
2.0% H20. Compared with water, MeOH affects weakly the precipitation and re-dissolution (cf.
Table 4.1). The interaction is totally hidden by 5.0% MeOH. The remarkable influences on Ba**
of low contents of protic solvents should be caused by the stronger solvation toward the bis(4-

nitrophenyl)phosphate ion.
4.4. Conclusion

The coordination ability of alkali metal (M*) and alkaline earth metal (M?*) ions with
diphenylphosphinate, diphenylphosphate, and bis(4-nitrophenyl)phosphate ions has been
confirmed not only in sole MeCN but also in the binary solvents with H,O, MeOH, and EtOH.
The precipitation and the successive re-dissolution reactions have been observed between every
M* or M?" and 1.0 x 10 mol dm= diphenylphosphinate. The “reverse coordination” or
coordination constants suggest that the chemical interaction should increase in the order of Na* <
Li* and Ba?* < Ca?* < Mg?*. With 5.0 x 10~*mol dm~3diphenylphosphate, however, only Ca** and
Ba®* (the strength order of Ba?* < Ca?") can cause the obvious precipitation in MeCN. Nevertheless,
we are confident that all the phosphinate and phosphate ions should interact with the alkali metal
and alkaline earth metal ions through the chemical (coordination) force above the Coulombic force
in poor solvating media. The results in the present study may give an important clue to recognize
the Kkinetic mechanism in hydrolysis reactions under “non-aqueous solvent conditions” or in
biological systems, based on the direct interaction between “indifferent” metal ions and the anion

species released from substrates.

Table 4.1 Precipitation and re-dissolution reactions of the diphenlphosphinate ion (n-BusN* L") with alkali metal

or alkaline earth metal perchlorates in MeCN.

Equilibrium .
n-BusN* salt Li* Na* Mg?* Ca* Ba?*
constants?

Diphenylphosphinate A A A A A
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ion (PKsp)
(1.0x10-3mol dm3) (PKsp)®
log K», log K1

8.28 8.06
8.38 8.16
O A
5.88 5.20

11.89 11.35 10.43
12.20 11.66 10.74
O O O
4.36 411 3.63

Explanatory notes: Solid circles and triangles represent the complete and partial precipitation, respectively. The

complete precipitation means here that the absorbance of a “ligand” anion (L") reaches < 1/10 of the initial value

at an equivalence or any amount of a metal ion. Open circles and triangles represent complete and partial re-

dissolution of precipitation, respectively. The mark “No” indicates no precipitation or no re-dissolution.

2 Solubility products (Ksp) and “reverse” coordination constants (K2, K1), cf. the experimental section in this paper.

® Thermodynamic solubility products (Ksp) corrected with the activity coefficients of ions. The mean activity

coefficients of ions are evaluated from the limiting Debye—Huickel equation, log y- =-A|Z. Z | 1, cf. Ref. [46].

Table 4.2 Precipitation and re-dissolution reactions of the diphenylphosphinate ion with alkali metal ions in

binary mixtures of MeCN-H,O or MeCN-MeOH.

Metal ions*  Equilibrium constants®

MeCN-H,0
1.0 2.0 5.0 7.0
[H20% (viv)]
A A No
(PKsp) 7.20 6.68 —
Li* (PKsp) 7.30 6.78 _
O O No
log K2 4.93 4.98 -
A A A No
(pKsp) 6.64 3.54 3.11 —
Na* (0Ksp) 6.74 3.64 3.21 -
O O No No
log Kz 4.15 - - _
MeCN-MeOH
2.0 5.0 10
[MeOH% (v/IV)]
A A No
Li* (PKsp) 7.30 6.83 -
(PKsp) 7.40 6.93 .
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O O No

log Kz 5.02 521 -

A A No

(PKsp) 6.75 4.09 -

Na* (PKsp) 6.85 4.19 -
O O No

log K2 3.45 - -

For the Explanatory notes, cf. Table 4.1.
aMCIOa.

® Solubility products (Ksp) and “reverse” coordination constants (K), cf. the Experimental section.

Table 4.3 Precipitation and re-dissolution reactions of the diphenylphosphinate ion with alkaline earth metal

ions in binary mixtures of MeCN-H20 or MeCN-MeOH.

Metal Equilibrium
ions? constants?
MeCN-H0 05 1 2 3 4 5 10
[H20% (viv)]
A A A A No
(PKsp) 12.40 12.14 11.89 - -
Mg** (PKsp) 12.71 12.45 12.19 - -
O O O O No
log Ky 4.43 4.08 3.87 — — —
A A A No
(PKsp) 11.31 10.96 10.05 —
Ca? (PKsp) 11.62 11.26 10.32
O O O No
log K1 4.11 3.93 3.49 -
A A A No
(PKsp) 10.79 10.89 9.96 —
Ba?* (PKsp) 11.10 11.19 10.25
O O O No
log K1 3.89 3.96 — —
MeCN-MeOH 2.0 5.0 10 15 20 25 30
[MeOH% (viV)]
Mg?* A A A A No

100



Chapter 4

(PKsp) 12.47 11.35 10.72 9.77 -
(pKsp) 12.79 11.67 11.04 10.09 -
O O O No
log Ky 4.20 4.00 3.84 -
A A No
(PKsp) 9.72 9.42 -
Ca?* (pKsp) 10.03 9.74 =
O O No
log Ky - - -
A A A A A No
(pKsp) 10.94 10.96 10.73 10.41 10.00 -
Ba?* (PKsp) 11.25 11.27 11.05 10.73 10.32 —~
O O O O O No
log Ky 3.75 3.08 3.28 3.40 3.34 -

For the Explanatory notes, cf. Table 4.1.
AM(ClO4)2.

® Solubility products (Ksp) and “reverse” coordination constants (K1), cf. the Experimental section.

Table 4.4 Precipitation and re-dissolution reactions on the diphenylphosphate ion (L) or EtsN-HL with alkali

metal or alkaline earth metal perchlorates in MeCN.

