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SCOPE AND OBJECT OF THE RESEARCH 

Fundamental research on non-aqueous electrolyte solutions has catalysed their 

wide technical applications in many fields. Non-aqueous electrolyte solutions are actually 

competing with other ion conductors, especially at ambient and at low temperatures, due 

to their high flexibility based on the choice· of miiiierous solvents, . additives, and 

electrolytes with widely varying ·properties. High-energy primary and secondary 

batteries, wet double-layer capacitors and supercapacitors, electrodeposition and 

. electroplating are some devices and processes for which the use of non-aqueous 

electrolyte solutions has brought the biggest success.1
-
2 Other fields where non-aqueous 

electrolyte solutions are broadly used include electrochromic displays and smart 

windows, .photoelectrochemical celis, electromachining, etching, polishing, and 

electrosynthesis. In spi~e of wide technical applications, our understanding of these 

systems at a quantitative level is still not clear. The main reason for this is the absence of 

detailed ~ormation about the nature and strength of ion-molecular interactions and their 

influence on structuraJ and dynamic properties of non:-aqueous electrolyte solutions~ 

Studies of transport. properties of electrolytes, along with thermodynamic and 

compressibility studies, give very valuable information about ion-ion and ion-solvent 

interactions in solutions. 3 The influence of these ion-solvent interactions is sufficiently 

large to cause dramatic ·changes in chemical reactions involving ions. The changes in 

ionic solvation have important applications in such diverse areas as organic and inorganic 

(. 
/ 
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synthesis, studies of reaction mechanisms, non-aqueous ba~ery technology and 

extraction. 2(b), 4 

As a result of extensive studies in aqueous, non-aqueous and mixed solvents, it 

has become increasingly clear that the majority of the solutes is significantly modified by 

all solvents. Conversely, the nature of strongly structured solvents, like water; is 

substantially modified by the presence of solutes. 5 

1.1 CHOICE OF THE MAIN SOLVENT USED 

. The study of alkoxy'ethanol, in general, is of interest because of their wide use as 

solvents. and solubiliZing agents in many industries with inierests ranging from 

pharmaceutical to plastic products. 

In recent years, 2-methoxyethanol (ME) - commonly known as methyl cellosolve 

- has'· drawn ··much attention as a solvent medium for various electrochemical 

investigations a_s well as for various industrial processes.6
'
7 It figures prominently in the 

surface coating industry and also as an anti-freeze agent in the petroleum industry. It is an 

amphiprotic dipolar solvent oflow dielectric constant (E =16.94 at 298.15 Kf with large 

dipole moment (1-1 =2.36 D).8 ME could be considered as a moderate Lewis acid,9 and is 

a probable solvent for anions through its hydrogen-bonding network and dipole-induced 

reactions. It also has unique solvating properties associated with its quasiaprotic 

character. 10 
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Even though ME has drawn much focus in recent years as a solvent for 

eh~ctroanalytical investigations, ll-li still more studies on the electrolytic behaviour in this 

non-aqueous medium can be explored. Therefore, we have embarked on a series of 

investigations on ME to study the chemical nature of the structure of ions and their 

mutual and specific interactions with solvent molecules by studying the transport and 

thermodynamic properties of some selected electrolytes in ME: 

1.2 SCOPE OF THE WORK 

The object of the present work is therefore to elucidate the nature of various 

interactions of some common alkali and other important salts such as 

tetraphenylarsonium chloride (PMsCl), tetraphenylphosphonium . chloride (Pl4PC1), · 

tetraphenylphosphonium bromide (P14PBr), tetraphenylarsonium picrate (PMsPic), etc., 

in non-aqueous solvents having low _dielectric constants such as 2-methoxyethanol 

(~=16.94 at 298.15 K),7 and 1,2-dimethoxyethane (E= 7.08 at 298.15 K),22 from 
. . 

volumetric, viscometric, cotiductometric, interferometric and FT-Raman '-spectral 

measurements. -The available data have been utilised to examine the solvation phenomena 

of ions and ion-pairs in the non-aqueous- solvents. The assessment of ion pairing in these 

systems is important because of its effect on the ionic conductivity. 

Our further objective is to study the interaction between ME and a solvent of 

moderate dielectric constant, N,N-dimelthylacetamide (DMA), as well as ME and a 
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.solvent of very high dielectric constant, N-methylacetamide (NMA). More information 

about these two solvents, and L,2-dimethoxyethane (DME) are given in Chapter 2. 

1.3 METHODS OF INVESTIGATIONS 

The phenomenon of ion-solvent interactions and solvation is intriguing. It is 

desirable to attack this problem using different· experimental techniques. We have, 

therefore, employed five important methods, namely, conductometry, Viscometry, 

densitometry, ultrasonic interferometry and spectrophotometry to probe the problem of 

solvation phenomena. 

Thermodynamic properties, like partial molar· volumes obtaii:ted from density 

measurements, are ge~erally convenient . parameters for interpreting solute-solvent and 

solute-solute interactions in solution. The compressibility, a second derivative of Gibbs 

energy, is also a sensitive indicator of molecular interactions and can provide useful 

information ·in such cases where partial molar volume data alone cannot provide an 

unequivocal interpretation of these interactions. 