Mixed solution Equilibrium it Na* Mg?* Ca?* Ba?*
constants?
Diphenylphosphate A A No A o
(5.0x103mol dm2 L for (PKsp) b 5.56 - 13.07 13.57
alkali metal ions) (pKsp) - - - 13.29 13.79
(5.0x10*mol dm=2 L for O O No O O
alkaline earth metal ions) log Kz, log K1 b 3.73 - 4,72 3.61
A [
(PKsp) 12.71 13.78
EtsN-HL (PKsp) 12.93 14.00
(5.0x10* mol dm3) O O
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log K1 4.50 3.85

For the Explanatory notes, cf. Table 4.1.
aSolubility products (Ksp) and “reverse” coordination constants (K, K1), cf. the Experimental section.

® The pKsp and log K2 values are not evaluated because the precipitation of LiL in MeCN is not enough, cf. Fig.

4.8

Table 4.5 Influences of the concentration on the 1:1 mixture of EtsN and diphenylphosphate (EtsN-HL) on the

precipitation and re-dissolution reactions for Ba(ClO.), in MeCN-MeOH.

MeCN-MeOH [MeOH% (v/v)]

. . Equilibrium
Mixed solution .
constants 10 15 20 30 50
A A No
(pKsp) 12.74 (10.94) -
EtsN-HL
(PKsp) 12.96 (11.16) -
(5.0x10*mol dm 3)
O O No
log K1 3.90 (3.78) -
A A A No
(pKsp) 11.26 8.97 8.52 -
EtsN-HL
(pKsp) 11.97 9.68 9.24 -
(5.0x10°mol dm®)
O O O No
log K1 3.35 3.06 2.68 -

For the Explanatory notes, cf. Table 4.1.

2 Solubility products (Ksp) and “reverse” coordination constants (Ky), cf. the Experimental section.
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Fig. 4A.1. Changes in absorbance (Amax = ca. 226 nm) of 1.0 x 10~ mol dm~3 diphenylphosphinate ion with
increasing concentration of NaClO4 in MeCN-H,0 mixtures: (o) 0; () 1.0; (A) 2.0; (A) 5.0; (1) 7.0% (v/v) of

H20.

Absorbance

N S N
Log [¢(NaClO, / mol dm™)]

Fig. 4A.2. Changes in absorbance (Amax = ca. 226 nm) of 1.0 x 10-3 mol dm3 diphenylphosphinate ion with

increasing concentration of NaClO4 in MeCN-MeOH mixtures: (o) 0; (o) 2.0; (A) 5.0; (A) 10% (v/v) of MeOH.

Absorbance

0" 4 3 2 -1
Log [¢(Mg(C104); / mol dm )]

Fig. 4A.3. Changes in absorbance (Amax = ca. 226 nm) of 1.0 x 10-3 mol dm3 diphenylphosphinate ion with
increasing concentration of Mg(ClO4)2 in MeCN-H>O mixtures: (o) 0; () 0.5; (A) 1.0; (A) 2.0; (o) 5.0; (m)

10% (v/v) of H20.

Absorbance

gF w4 8 = B
Log [c(Mg(CIO 4), / mol dm )]
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Fig. 4A.4. Changes in absorbance (Amax = ca. 226 nm) of 1.0 x 10~ mol dm~3 diphenylphosphinate ion with
increasing concentration of Mg(ClO4), in MeCN-MeOH mixtures: (o) 0; (o) 10; (A) 20; (A) 25; (o) 30; (m)

50% (v/v) of MeOH.

Absorbance
o
wn

0 3 73 ) 1
Log [c(Ba(ClOy), / mol dm™)]

Fig. 4A.5. Changes in absorbance (Amax = ca. 226 nm) of 1.0 x 10-3 mol dm3 diphenylphosphinate ion with

increasing concentration of Ba(ClO4), in MeCN-H0 mixtures: (o) 0; (o) 1.0; (a) 2.0; (A) 3.0; (o) 5.0% (v/v)

of H,0.

Absorbance

e R T
Log [c(Ba(ClO,), / mol dm™)]

Fig. 4A.6. Changes in absorbance (Amax = ca. 226 nm) of 1.0 x 10~ mol dm~3 diphenylphosphinate ion with
increasing concentration of Ba(ClO,). in MeCN-MeOH mixtures: (o) 0; (e) 2.0; (A) 5.0; (A) 10; (o) 15; (m)

20; (V) 30% (v/v) of MeOH.
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Absorbance

B T
Log [¢(NaClO, / mol dm )]

Fig. 4A.7. Absorbance (Amax = ca. 290 nm) of 5.0 x 10~*mol dm~2 bis(4-nitrophenyl)phosphate (1.0 mm path-
length) containing 5.0 x 10 mol dm= EtsN in the presence of NaClO, in MeCN-MeOH mixtures: (0) 0; (®)

2.0; (A)3.0 (A) 5.0; (@) 10% (v/v) of MeOH.

Absorbance

(A R . S
Log [¢(Ba(ClO,), / mol dm™)]

Fig. 4A.8. Absorbance (Amax = ca. 290 nm) of 5.0 x 10~ mol dm~2 bis(4-nitrophenyl)phosphate containing 5.0 x

10* mol dm=2 Et;N in the presence of Ba(ClO4); in MeCN-MeOH mixtures: (o) 0; (o) 1.0; (A) 2.0; (A) 3.0;

(o) 5.0 (v/v) of MeOH.

Table 4A.1 Precipitation and re-dissolution reactions of diphenylphosphate containing an equivalent amount of

EtsN with barium ions in MeCN-H20, MeCN-MeOH, and MeCN-EtOH mixtures.

. Equilibrium
Metal ions?

Constants

MeCN-H.0 1.0 2.0 3.0 5.0 10
(v/v, H20 %)
o o A A No
(pKsp) 14.45 13.26 12.40 10.49 -
Ba2+

(pKsp) 14.67 13.47 12.61 10.69 -
O O O O No
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log K1 4.25 3.95 3.08 - -
MeCN-MeOH
10 15 20
(v/v, MeOH %)
A A No
(DKSD) 12.74 10.94 —
Ba?* (PKsp) 12.96 11.16
O O No
log K1 3.90 3.78 -
MeCN-EtOH
5.0 10 20 30 50
(v/v, EtOH %)
A A A A No
(PKsp) 13.92 13.34 12.57 11.39 -
Ba?* (PKsp) 14.15 13.57 12.81 11.65 -
O O O O No
log K1 4.45 3.83 3.95 - -

For the Explanatory notes, cf. Table 4.1.

AMCIOs.
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Chapter 5 Specific coordination between alkali metal or alkaline earth metal ions with
naphthalenedicarboxylate ions in acetonitrile-water or acetonitrile-methanol binary

mixtures
ABSTRACT

In binary acetonitrile-water (MeCN-H>0) and acetonitrile-methanol (MeCN-MeOH) solvents, the
specific interactions between alkali metal (Li*, Na*) or alkaline earth metal ions (Mg?*, Ca?*, Ba%*)
and 1,4- or 2,3-naphthalenedicarboxylate (L?) ions had been examined by UV-visible
spectroscopy. As for 1,4-naphthalenedicarboxylate (1 x 10~* mol dm=), an excess amounts of Na*
and Li* causes formation of “reverse-coordinated” species of MsL"™ in 10% MeOH-MeCN.
Precipitation extent of Li,L takes place to a large extent than that of NazL in 10% MeOH-MeCN.
As well, CaL can be formed more than BaL in 10% or 15% H>O-MeCN. For 2,3-
naphthalenedicarboxylate (1 x 10 mol dm~3), the formed Na.L and Li-L cannot be re-dissolved
even by 1.0 mol dm= Na* or Li* in 5.0% H20-MeCN. Even in 30% H0, the precipitation could
take place between Ca?* or Ba?* and L?". The precipitation extent increases in the order of Ca?* >
Ba?* > Mg?*. The solubility products (pKsp) and the “reverse” coordination consants (log Kz and

log K2) have been evaluated in MeCN containing various content of MeOH or H20.

Keywords: “reverse” coordination; binary solvent; triple ion formation; solubility product; UV-

visible spectroscopy.
5.1. Introduction

Aromatic polycarboxyl compounds have been extensively applied as ligand in studying on
the coordination complexes, owing to carboxylate group have multiform coordination modes such
as monodentate, chelating, and bridging upon metalation [1]. Commonly, many papers focus on
constructing transition metal [1-5] and lanthanide metal complexes [6-7] with carboxylates. Due
to lacking of partly filled d- or f-shells, alkali metal or alkaline earth metal ions have weaker
coordination ability than transition metal ions [8], though they have advantage of being non-toxic,

cheap and soluble in aqueous media for applying in pharmaceuticals, dyes and pigments.
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Murray and Hiller [9] first suggested involvement of two lithium ions in a ligand loss during
one-electron reduction of Fe(acac)s in acetonitrile (MeCN) containing LiClO4 as the supporting
electrolyte. Itabashi [10] also suggested the formation of [CH3COOL.i2]* in MeCN. Based on a
pyridinedicarboxylate ligand [11], a coordination polymer [Lis(pda)s-2EtOH] was synthesized
which is used as anode for Li-ion battery.

Based on the triple ion theory proposed by Fuoss and Fraus [12], our laboratory keep on
studying the specific association behavior of alkali metal (M*) and alkaline earth metal ions (M?*)
in non-aqueous solution over thirty years [13]. By means of voltammetry, conductometry, UV-
visible and NMR spectroscopy, we have demonstrated that M* or M?* may react with some simple
anion (L"), e.g. halides [14], sulfonate [15], carboxylate [16], tropolonate [17], to form precipitates
and “reverse-coordinated” species through specific process of precipitation (M* + L~ — ML) and
successive re-dissolution (ML + M* — ML"). The coordination bonding forces as well as
Coulombic forces was assigned to the aggregation of metal ions with anions in higher permittivity
media (20 < &< 65) [18].

Stable carbocations can be produced from trityl halides by addition of perchlorates of Li",
Na*, Mg?* and Ba?* in MeCN, because of the interaction between halides and metal ions could
pull out the halide ions from the partly ionized C*—X" bond, causing the formation of trityl ions
[19-21]. As well, on basis of the specific interaction between M* or M?* and anions, the solvolysis
(or hydrolysis) reaction rate of typical Sn 1 substrates (R—X) can be increased at higher
concentration of salt even in “aqueous” solution. Also, we have explained the large salt effects on
the indicator acidity and on the proton transfer from tropolone [22] or nitrophenols [23] to amine
bases in MeCN in terms of the chemical interaction between the anions and M* or M?*.

lon aggregation behavior has been extensively studied in aqueous-organic or organic-organic
mixed solvents [24] which are of considerable importance in understanding organic reaction
mechanism [25] and the nature of molecular interaction [26]. We have proposed that the properties
of bulk water are altered into those of “dihydrogen ether” R[H]-O—[H]R when the huge network
of bulk water is distorted by added organic solvents and concentrated salts [27-29].

In previous work, to further convince the coordination ability of M* and M?*, the specific

interaction of those metal ions and 1,4- or 2,3-naphthalenedicarboxylate ion have been investigated
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in MeCN-MeOH and MeCN-H20 mixed solvents. The solubility products and “reverse”

coordination constants have been successfully evaluated for the systems.
5.2. Experimental

5.2.1. Chemicals

1,4- And 2,3-naphthalenedicarboxylic acid was purchased from TCI. Tetrabutylammonium
1,4-naphthalenedicarboxylate [(n-BusN*)2 C12HsO4?] was prepared from tetrabutylammonium
hydroxide (n-BusNOH, Wako) and the equivalence of 1,4-naphthalenedicarboxylic acid (1.0 g) in
methanol. The solution was evaporated to dryness at 50 “C, and the salt was dried in vacuo at
50 °C. Tetrabutylammonium 2,3-naphthalenedicarboxylate was prepared from 2,3-naphthalene-
dicarboxylic acid in a similar way.