The change in solvent viscosity by the addition of electrolyte solutions is 

.. attributed to interionic and ion-solvent effects. 'The B- coefficients are also separated into 

ionic components by the "reference electrolyte" method and from the temperature 

dependence .of ionic values, a satisfactory interpretation of ion-solvent interactions such 

; . 
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as the effects of solvation, structure-breaking or structure-making, polarization, etc, may 

be gi~en. 17 

The transport properties in most cases are studied using the conductance data, 

especially the conductance at infinite dilution. Conductance data obtained as a function of 

concentration can be used to study the ion-association with the help of appropriate 

equations. 

1.4 A SUMMARY OF THE WORK DONE 

~~ This dissertation consists of ten chapters, including the present one which is 

Chapter I. 

Chapter IT giv~s a general background to the area of the present work. It presents 

a brief review of significant work done earlier in the field of solvation phenomena and 

ion-solven~ interactions. Beginning with a short note on the importance of solution 

chemistry, it discusses the thermodynamics of ion-pair formation, viscosity and 
.• •• 'J 

conductance studies, ion-association together with single-ion conductance Values, 

apparent and partial molar volumes and also ultrasonic velocity measurements, in more 

detail. It also contains a brief note on the recent research in these areas and ends with an 

account of the notable earlier works done on the solvents investigated, namely, 2-

.rp~tl10xyethanol, N-methylacetamide, N,N-dimethylacetamide and 1,2-dimethoxyethane. 

·-y 
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Chapter ill details the information about the vanous chemicals used, their 

methods of preparation and purification, and a brief description of the experimental 

techniques employed. 

Chapter IV presents the thermodynamics of association processes of potassium 

picrate, potassium tetraphenylborate, tetrabutylammonium tetraphenylborate and 

tetraphenylarsonium picrate in 2-methoxyethanol at four different temperatures (288.15, 

293.15, 298.15 and 308.15 K). The conductance data have been analysed by the 1978 

Fuoss equation. From the ultrasonic velocity measurements, isentropic· compressibility 

data and limiting apparent . molar isentropic compressibilities have been calculated. The 

results are interpreted in terms of electrostriction of the solvent molecules and penetration 

of the solvent molecules into the larger solute ions, and their influence on the 

compressibility of the medium . 

. Chapter. · V deals with the thermodynamics of ionic association of 

tetraphenylarsonium chloride, tetraphenylphosphonium chloride, 
.. 

tetraphenylphosphonium bromide, lithium tetrafluoroborate, and sodium tetrafluoroborate 

in 2~methoxyethanol, at 288.15, 293.15, 298.15 and 308.15 K, known from their 

conductivity measurements. FT~Raman spectral analysis substantiates the moderate ion-
.. -· .. 

pair formation of these electrolytes, as indicated by the conductance studies. 

In Chapter VI, we report the ultrasonic velocities and isentropic compressibilities 

of the salts mentioned in Chapter V, in 2-methoxyethanol, at 288.15, 298.15 and 
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308.15 K. Apparent molar isentropic compressibilities are derived from these data 

supplemented by their densities. The results have been interpreted in terms of specific 

constitutional and structural factors of the solvent molecules and solute ions. 

Chapter Vll studies the solvation phenomena of sodium perchlorate, sodium 
.. 

tetrafluoroborate and -sodium tetraphenylborate in 1,2-dimethoxyethane at 298.15 K, 

through conductance, viscosity, ·ultrasonic · velocity and FT-Raman spectral 

measurements. 

Chapter VIII compares the excess molar volumes, viscosity deviations and 

isentropic compressibility changes of N-methylacetamide and 2-methoxyethanol on the 

one hand, and, ofN-methylacetamide and water, on the other. The observations made are 

interpreted in terms of intermolecular interactions and dispersion for:ces. 

Chapter IX analy~es the excess molar volumes, viscosity deviations and isentropic 
:- . ·j . 

compressibilitY changes of N,N-dimethylacetamide and 2-methoxyethanol, on the one 

hand, and, of. N,N-dimethylacetamide and water, on the other. The data obtained are 

interpreted in terms of specific/general interactions between t~e solvent molecules. 

Chapter X contains some con~luding remarks. 

(. 
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GENERAL INTRODUCTION 

•• 
2.1 THE IMPORTANCE OF SOLUTION CHEMISTRY 

One of the interesting facts of solution chemistry is that the exact structure of the 

solvent molecule in a solution is not known with certainty. The introduction of an ion or 
. . 

solute modifies the solvent structure to an extent whereas the solute molecules are also 

modified. The interactions between solute and solute, solute and solvent, and solvent and 

solvent molecules and the resulting ion-solvation become predominant The assessment of 

ion pairing in these systems is important because of its. effect on the ionic conductivity and 

hence the mobilitY of the ions in solution. This explains the spurt in research in solution 

chemistry to elucidate the exact nature of these interactions through experimental studies 

involving conductometry, viscometry, densitometry, spectroscopy, ultrasonic 

interferometry and other suitable methods and to interpret the experimental data 

collected.1
-
7 

. · 

The behaviour of electrolytes in solution depends mainly on ion-ion and ion-

solvent interactions. The former interaction, in general, i~ stronger than the latter. Ion-ion 

interaction in dilute electrolyte solutions is now theoretically well understood, but the ion-

.:. ·· ·solvent interaction or ion-solvation still remains a complex process. 