Metal perchlorates without hydrate water, LiClIO4, NaClO4, Mg(ClOa4)2 and Ba(ClOs). (all
Aldrich), were used as received. Calcium perchlorate tetrahydrates from Aldrich was dried in
vacuo at 150 “C to obtain anhydrous Ca(ClO.).. Acetonitrile and methanol from Wako were used
as received. Water was purified by means of a MilliQ system (Millipore Corp.). The percentage of

the solvent in binary solvents is all expressed by the volume fraction [% (v/v)] in the present paper.
5.2.2. Apparatus and procedure

UV-visible absorption spectra were measured at room temperature using a Shimadzu double-
beam spectrophotometer (model UV-2550) in 0.05 and 0.1 cm path-length quartz cuvettes. When
precipitation occurred, the solution was sonicated for a few minutes in a Branson ultrasonic bath
(model Yamato 2510, 42 kHz and 125 W) and the supernatant solution was measured after
centrifugation with a Hitachi centrifuge (model CT4D). Sometimes, a long aging time was needed

to complete a precipitation reaction.
5.2.3. Evaluation of “reverse” coordination formation constants

The “reverse” coordination formation constants between the alkali metal cations (M™) and
the “ligand” anions (L?) are evaluated by the UV-visible spectroscopic data as the method

previously proposed [16] as follows:
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(a) In the case of ion charges of 1:2 (M* and L?)
The reactions and equilibrium constants for precipitation dissolution (solubility products, Ksp)
and “reverse” coordination (K3) at higher M* concentrations, compared to L2, are expressed by

Egs. 5.1 and 5.2, respectively.

Mol 2 2 M*+ L2, K = [MTP[L2], (5.1)
3M*+ L2 & MsL*, Kz = [MsL*] / ([M*J3 [L2]). (5.2)

The solubility s of MaL or the total “ligand” concentration, Ct, in solution (and not in

precipitation) is expressed by Eq. 5.3.
s=ct= [L2]+[MsL'] = K [MT? (1 + K3 [M'P). (5.3)

Neglecting the formation of the [M4L2*] species, the observed absorbance Aps of L%~ (and

MsL") can be rationalized by Lambert-Beer’s law as, Aps=c¢cl~e¢sl (5.4)

Where ¢, ¢, and | are the molar absorptivity (cm™ mol™ dm?® of L> (or MsL"), the
concentration (mol dm~3), and the path-length (cm), respectively. Eq. 5.5 is given by introducing

Eq. 5.3 into Eq. 5.4.
Aps=celci=¢lKsp [MT2(1+Ks[MT). (5.5)

With higher M™ concentrations and larger Kz values, equation 5.5 can be arranged to be Aps =
e | Ksp K3 [M*]).

(b) In the case of ion charges of 2:2 (M?* and L?)

The evaluating method of the “reverse” coordination formation constants between the

alkaline earth metal cations (M?*) and the “ligand” anions (L) is shown in Chapter 2.
5.3. Results and discussion

5.3.1. Specific interactions between 1,4-naphthalenedicarboxylate (L%") and alkali metal ions (Li*,

Na™) in MeCN-MeOH mixtures.
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Acetonitrile of a relatively high permittivity (er = ca. 36, [30]) is not only an aprotic solvent
but also a protophobic solvent [31]. Due to its weak solvation ability (DN =14.1, AN = 19.3, [32])
the salt of 1,4- and 2,3-naphthalenedicarboxylate tetrabutylammonium cannot be dissolved
completely in sole MeCN, thus the coordination behaviors of carboxylates with alkali metal or

alkaline earth metal ions are examined in MeCN containing protic solvent of MeOH and H-O.

0.5 T T3
(17— 0 mol din *
12 220 x 107
r 3—3950 % 107
0.4- A E4—§1.U X 10% 7
20 X 10
8 / 50 x 10%
03 B
3 _, 0% 107
ﬁg ‘ 0.1
2z 02t 30
<t ......... ) 1.
0.1%
%00 250 300 350
Wavelength / nm

Fig. 5.1. UV spectra of 1.0 x 107* mol dm2 1,4-naphthalenedicarboxylate ion (0.1 cm path-length) with

increasing concentration of LiCIO4 in MeCN containing 2.0% (v/v) MeOH.

M+
Or -M* ‘?:
o) o--m*
M+ I
= o
oM o
2MF+ L —> ML), M,L+M* —> M;L+%}
Precipitation Re-dissolution

Scheme 5.1. Successive formation of M.L and MsL* (M = Li, Na) for 1,4-naphthalenedicarboxylate.

Fig. 5.1 shows the UV spectra of 1.0 x 10 mol dm= 1,4-naphthalenedicarboxylate ion
[(BusN*),L%7] with increasing concentration of LiCIO4 in MeCN containing 2.0% MeOH. The L*
ion gives a distinct peak around 228 nm (¢/cm™ mol~ dm? = ca. 3.7 x 10%) and the aromatic band
around 300 nm is very weak. The band at 228 nm gradually decreases with increasing
concentration of LiClO4, and disappears in the presence of 5.0 x 10~ mol dm= Li*, accompanying
white precipitates (LioL). However, the absorbance of the solution increases and finally exceeds

the original value by addition of 1.0 mol dm~3 Li*, showing a slight blue shift (imax = 227.0), which
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owing to the form the “reverse-coordinated” species of LisL"* by the successive re-dissolution of
LioL (Scheme 5.1). The phenomenon of first precipitation and successive re-dissolution proves
that the specific interaction could take place between Li* and 1,4-naphthalenedicarboxylate ion in
MeCN-MeOH mixtures.

Fig. 5.2 shows the trend of precipitation and re-dissolution of lithium ions and L? with
increasing content of MeOH (2.0 — 20%) in MeCN. In 10% MeOH, the precipitation still occurs
completely, even takes place to a larger extent than in 2.0% MeOH: the values of the product
solubility (pKsp) are evaluated as 11.64 and 13.27 in 2.0 and 10% MeOH, respectively (cf. Table
5.1), even though the precipitates re-dissolves to a larger extent by addition of 0.5 mol dm=3 LiCIO4:
the absorbance are 0.103 and 0.313 in 2.0 and 10% MeOH, respectively. In previous study, it have
been observed that 10% MeOH totally inhabited the interaction between Li* and 1,3,6-
naphthalenetrisulfonate ion (Chapter 3) or diphenylphosphinate ion (Chapter 4). However, even
in 15% MeOH, the precipitation could largely take place. No precipitation and re-dissolution could

be observed in 20% MeOH.

Absorbance

L .
Log [¢(LiCl0y) / mol dm™]

Fig. 5.2. Absorbance (Amax = ca. 228 nm) of 1.0 x 10*mol dm=1,4-naphthalenedicarboxylate ion in the presence

of LiClO4 in MeCN-MeOH mixtures: (0) 2.0; (o) 10; (A) 15; (A) 20% (v/v) of MeOH.

The UV spectrum changes of 1.0 x 10 mol dm 1,4-naphthalenedicarboxylate ion with
increasing concentration of NaClO4 in 2.0% MeOH-MeCN are shown in Fig. 5.3. As well as
LiClOs, 5.0 x 10 mol dm= NaClO4 causes the absorbance peak disappear and 0.5 mol dm=
NaClO4 results in successive absorbance increase, the precipitates re-dissolve completely in

presence of 1.0 mol dm=3 NaClOsa.
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Fig. 5.3. UV spectra of 1.0 x 10 mol dm= 1,4-naphthalenedicarboxylate ion (0.1 cm path-length) with

increasing concentration of NaClO4 in MeCN containing 2.0% (v/v) MeOH.
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Fig. 5.4. Absorbance (Amax = ca. 228 nm) of 1.0 x 10-*mol dm1,4-naphthalenedicarboxylate ion in the presence

of NaClO4 in MeCN-MeOH mixtures: (o) 2.0; (e) 5.0; (a) 10; (A) 20% (v/v) of MeOH.

The precipitation between Na* and L2 is unexpectedly weaker than that of Li-L (Fig. 5.4 and
Fig. 5.3) in MeCN-MeOH mixtures, the re-dissolution or “reverse” coordination is also easier to
take place. In 10% MeOH, the precipitation of Na-L (pKsp = 9.24, Table 5.1) becomes incomplete,
while that of Li-L (pKsp = 13.27, Table 5.1) takes place completely. Because of its larger size,
sodium ion is considered to be more difficult to react with precipitates. In sole MeCN, MeCN-
H20, and MeCN-MeOH mixed solvent, the precipitation of sodium 1,3,6-naphthalenetrisulfonte
took place to a larger extent than that of lithium 1,3,6-naphthalenetrisulfonate (Chapter 3).
However, in acetone, the Li" ion has a stronger tendency than Na® to associate with
diphenylphosphate ion [15]. No apparent interaction between Na*™ and L2 is observed in 20%

MeOH.
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5.3.2. Specific interactions between 1,4-naphthalenedicarboxylate (L*) and alkaline earth metal
ions (Mg?*, Ca?*, Ba") in MeCN-H,0 mixtures.

0.5 . |

(1-—) 0 mol dm ?

04

0.3

Absorbance

0.2§"

200 o300 100
Wavelength / nm

Fig. 5.5. UV spectra of 1.0 x 10 mol dm2 1,4-naphthalenedicarboxylate ion (0.1 cm path-length) with

increasing concentration of Mg(ClO4)2 in MeCN containing 5.0% (v/v) H20.
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Precipitation Re-dissolution

Scheme 5.2. Successive formation of ML and M;L?* (M = Mg, Ca, Ba) for 1,4-naphthalenedicarboxylate in

MeCN containing 2.0% and 5.0% H-0.

Fig. 5.5 shows the spectral changes of 1.0 x 10~*mol dm= L? with increasing concentration
of Mg(ClOa): in 5.0% H.0-MeCN. Firstly, the absorbance of L2~ decreases gradually, the peak at
228 nm almost disappears at the equivalent point of Mg?*, the absorbance begins to increase with
addition of 5.0 x 10 mol dm= Mg%, finally a “reverse-coordinated” species of Mg,L?*
completely forms by a large excess concentration of Mg?* (Scheme 5.2).

Fig. 5.6 shows the precipitation and the successive re-dissolution of MgL in MeCN-H.O (2.0
— 15%) mixtures. Complete precipitation occurs at 2.0 and 5.0% H20. In 2.0% H.O-MeCN, the
absorbance minimum appears at 5.0 x 10~° but not 1.0 x 10~* mol dm= Mg?*, may be due to the
low solubility of formed species, MgL,>. With increasing content of water, the solubility of

116



Chapter 5

precipitation increases: the pKsp values are 10.21, 10.00 and 8.34 for 2.0, 5.0 and 10.0% H2O,

respectively (cf. Table 5.2). No apparent interaction is observed in 15% HO.

Absorbance

03 2 10
Log [c(Mg(ClO,),) / mol dm™]

Fig. 5.6. Absorbance (Amax = ca. 228 nm) of 1.0 x 10-*mol dm-2 1,4-naphthalenedicarboxylate ion in the presence

of Mg(ClQOa4)2 in MeCN-H20 mixtures: (0) 2.0; (¢) 5.0; (&) 10; (A) 15% of H20 (v/v).
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Fig. 5.7. Absorbance (imax = ca. 228 nm, 0.05 cm path-length) of 1.0 x 102 mol dm3 14-
naphthalenedicarboxylate ion in the presence of Mg(ClO4), in MeCN-H20 mixtures: (o) 10; (®) 15; (A) 20% of

H20 (v/v).

However, the precipitation between 10-fold concentration of 1.0 x 10~ mol dm= L2 and
Mg?* could be observed in 15% H,O (Fig. 5.7). By performing experiments with higher
concentration of L2, we can obtain the equilibrium constants in mixtures containing a larger
amount of H20. The solubility product of MgL and formation constant of MgzL2* in 15% H.0 are
given to be 6.52 and 6.03, respectively (Table 5.2). Meanwhile, the equilibrium values evaluated

from different L% concentration in 10% H,O are well consistent.
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0.5
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Fig. 5.8. Absorbance (Amax = ca. 228 nm) of 1.0 x 10-*mol dm-21,4-naphthalenedicarboxylate ion in the presence

of Ca(ClO4); in MeCN-H,0 mixtures: (o) 2.0; () 10; (A) 15; (A) 20% (v/v) of H20.
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Fig. 5.9. Absorbance (imax = ca. 228 nm, 0.05 cm path-length) of 1.0 x 102 mol dm3 14-
naphthalenedicarboxylate ion in the presence of Ca(ClO4); in MeCN-H20 mixtures: (o) 20; (o) 30% (v/v) of

H20.