In the last few decades, considerable emphasis has been placed on research in the 

behaviour of electrolytes in non-aqueous and mixed solvents to investigate the ion-ion 

(solute-solute) and ion-solvent interactions under varied conditions. Different sequences 
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of solubility, differences in solvating power and possibilities of chemical or 

electrochemical reactions unfamiliar in aqueous chemistry have opened new vistas for 

physical chemists and interest in these organic . solvents transcends traditional boundaries 

of inorganic, organic, physical, analytical and electrochemistry. 8 

In ion-solvation studies, broadly three types of approaches have been made to · 

estimate the extent of solvation. The first is the solvational approach involving the studies 

of viscosity, conductance, etc., of electrolytes and the derivation of various factors 

associated with ionic solvation;9 the second is the thennodynamic approach_ by measuring 

the . free energies, enthalpies and entropies of solvation of ions from which factors· 

associated with solvation can be elucidated; 10 and the third is to use spectroscopic 

·measurements where the spectral solvent shifts or the chemical shifts determine their 

qualitative and quantitative nature. 11 

We shall particularly dwell upon the different aspects of transport and 

thermodynamic properties as the present dissertation is intimately related to the studies of 

viscosities, conductances, ultrasonic velocities and spectroscopic properties of some 

important electrolytes in 2-methoxyethanol (ME), and l,2-dimethoxyethane DME), and .in 

. t~e binary mixtures of ME with N-methylace'tamide (NMA) and N,N-dimethylacetamide 

(DMA). 
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2.2 THERMODYNAMICS OF ION-PAIR FORMATION 

The standard Gibbs energy changes for the ion association process, A G0
, can be 

calculated from the equation: 

(I) 

The values of the standard enthalpy change, M/0 
, and the standard entropy change, AS0

, 

can be evaiuated from the temperature dependence of A G0 values as follows: 

AH'; -T'[ d(A~/1) 1 
ASo = -( d~~o) 

p 

The AG 0 values can be fitted with the help of a polynomial of the type: 

AG 0 
:= c0 + c1 (298.15 -1) + C2 (298.15 ~ 1Y 

and tiie coefficients of the fits can be compiled together with the a% values of tpe fits. 

The standard values at 298.15 K are then: 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

The mam factors which· govern the standard entropy of ·ion association of 

electrolytes are: i) the size and shape of the ions, ii) charge density on the ions, iii) 

electrostriction of the solvent molecules around the ions, and iv) penetration of the solvent 
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molecules inside the space of the ions, and the influence of these factors are discussed 

·~ ·later. 

The non-Coulombic part of the Gibbs energy, AG*, can also be calculated using 

h £'. 11 . . . 12 t e 10 QWing equation 

AG* -N w: - A ± (8) 

(9) 

where. the symbols have their usual significance. The quantity 2q/r is the Coulombic part 

of the interionic mean force potential and ~· is its non-Coulombic part. 

The procedure for the evaluation of the .non-Coulombic part of the entropy and 

enthalpy (and AS*andMi*respectively) is the same as that used for obtaining AS0 and 

The AG* values at different temperatures can be fitted to the polynomial: 

(10) 

and the coefficients of the fits along with the u% values can.be determined. 

The values of AG* ,AS• ,and m• at 298.15 K are then easily obtained from the 

following equations: 

(11) 
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2.3 VISCOSITY 

A cr• • 
Lhl29s.ts = cl 

14 

(12) 

(13) 

Although viscosity is not a thermodynamic property~ together with the partial 

molal volume V2, it gives much information regarding the ion-solvent .interactions, 

structures of electrolytic solutions and solvation. Jones and Dole
13 

suggested the first 

quantitative, empirical relation correlating the relative viscosities ( 'llr) of the electrolytes 

and their molar concentrations (c) : 

'llr = 1 + Ac112 +Be (14) 

The equation reduces to 

('llr- 1)/ c112 
= A+ B c112 (15) 

where A and B are ·consta.ilts specific to ion-ion and ion-solvent interactions respectively. 

The equation is· equally applicable to aqueous and non-aqueous systems where there is no 

ion-a~sociation. The term Ac 112
, arose from the long range coulombic forces between the 

ions. The significance of the term has· since been realized due to the development of . 

Debye-Huckel theory1
4(a) of interionic attractions, Falkenhagen's theoretical calculations 

of 'A' using the equilibrium theory1
4(b),(c) and the theory of irreversible processes in 

electrolytes developed by Onsagar and Fuoss. 1
4(d) 
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The 'A' coefficient depends on the ion-ion ·interactions and can be calculated 

using the Falkenhagen-Vernon equation1
4(e) 

0.2577 A
0 

[ 
At~I- -

eo 'llo (ET)l/2 "-+o A _o 
1-0.-6863 (16) 

where A0
, 4° and A _0 are the limiting conductances of the electrolyte, cation and anion 

respectively, at temperature T; f is the diel~ctric constant and 11o is the viscosity of the 

solvent. For most solutions this equation is valid up to 0.1 M. 15
• 

16 

2.3.1 Division ofB- Coefficients into Ionic Values 
. . 

In order to identify the separate contributions of cations and anions to the total 

solute-solvent interactions, the B-coefficients as determined by Jones-Dole's equation has 

to be, -resolved into ionic components. For this Cox and Wolfenden, 17 Gurney, 18
, Sacco et · 

a/, 19 Tuan and Fuoss, 20 arid several au~ors used different approximations and 

assumptions for different systems. For example, Sacco et al19 proposed the widely used 

'reference electrolyte' method. Thus, for PhJPBP14 in water, we have, 

(17) 

BPhfBPhJs obtained from, 

BPh,.PBPht,. = BNaBPh1/ BPh.t,.PBr - BNaBr (18) 

.145865 0 2 JAN ~GJ2 



16 

(since Ph4PBP14 is scarcely soluble in water). These values are in good agreement with 

those obtained by other methods. 

However, according to Krumgalz21 it is impossible to select any two ions for 

which A..t-0 =A. _0 in all solvents and at proper temperatures. Also, even if the mobilities of 

some ions are equal at infinite dilution, they are not necessarily equal at moderate 

·-
concentrations. Further, equality of ionic dimensions does not necessarily imply equality 

of B-coefficients of these ions, as they are likely to be solvent and ion-structure 

dependent. 
......... 

. / 

Krumgalz proposed a method22 based on the fact that the large 

tetraalkylammonium ions are not solvated in organic solvents. So, the ionic B- values for 

large ~ ions (where R ~ Bu) in organic solvents are proportional to their ionic 

dimensions. 

(19) 

where, a = Bx- and b IS a constant independent of temperature and solvent nature. 

Extrapolation of the plot ofBR-+NX (R > Pr or Bu) against ?R
4

N+ to zero cation dimension 
.. 

gives B£ directly in the proper solvent from which other ionic B-values· can be calculated. 
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Ionic B-values can _also be calculated from the following equations: 

(20) 

and 

(21) 

The radii of the tetraalkylammonium ions have been calculated from the accurate 

conductance data. 23
. 

On· similar reasoning, Gill and Sharma24 used BU4NBP~ as the reference 

electrolyte and proposed the equations 

and 

BPh B
~ 5.35] 

3 

5.00 
(22) 

(23) 

becau'se the ionic.'radii .of BuX (5.00 A) and of P~ - (5.35 A) have been found to 

remain const~t in different non-aqueous and mixed non-aqueous solvents. Lawrence and 

Sacco25
·_ 

26 used Bu4NBBU4 and P~BP~ as reference electrolytes because these cations 

and anions are symmetrically shaped and have almost equal van der Waals volumes. Their 

results and the conclusions of Thomson et aP1 agreed well with the reported values. 

It is obvious that most of these methods are based on certain approximations and 

anomalous results may arise unless proper mathematical theories are developed to 

calculate B-values. 
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2.3.2 Thermodynamics. of Viscous Flow· 

Feakins et aP8 suggested the following expression 

-o 
Vt 

+ (24) 
1000 1000 

-o -o 
where V1 ·and V2 are the partial molal vol.umes of the solvent and solute respectively, 

AJ..t1 o# is the fre~ energy of activation for viscous flow per mole of the solvent and AJ..l2 ou is 

the contribution per mole of solute to the free energy of activation for the viscous flow of 

the solution. 

2.3.3 Effects of Shape and Size 

Stokes and Mills15 regarded the ions in solution as rigid spheres suspended in a 

continuum-and _proposed'--an equation for· relative viscosity as 

11/11 o = 1+ 2.5 0 (25) 

where 0 is the volume of the fraction occupied by the particles~ However, considering the 

different aspects of the problem, spherical shapes have been assumed for electrolytes 

·having hydrated ions of large effective size (particularly polyvalent monatomic cation). 

Thus combining the above equation with Jones-Dole equation (14), we have 

2.5 0 =A c112 + B c (26) 
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Neglecting A c112 in comparison with B c; and substituting 0 = c Vi , where Vi is the 

partial molal volume of the solute, we get 

(27) 

Assuming that the ions behave like rigid spheres· with effective radii Rt , __ moving in a 

continuum, B± can be equated to 

B± = 2.5 v± = 2.5 x 4/3 1t (R±3 N/tooo) (28) 

R± calculated using (28) should be close to crystallographic radii or corrected Stokes' radii 

if the ions are scarcely solvated and behave as spherical entities. But Rt values of the ions, 

which are higher than the crystallographic radii indicate solvation. 

The number (n) of solvent molecules bound to the ion in the primary solvation 

shell can be caiculated by comparing the Jones-Dole equation with that ofEinstein.29 

. ·j B± = 2.5 (Vi + n Vs) I 1000 (29) 

where Vi is the bare ion molar volume and Vs the molar volume of the solvent. The above 

equation has been used by a number of workers30
-
33 to study the nature of solvation. 

2.4 CONDUCTANCE 

Conductance measurement is one of the most accurate and widely used physical . 

methods for investigating the electrolytic solutions. 8
,3

4
, 

35 Together with transference. 

number determination, it provides an excellent method for obtaining single ion values. In 
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conjunction with viscosity measurements, conductance data gtve much information 

. regarding ion-ion and ion-solvent interaction. 