As well, the L2 absorbance minimum appears at an half equivalent amount of Ca?* (5.0 x
10~ mol dm~®) in 2.0% H.O (Fig. 5.8), and the precipitates of CaL would not be re-dissolved by
the addition of a large excess concentration of Ca®*. In 10% H,0, precipitation occurs completely
and CaL partially re-dissolves to CapL2* by the addition of 1.0 mol dm=Ca?*. In 15% H,0-MeCN,
the precipitation becomes incomplete but still take place to a large extent. Even 15% H>0 only
affect the precipitate on a small scale, the pKsp values of CaL in 2.0, 10, and 15% H-O are given
to be 10.57, 10.41, and 9.51, respectively. However, the re-dissolution is largely promoted by 15%
H.0, the precipitates are almost completely re-dissolved by the addition of 1.0 mol dm= Ca?*

(Scheme 5.2). 20% H-0 inhibits the specific interaction between Ca?* and L?". The equilibrium
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constants in 20% H»O are obtained as 7.81 and 5.29 for pKsp and log K> (cf. Table 5.2) by observing
the interaction of 1.0 x 10~ mol dm= L? with Ca®" of wide concentration range, which

precipitation actually takes place to a larger extent in 20% H2O (Fig. 5.9).

Absorbance
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Log [¢(Ba(ClO,),) / mol dm™]

Fig. 5.10. Absorbance (Amax = ca. 228 nm) of 1.0 x 10* mol dm2 1,4-naphthalenedicarboxylate ion in the

presence of Ba(ClOa4)2 in MeCN-H20 mixtures: (0) 2.0; () 10; (A) 15; (A) 20% (v/v) of H0.

Absorbance

0" -3 -2 o1
Log [c(Ba(ClOy),) / mol dm™]

Fig. 5.11. Absorbance (Amax = ca. 228 nm, 0.05 cm path-length) of 1.0 x 102 mol dm=3 14-
naphthalenedicarboxylate ion in the presence of Ba(ClO4), in MeCN-H20 mixtures: (o) 15; () 20; (a) 30%

(v/v) of H20.

The precipitation extent of BaL is smaller than that of CaL (Fig. 5.10). In 10% H>O-MeCN,
the precipitates of BalL re-dissolves to BayL?* (Scheme 5.2) completely. In 15% HO, the
precipitation of BaL slightly takes place, the solubility products of CaL and BaL are evaluated as
9.50 and 7.30 (cf. Table 5.2), respectively. However, it have been observed that the precipitation

interactions of barium with diphenylphosphinate and 1,5-naphthalenedisulfonate could take place
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to a larger extent than that of Ca?*. The effect of Ca?* on formation of the trityl cation from trityl
halides were exceptionally large than Ba?* [19]. The equilibrium constants in higher content of
water as 20% and 30% can be obtained by performing the experiment in 1.0 x 103 mol dm™3L*
(Fig. 5.11 and Table 5.2).

In previous study [16], the coordination ability of 3- and 4-nitrophthalate ions with Mg?*,
Ca?" and Ba®* have been examined in MeCN. The precipitation extent increases in the order of
Ba’** > Ca** > Mg**. However, the precipitation of 1,4-naphthalenedicarboxylate with alkaline
earth metal ions is as the order of Ca?* > Ba?* > Mg?" (cf. Table 5.2). Reversely, the “reverse”

coordination ability increases in the order Ca?* < Ba** < Mg?*.

5.3.3. Specific interactions between 2,3-naphthalenedicarboxylate (L?") and alkali metal ions (Li*,

Na™*) in MeCN-H,0 mixtures.

0.6 R I
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0.5 E3 350 % 1047
_ (4—) 1.0 X 107 1
g 04 ES_] 1.0 % 1074
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Fig. 5.12. UV spectra of 1.0 x 10 mol dm2 2,3-naphthalenedicarboxylate ion (0.1 cm path-length) with

increasing concentration of NaClO4 in MeCN containing 5.0% (v/v) H20.

The 2,3-naphthalenedicarboxylate ion (1.0 x 10 mol dm™®) gives a strong peak at around
239 nm (e/cm™ mol™ dm? = ca. 5.4 x 10*) in MeCN containing with 5.0% (v/v) H20, which is
shown in Fig. 5.12. With increasing concentration of NaClOa, the absorbance gradually decreases
but never recovers again, the absorbance appears as 0.184 at 1.0 mol dm= Na*. The additional
water inhibits the interaction between ions, more sodium ions needed to form precipitates. From
other point of view, it also proves that ionic strength cannot affect the association of NazL in this

system.
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Fig. 5.13 shows the precipitation and the successive re-dissolution of Na;L in MeCN-H20
(2.0 — 10%) mixtures. In 2.0% H0, the L?~ absorbance decreases with increasing concentration
of NaClOs, and reaches its minimum at 0.5 mol dm™ Na*, the precipitates of Na,L cannot be
completely re-dissolved by 1.0 mol dm= Na*. The solubility products in 2.0 and 5.0% HO are
given to be 11.87 and 11.43, respectively (cf. Table 5.3). No apparent interaction is observed in

10% H20.

Absorbance
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Fig. 5.13. Absorbance (Amax = ca. 239 nm) of 1.0 x 104 mol dm2 2,3-naphthalenedicarboxylate ion in the

presence of NaClO4 in MeCN-H20 mixtures: (o) 2.0; () 5.0; (A) 10% (v/v) of H>0.
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Fig. 5.14. Absorbance (Amax = ca. 239 nm) of 1.0 x 10* mol dm2 2,3-naphthalenedicarboxylate ion in the

presence of LiClO4 in MeCN-H>0 mixtures: (o) 2.0; () 5.0; (A) 10% (v/v) of H.0.

Fig. 5.14 shows the specific interaction between lithium ion and L% in MeCN-H20 (2.0 —
10%) mixtures. The precipitates of LiL, could take place in 2.0 and 5.0% H-O, but cannot be re-
dissolved by an excess amount of Li*. In 2.0% H,0, the absorbance minimum of L2~ shows as

0.105 at 0.5 mol dm= Na* but 0.057 at 1.0 mol dm~3 Li*. 10% H.O.inhibits the interaction between
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Li* and L%,

5.3.4. Specific interactions between 2,3-naphthalenedicarboxylate (L>) and alkaline earth metal

ions (Mg?®*, Ca?*, Ba®*) in MeCN-H,O mixtures.