Onsag~6 was the first to succe~sfully apply Debye-HOckel theory of interionic 

associations. Subsequently, Pitts,37 and Fuoss and Onsag~8• 39 independently worked to 

account for both long and short range interaction~~ As Pitts 'values differed considerably 

from Fuoss ·and Onsagar's values, Fuoss and Hsia40 modified the original Fuoss-Onsagar 

equation. The modified Fuoss-Onsagar equation is of the form35
_ 

A=A0 ..:.. ------ +G(n) (30) 
(1+Ka) 

where G(tca) is a complicated function of the variable. The simplified form 

(31) 

is generally employed in the analysis of experimental results .. Fuoss and Accascina38 made 

further correction of equation (31) taking into consideration the change in the viscosity of 

the solutions and assumed the validity ofWalden's rule. The new equation is 

(32) 

In most cases, however, J2 is made zero, but this leads to a systematic deviation of 

the experimental data from the theoretical equations. 
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. 2.4.1. Ion -Association 

The plot of A versus c112 (limiting Onsagar equation) is used to detennine the 

dissociation or association of electrolytes. If A0
(expt) > A0

(theo) , the electrolyte may be 

regarded as completely dissociated but if · A0
(expt.). < A0

(theo) , the electrolytes may be 

regarded as associated. The difference between A0
(expt.) and A0

(theo) would be 

considerable· with increasing· association. 41 

For strongly associated electrolytes; association constants KA. and __ A0 were 

deteqnined using the Fuoss-Kraus equation42 or Shedlovsky's equation.43 

T(z) 1 
+---X---

A A0 (A0i T(z) 

where, T(z) ~ F(z) ·{Fuoss-Kraus) and 11 T(z) = S(z) (Shedlovsky) 

F(z) = 1-z(1-z (1-z (1- ...... )"112r 112 
)"

112 

and S(z) = 1 + z + ~12 + z3 I 8 + ......... · 

(33) 

(34) 

. (35) 

The plot of T(z) I A against c:'f±2 A I T(z) should be a straight line having an 

intercept of 11 A0 and a slope ofKA I (A0i. When KAis large, there will be considerable 
' . 

uncertainty in the values of A0 and KA determined from the equation (33).· 
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The Fuoss-Hsia conductance equation for associated electrolytes is 'given as 

A= A0
- S (a.c)112 + E (a.c) In (a.c) +It (a.c)- J2 (a..c:l'2- KA Ayl (a.c) (36) 

This equation was modified by Justice. 44 

2.4.2 Ion-Size Parameter and Ionic Association 

In 1978, Fuoss put forward a new conductance equation45 replacing the one he 

.. had formulated three years earlier. He classified the ·ions of electrolytic solutions into 

three categories: (i) those which find an ion of opposite charge in the first shell of the 

nearest neighbours (contact pairs). with rij = a; (ii) those with overlapping Gurney co-

sphe~es (solvent separated pairs); and (iii) those which find no other unpaired ion in ~ 

surrounding sphere of radius R, where R is the diameter of the co-sphere (unpaired ions). 

Thermal motion and forces establish a steady state, represented by the equilibria ·-
. . ·i . 

Solvent -separated Contact 
parr parr 

Neutral 
molecule 

(37) 

From this equation Fuoss derived an expression for the association constant or 

conductometric pairing constant 

(38) 

where, KR describes the formation and separation of solvent-separated pairs by diffusion, 

in and out of the spheres of diameter R around the cations (calculated using the continuum 

,. 
{ . ' 
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theory); Ks is a COI1$tant describing the specific short range ion-solvent and ion-ion 

, interactions by which contact pairs form and dissocfate. 

The details of the calculations are presented in the 1978 paper. The shortcomings 

of the previous papers have been rectified in the present set of equations that are more 

general than the previous ones and can be used inJiigher concentration regions (0.1 N in 

aqueous solutions). 

For a given set of conductivity values ( ci, A i; j = I, ... ,n ), three adjustable 

parameters, the limiting molar conductivity ( A0 
), association constant ( K A ), and the co

sphere diameter ( R, ), are derived from the following set of equations: 

A= p[A0-(I+Rx)+EL] (39) 

p = I...:.a(I-y) (40) 

y = 1-KAcy2f2 (41) 

-In/ = pk I 2(1 + kR) (42) 

P=e2 I Dk9 T (43) 

KA =KR 1(1-a)=KR(1+K8 ) (44) 

where Rx is the relaxation field effect, EL is the electrophoretic countercurrent, k-1 is 

the radius of the ion atmosphere, D is the dielectric constant of the solvent, e is the 

electron charge, k 9 is the Boltzmann constant, y is the fraction of solute present as 

unpaired ion, cis the molarity of the solution, f is the activity coefficient, T is the 
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temperature in absolute scale, and p is twice the Bjerruin distance. The computations can 

be performed on a computer using the programme suggested by Fuoss. 

2.4.3 Limiting Ionic Equivalent Conductances 

The limiting equivalent conductance (A 0)- can be divided into ionic .components 

using the experimentally determined transport number of ions (1±) as follows: 

(45) 

However, accurate transference number determinations are limited to only a few 

solvents. Hence, various attempts were made to develop indirect methods to obtain the 

limiting ionic . equivalent conductance, in ionic solvents for which ··experimental 

transference numbers are not yet available. These methods have been well described by 

Walden, <16 Fuoss,47 and Gill.48
_ 

Krumgalz, 49 suggested a new method based on the fact, confirmed 'by NMR 

studies, that the large tetraalkyl (aryl) onium ions are not solvated in organic solvents, in 

the kinetic sense, due to the extremely weak electrostatic interactions between the solvent 

molecules and the large ions with low surface charge density. 

From the consideration of the motion of a solvated ion in an electrostatic field as a . 

whole, it is possible to calculate the radius of the moving particle by the Stokes equation 

fs =I z I F2 I (A 1t N no~0) (46) 
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where A is a coefficient varying from 6- (in the case of perfect sticking) to 4 (in the case of 

perfect slipping). Since the rs values, the real dimensions of the non-solvated tetraalkyl 

(aryl) oDium ions, must be constant, we have 

A± 011 o = constant (47) 

This relation has been tested using the A±~ values determined with precise transference 

numbers. The product becomes constant and independent of the chemical nature of the 

organic solvents for the i-A.m.J3-, Pl4A.s+ and PhJ3- ions and for tetraalkylammonium 
. . . 

cations starting fro!Jl Et$. The relation can also be well utilised to determine A± 0 values 

of ions in other organic solvents from the determined A 0 values. 

We have used BU4NBP14 as the 'reference electrolyte', but instead of equal , 

division, we divided the A 0 values using a method similar to that proposed by Krumgair1 

for division· ofB-values 

5.35 r (PhJ3 ") 

r(Bu$} 
---

5.00 

The r values have b.een taken from the works of Gill et al. 48 

= 1.07 (48) 

The values calculated -by this method seem to be correct in different organic and 

mixed organic solvents. However, in aqueous binary mixtures, the solvation pattern may 

be different and the validity of this equation may be questioned. 
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Recently, Gill et az5° proposed the f~llowing equation 

5.35- (0.0103E-·o + ry) 
---- _;,:-_'~ _______ _ (49) 

A.0(Pl4B) 5.00- (0.0103fo + ry) 

and the ratio is close to 1. 07 as used by us. 

2.4.4 Solvation Number 

An ion has . an electric field or force around it which fades out into a negligible 

value after a short distance (~ 10 A). In other words there is an effective volume within 

which its influence operates. The solvent molecules within this volume may be said to be 

interacting with the ion, resulting in the solvation of the ion. These interactions result in 

the orientation of the solvent molecules towards the ion. The number of solvent molecules 

that are involved in the solvation of the ion is called solvation number. If the solvent is 

water, this is called hydration number. 51 

Depending upon the distance from the ion, we CaD: classify two solvation regions: 

primary and secondary solvation regions. Here we are concerned with the primary 

solvation region. The primary solvation number is defined as the number of solvent 

molecules which. surrender their own translational freedom and remain with the ion,· 

tightly bound, as it moves around, or the number of solvent molecules which are aligned 

in the force field of the ion. 
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If the limiting conductance of the ion i of charge Zi is known, the effective radius 

of the solvated ion can be determined from Stokes' law. The volume ofthe solvation shell 

is given by the equation 

(50) 

where, rc is the crystallographic radius of the ion. The solvation number 11s would then be 

obtained from 

(51) 

Assuming Stokes' relation to hold good, the ionic solvated volume can be obtained, 

because of the packing effects, 52 from 

V o 3 s = 4.35 rs (52) 

where Vs0 is expressed in moVmole and rs in angstroms. However, this method is not 

applicable to ions of medium size though a number of empirical53 and theoretical 

corrections54
' 

55 have been suggested in order to apply it to most of the ions. 

2.4.5 Stokes' Law and Walden's Rule 

The limiting conducta~ce /..j 0 of a spherical ion of r~dius R moving in _a solvent of 

dielectric continuum can be written, according to Stokes' hydrodynamics, as 

(53) 

If the radius R is assumed to be the same in every organic solvent, as would be the case of 

bulky organic ions, we get 

Ai0 flo= 0.8191 Zi I I R =constant . (54) 
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This is known as the Walden rule. 56 The effective radii obtained using this equation can be 

used to estimate the solvation numbers. However, Stokes' radii failed to give the effective 

size of the solvated ions for small ions. 

2.4.6 Recent Conductivity Equations 

From 1992 to 1995, Blum, Turq and co-workers57
"
59 have developed a mean 

spherical approximation (MSA) version of conductivity equations. Their theory starts 

from the same continuity and hydrodynamics equations used in the more classical 

t~eatments; however, an important difference consists in the use of the MSA expressions 

for the· equilibrium and structural properties of the electrolyte solutions. Although the 

differences in the derivation of the classical and MSA conductivity theories seem 

relatively small, it has been claimed that the performance of the MSA equation is good 

over a much wider concentration range than that covered by the classical equations. 

However, no thorough study of the performance of the new equations at the level of the 

experimental ~certainty of conductivity measurement is yet available in the. literature, 

with the exception of a very recent study by Bianchi et a/. 60
(a) They compared the results 

• 0 

obtained, using the old and new equations in order to evaluate their capacity to describe 

the conductivity of different electrolyte solution. Their investigation too is limited to only 

three aqueous salt solutions and the picture is consistent showing a better performance for 

the classical equations as far as the system electrolytes are concerned . 
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In 2000, A. Chandra and B. Bagchi 60
(b) have evolved a new microscopic approach 

, to ionic conductance and viscosity based on mode coupling theory. Their study gives 

microscopic expressions of conductance and viscosity in terms of static and dynamic 

structure factors of the charge and number densities of the electrolyte solution. They 

claim that their new equation is applicable at low as well as at high concentrations and it 

describes the crossover from low to high concentration s~oothly. Debye, Ruckel, 

Onsagar and Falkenhagen expressions c~ be derived from this self-consistent theory at 

the ·limiting, very low ion concentration. For conductance the agreement seems to be 

satisfactory up to 1 M concentration. 