The precipitation and the successive re-dissolution of MgL in 2.0 — 10% H>O-MeCN is shown
in Fig. 5.15. Incomplete precipitation occurs at 2.0 and 5.0% H20. In 2.0% H.O, the absorbance
minimum appears at an equivalent amount of Mg?* (1.0 x 10~ mol dm™3), the precipitates of MgL
successively re-dissolves to Mg.L?" with addition of an excess amount of Mg?* (Scheme 5.3).
With increasing content of water, the solubility of precipitates increases: the pKsp values are 8.82,
8.29 for 2.0, 5.0% H-0, respectively (cf. Table 5.4). No apparent interaction is observed in 10%
H20.
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Fig. 5.15. Absorbance (Amax = ca. 239 nm) of 1.0 x 10* mol dm2 2,3-naphthalenedicarboxylate ion in the

presence of Mg(ClOa)2 in MeCN-H20 mixtures: (0) 2.0; () 5.0; (a) 10% (v/v) of H2O.
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Scheme 5.3. Successive formation of ML and M,L?* (M = Mg, Ca, Ba) for the 2,3-naphthalenedicarboxylate
ion.
Fig. 5.16 shows the precipitation and the successive re-dissolution of CaL in the binary

MeCN-H20 (10 — 50%) solvents. In 10% H20O, the calcium ion has been found to cause the
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complete precipitation at an equivalence to L, however, CaL precipitates have never re-dissolved
by a large excess amount of CaClO4. In 20% H.0, Ca?* can react with L% to cause partial
precipitation of CaL. The absorbance minimum of 0.099 is given in the presence of 2.0 x 10~ mol
dm=Ca?", the “reverse-coordinated” species cannot be formed by 1.0 mol dm=Ca?* even in 20%
H20. The precipitation of CaL only occurs slightly at 1.0 x 103 and 1.0 x 102 mol dm= Ca?* in
30% H20. The solubility product of CaL for 2,3-naphthalenedicarboxylate ion is given as 10.37
(cf. Table 5.4), which is close to the value of 10.41 for 1,4-naphthalenedicarboxylate ion (cf. Table
5.2). However, the interaction between Ca?* and 1,4-naphthalenedicarboxylate ion is totally
inhibited in 20% H>O-MeCN, though slight precipitation for 2,3-naphthalenedicarboxylate ion

could take place in 30% H,0. No apparent interaction of L2~ with Ca" is observed in 50% H-0.

P
ff— T T T T T T T T 3
L

0.6
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Fig. 5.16. Absorbance (Amax = ca. 239 nm) of 1.0 x 10* mol dm2 2,3-naphthalenedicarboxylate ion in the

presence of Ca(ClOa4)2 in MeCN-H20 mixtures: (o) 10; (@) 20; (A) 30; (A) 50% (v/v) of H20.

Fig. 5.17 shows the UV spectral changes of 2,3-naphthalenedicarboxylate ion with increasing
concentration of Ba(ClO4).. When Ba(ClOx); is added to the solution, the L2~ absorbance gradually
decreases, and the peak reaches its minimum at 2.0 x 10 mol dm=3, accompanying white
precipitates (BaL). The solubility of BaL is very small, showing partial re-dissolution by the
addition of 1.0 mol dm= Ba?*, which can also be seen in Fig. 5.18. The “reverse-coordinated”
species of Ba;L2* formed from BaL is shown in scheme 5.3.

Fig. 5.18 shows the precipitation and re-dissolution of BaL in MeCN-H20 mixtures. In 10%
H.0, the precipitation completely takes place between Ba?* and L, and could not be re-dissolved
by the addition of 1.0 mol dm= Ba?*. With increasing content of H,0, the precipitation becomes

incomplete, and the re-dissolution is promoted (cf. Table 5.4). No apparent interaction is observed
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in 50% H20.
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Fig. 5.17. UV spectra of 1.0 x 10 mol dm-2 2,3-naphthalenedicarboxylate ion (0.1 cm path-length) with

increasing concentration of Ba(ClO4), in MeCN containing 10% (v/v) H2O.
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Fig. 5.18. Absorbance (imax = ca. 239 nm) of 1.0 x 10* mol dm=2 2,3-naphthalenedicarboxylate ion in the

presence of Ba(ClO4)2 in MeCN-H20 mixtures: (o) 10; () 20; (a) 30; (A) 50% (v/v) of H0.

5.4. Conclusion

In the present study, the specific coordination of alkali metal (M*) or alkaline earth metal ions
(M?*) with the 1,4- and 2,3-naphthalenedicarboxylate ions have been observed in MeCN-MeOH
and MeCN-H0 binary mixtures. We have demonstrated that the precipitation of the non-charged
species, i.e. ML and ML and the successive formation of the “reverse-coordinated” species (MsL"
and ML) take place in aprotic-protic solvents. The interaction behaviors suggest that the “reverse”
coordination should increase in the order of Li* < Na* and Ca?* < Ba?* < Mg?*, showing difference
from the results of previous study (Chapter 2, 3 and 4). Even in 30% H-0, the precipitation of CaL
or BaL (1.0 x 10* mol dm 2,3-naphthalenedicarboxylate) could take place. However, 20% H.0
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totally inhibits the interaction be observed between Ca?* or Ba?* and 1.0 x 107 mol dm=1,4-
naphthalenedicarboxylate. The “reverse” coordination constants (log Kz, log Kz) have been
successfully evaluated for all the systems. By performing the experiment with higher concentration
of L% (1.0 x 102 mol dm=2), we can obtain the equilibrium constants in the solvents of higher

content H20.

Table 5.1 Precipitation and re-dissolution reactions of 1.0 x 104 mol dm—1,4-naphthalenedicarboxylate ions

with Li*and Na* ions in MeCN-MeOH mixtures.

) Equilibrium MeCN-MeOH (v/v, MeOH %)
Metalions Constants® 2.0 5.0 10 15 20
o o A No
(PKsp) 11.64 13.27 10.54 -
Li (PKsp)° 11.78 13.41 10.68 -
O O O No
log Ks 7.28 9.43 6.73 -
o o A No
(PKsp) 13.07 12.17 9.24 -
Na* (PKsp)° 13.21 12.31 9.38 -
O O O No
log Ks 8.81 8.06 5.31 -

Explanatory notes: Solid circles and triangles represent apparent complete and partial precipitation, respectively.
The complete precipitation means here that the absorbance of the “ligand” anion (L?) reaches < 1/10 of the
initial value at the equivalent or any amount of a metal ion. Open circles and triangles represent complete and
partial re-dissolution of precipitation, respectively. The mark “No” indicates no precipitation or no re-dissolution.