2.5 APPARENT AND PARTIAL MOLAR VOLUMES 

Fundamental properties such as enthalpy, entropy and Gibbs energy represent the 

macroscopic state of the system as an average of numerous microscopic states at a given 

temperature and press~re. An interpretation of these properties in terms of molecular 
. . 

phenomena is generally difficult. Sometimes, higher derivatives of these properties· can be 

interpreted more effectively in terms of ·molecular interactions. For example, the partial 
. . 

molar volume, the pressure derivative of partial molal Gibbs energy, is a useful parameter 

for interpreting solute-solvent interactions. Various concepts regarding molecular 

processes in solutions such as, electr~striction, 61 hydrophobic hydration, 62 micelliz~tion63 

and cosphere overlap during solute-solute interactions18
' 

64 have to a large extent been 

derived and interpreted from the partial molar volume data of many compounds. 
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The apparent molar volumes, cPv, · of the solutes can be calculated using the 

following equation 

cPv = Ml Po - 1000 (p - Po)/cpo (55) 

where M is the molecular weight of the solute, Po and p are the densities of the solvent 

and solution respectively and c is the molarity of the solution. The partial molar volume, 

V2, can be obtained from the equation 

_ 1000- ~ cPv 
V2·= cPv +--------.....--

2000 + c312 (d cPvld c112
) 

d cPv 
1/2 . c -- (56) 

d c112 

Masson65 found that cPv varies with the square root ofthe molar concentration by 

the Iffi.ear equation 

(57) 

where -cPv0 is the apparent molar volume at infinite dilution (equal to the partial molar 

volume at iirlinite dilution) and s*v is the experimental slope. Redlich and Meyer66 have 

sho~. that ·an ~equ~tion of the form of (57) cannot be any more than a limiting law where 

for a given solvent and temperature, the slope Sv * should depend only upon_ the valence 

type. They suggested the equation 

(58) 

where Sv = K w312
, . is the theoretical slope based on molar concentration, including the 

.. vidence factor where 

w=0.5 I: vrZ? (59) 

and 

K = N2 e3 
( 81t I lOOOE 3 RT)112 

[ (olnE /oP)T- f3/3} (60) 
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In equation (60), f3 is the compressibility of the solvent and the other terms have their 

usual significance. 

The Redlich-Meyer's extrapolation equation66 adequately represents the 

concentration dependence of many I: I and 2: I electrolytes in dilute solutions; however, 

studies67 on some 2:1, 3:1 and 4:1 electrolytes show deViations from this equation. Thus, 

for poly-valent electrolytes, the more complete Owen-Brinkley equation68 can be used to 

aid in the extrapolation to infinite dilution and to adequately represent the concentration 

dependency of"'· The Owen-Brinkley equation68 which includes the ion-size parameter, a 

(em), is given by 

cPv = cPv0 + Sv't (Ka) ...J c + 0.5 Wvf) (Ka) c + 0.5 Kve (61) 

where the symbols have their usual significance. However, this equation is not widely 

used for non-aqueous solutions. 

Recently, the Pitzer formalism has been used by Pogue and Atkinson69 to fit the 

apparent molal volume data. The Pitzer equation for the apparent molar volume of a single 

salt MvM:XVx is 

, -~=cPv0 +v I ZMZx I Av/2bln(l+b...JI)+2VMVxRT [mBvMX+m2(VMVx)112 CvMX] (62) 

where the symbols have their usual significance. 
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2.5.1 Ionic Limiting Partial Molar Volumes 

· Most of the existing ionic limiting partial molar volumes in organic solvents wer~ 

obtained by the application of methods developed-for aqueous solutions. For some time, 

the method of Conway et aP0 was widely used .. They plotted the limiting partial molar 

volume, VORirNX for a series of homologous tetraalkylammonium chlorides, bromides and 

iodides with a halide ion in common, as a function of the formula weight of the cation, 

MR,_'W, and obtained straight-line graphs for each series. Their results were claimed to fit 

the equation 

(63) 

and the extrapolation to zero cationic formula weight , ;ave the limiting partial ·molar 

volumes of the halide ions, VOx- . Uosaki et aP1 and later Krumgalz72 applied the same 

meth~d to . rioii-~queous electrolyte solutions in a wide temperature range. In our 

laboratory too. we have used this method for the division of partial molar volumes into the 

ionic components in 2-methoxyethanol. 73 

2.6· ULTRASONIC VELOCITY 

In the last two decades there have been a number of studies on the ultrasonic 

velocities and isentropic compressibilities of liquids, solutions and liquid . mixtures 74 

because .these data provide useful information about molecular interactions, association 

\ 
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and dissociation. Various parameters like molar isentropic and isothermal 

compressibilities, apparent molal compressibility, isentropic compressibility, deviation in 

isentropic compressibility from ideality, etc. can very well be evaluated and studied from 

the measurement of ultrasonic speeds in solutions. Isentropic compressibilities play a vital 

role in characterization ofbinary liquid mixtures. 