A MCIQ,.

b Solubility products (Ksp) and “reverse” coordination constants (Ks), cf. the Experimental section in Ref. [16].
The uncertainties (errors) in Ksp values and “reverse” coordination constants may be less than £0.01 and +0.05,
respectively, in this table and Tables 5.2 — 5.4.

¢ Thermodynamic solubility products (Ksp) corrected with the activity coefficients of ions. The mean activity

coefficients of ions are evaluated from the limiting Debye—Huckel equation, log y: = -A[Z+ Z | 2172, cf. Ref. [34].

Table 5.2 Precipitation and re-dissolution reactions of 1.0 x 104 or 1.0 x 103 mol dm3 14-
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naphthalenedicarboxylate ions with alkaline earth metal ions in MeCN-H2O mixtures.

Metal ions Equilibrium MeCN-H20 (v/v, H20 %)
(mol dm=)° Constants” 20 5.0 10 15 20 30
[ o A No
Mg (PKsp) 10.21 10.00 (8.34) -
10104 (PKsp)° 10.57 10.34 (8.65) -
O O O No
log K2 7.81 7.92 (7.59) -
A A No
Mg? (PKsp) 7.77 6.52 -
(L0 109 (PKsp)© 8.77 7.44 -
O O No
log K2 6.70 6.03 -
[ o A No
Cat* (pKsp) 10.57 10.41 9.5 -
(PKsp)° 10.93 10.72 9.79 -
(1.0x 104 No N o No
log K2 - 6.09 6.34 -
A No
Ca2* (pKsp) 7.81 -
(L0 x 1079 (PKan) 567
A No
log K> 5.29 —
[ [ A No
Ba2* (PKsp) 10.43 9.71 (7.30) -
(L0 109 (PKsp)® 10.79 10.02 (7.59)
No O O No
log Ko — 6.51 — —
A A No
Ba2* (PKsp) 8.17 6.83
(L0 %109 (PKsp)° 9.09 7.69 -
AN O No
log Kz 5.74 4.80 -

For the Explanatory notes, cf. Table 5.1.

2 M(CIO4)z.
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® Solubility products (Ksp) and “reverse” coordination constants (K3), cf. the Experimental section in Ref. [16].
¢ Cf. Table 5.1, note c for the thermodynamic solubility products (Ksp) corrected with the activity coefficients of

ions.

Table 5.3 Precipitation and re-dissolution reactions of 1.0 x 104 mol dm 2,3-naphthalenedicarboxylate ions

with Li* or Na* ion in MeCN-H,0 mixtures.

Metal Equilibrium MeCN- H20 (v/v, H20 %)
ions? Constants® 20 50 10
A A No
(pKsp) 11.73 11.48 -
Li* (PKsp)® 11.86 11.61 -
No No No
log K3 - _ _
A A No
(pKsp) 11.87 11.43 -
Na* (PKsp)© 12.00 11.56 -
No No No
log K3 - _ _

For the Explanatory notes, cf. Table 5.1.

A MCIQ,.

® Solubility products (Ksp) and “reverse” coordination constants (Ks), cf. the Experimental section in Ref. [16].
¢ Cf. Table 5.1, note c for the thermodynamic solubility products (Ksp) corrected with the activity coefficients of

ions.

Table 5.4 Precipitation and re-dissolution reactions of 1.0 x 10 mol dm= 2,3-naphthalenedicarboxylate ions

with alkaline earth metal ions in MeCN-H>O mixtures.

Metal Equilibrium MeCN- H20 (v/v, H20 %)
ions* Constants” 2.0 5.0 10 20 30 50
A A No
(PKsp) 8.82 8.29 -
Mg?* (PKsp)° 9.18 8.63 -
O O No
log K> 6.52 7.18 -
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([ ) A A No

(PKsp) 10.37 9.41 7.23 -

Ca* (PKsp)° 1068 968 7.47 _
No A O No

log K> - 5.17 4.96 -

([ ) A A No

(PKsp) 9.34 8.77 8.20 -

Ba’* (PKsp)® 9.65 9.04 8.44 -
No A O No

log K> — -~ 5.58 -

For the Explanatory notes, cf. Table 5.1.

3 M(CIO4)..

® Solubility products (Ksp) and “reverse” coordination constants (Kz), cf. the Experimental section in Ref. [16].
¢ Cf. Table 5.1, note c for the thermodynamic solubility products (Ksp) corrected with the activity coefficients of

ions.
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Chapter 6 Summary

This study have examined the coordination ability of alkali metal (M™), alkaline earth metal
(M?*) and indium ions with the common ligand of sulfonates, phosphates and carboxylates not
only in aprotic solvent but also protic solvent as primary alcohols and binary protic-aprotic
solvents, through observing the specific coordination phenomena of those metal ions and the
Conjugate Anions. The obtained results are as follows:

1. Regardless in aprotic solvent MeCN, mono-, di- or tri- sulfonates can interact with alkaline earth
metal ions to form precipitates and “reverse-coordinated” species even in primary alcohols of
relatively high donicity.

2. The coordination ability of M*and M?* ions with diphenylphosphinate, diphenylphosphate, and
bis(4-nitrophenyl)phosphate ions has been confirmed not only in sole MeCN but also in the binary
solvents with H>O, MeOH, and EtOH.

3. In binary MeCN-MeOH and MeCN-H0O, the specific interaction could take place between M*,
M?* and 1,4- or 2,3-naphthalenedicarboxylate ions to different extent.

4. The coordination force also attributed to the higher ion-aggregation in addition to coulombic
forces.

5. The “reverse” coordination formation constants have been successfully evaluated for all systems.
6. Based on the direct interaction between metal ions and the anion species deviated from
substrates, the results may give an important clue to recognize the kinetic mechanism in hydrolysis

reactions under “non-aqueous solvent conditions” or in biological systems.
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