2.6.1 Apparent Molal Isentropic Compr~ssibility 

The apparent molal isentropic compressibility, the second derivative of the Gibbs 

energy, is also a sensitive indicator of molecular interactions and can provide useful 

infortnation about these, particularly in cases where partial molal ·volume data alone fail to 

provide an unequivocal interpretation of the interactions. 75
"
78 The isentropic 

compressibility ( Ks) values are calculated using the Laplace equation 

1Cs = 11 (u2p) (64) 

··i 

where 'u' is the sound velocity in solution and p is the solution density. The. apparent 

molal isentropic compressibility(~) of the liquid solution is calculated using the relation 

~ = [(1000/mppo)(KsPo -Ks 0 p)] + Ks Mlpo (65). 

where m is the molality of the solution; 1Cs 0 and Ks are the compressibility coefficients of . 

the solvent and solution respectively. 
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. Plotting of~ against the square-root of the molal concentration of the solutes and 

· extrapolation to zero molal concentration gives the limiting apparent molal isentropic 

compressibility (~0 ) according to the equation75
• 
78 

(66) 

where SK is the experimental slope. 

The limiting molal isentropic compressibility(~~ and the experimental slope (Sk) 

can be interpreted in terms of solute-solvent and solute-solute interactions, respectively. It 
. 

is well established that the solutes causing electrostriction lead to a decrease in the 

compressibility of the solution. 79
• 

80 This is reflected by the negative values of ~ 0 of 

electrolyte solutions. Hydrophobic solutes often show negative compressibilities due to 

the ordering induced by them in the water structure. 63
' 

79
. The compressibility of hydrogen

bonde,d struct4r~, .,however, varies depending on the nature of H-bonds involved,79 the 
. . ·. 

poor fit of the solute molecules81 as well as the possibility of flexible H-bond formation 

causing a more compressible environment (and hence a positive ~0 value) in the aqueous 

medium. Positive ~ 0 values have been reported in aqueous non-electrolytes82 and non-

electrolyte - non-electrolyte solutions. 83 

2.7 SOME RECENT TRENDS IN SOLVATION MODELS 

The last decade (1990 - 2000) witnessed some interesting trends ill development 

of some solvation models and computer software. Based on a vast ~ollection of 
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experimental free energy· of solvation data, C. J. Cramer, D. G. Truhlar and co-workers 

from the University of Minnesota, U.S.A., constructed a series of solvation models (SM1 

- SMS series) to predict and· calculate the free energy of solvation of a chemical 

compound. 84-
88 These models are applicable to virtually any substance composed of H, C, 

N," 0, F, P, S, Cl, Br and /or I. The only input data required are: molecular formula, 

geometry, refractive index, surface tension, Abraham's a (acidity parameter) and P 

(basicity parameter) values, and, in the latest models, the dielectric constant~. Many of 

these parameters for a number of compounds are available in the internet at 

http://comp.chem.umn.edu/solvation. 89 

The advantage of models like SMS series is that they can be used to predict the 

free energy of self-solvation to better than 1 kcallmol. They can also be used to predict the 

vapour pressure at 298.15 K with useful accuracy. They are especially usefi:U when other 

methods are not available. One can also analyse factors like, electrostatics, dispersion, 

hydrogen bonding, etc., using these tools. They are also relatively inexp~nsive and 

available in easy to use computer codes. 

A. Galindo et a/,90
• 

91 have developed Statistical Associating Fluid Theory for 

Variable Range (SAFT-VR) to model the thermodynamics and pha.Se equilibria of 

electrolyte aqueous solutions. The water molecules are modelled as hard spheres with four 

short range attractive sites to account for the hydrogen-bond _interactions. The electrolyte 

is modelled as two hard spheres of different diameter to describe the anion and cation. The 

Debye-HOckel and mean spherical appr.oximations are used to describe the inter(!.ctions. 
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Good agreement with experimental data.is found for a number of aqueous electroiyte 

solutions. The relative permittivity takes values very close to unity, especially in the case 

in which ·the mean spherical approximation is used, indicating a good description of the 

solvent. E.· Bosch et a/,92 of the University of Barcelona, Spain, have compared several 

Preferential Solvation Models especially for describing the polaritY of dipolar hydrogen 

bond acceptor -co solvent mixtures. 

2.8 ABRIEF LITERATURE SURVEY OF THE SOLVENTS USED 

FOR INVESTIGATION 

2.8.1 2~Methoxyetbanol'(ME) 

n-Alkoxyethanols, commonly ·known as cellosolves, are good industrial solvents. 

However; the study of alkoxyethanols is interesting not only because of their wide use as 

industrial solvents, but also from the theoretical point of investigating the effect of the 

simultaneous presence of etheric and hydroxyl groups on the interaction of such 

molecules .. MicrowAve spectroscopic,93
"
95 calorimetric96

' 
97 and infrared spectral·studies98 

indicate. that the molecules of n-alkoxyethanols are self-associated and form 

intermolecular.and intramolecular hydrogen bonds. 

2-Methoxyethanol (ME), commonly known as methyl cellosolve, has drawn 

· much attention in recent years, as a solvent medium for various electrochemical studies 

as well as for various industrial processes.99
"
101 It is an amphiprotic dipolar solvent oflow 

dielectric constant ( E = 16.94 at 298.15 Ki02 with large dipole moment (p = 2.36 D).94 

But, unfortunately, it is hygroscopic, fairly toxic, a weak narcotic and a systemic poison, 
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and for these reasons, careful handling · of this solvent is essential. 103 ME could be 

considered as a moderat~ Lewis acid ( pKautoprot = 20.5 at 298.15 K), 104 and is a probable 

solvent for anions through its hydrogen ,;.. bonding network , and dipole induced 

interactions. 

IR. studies93 indicate that the predominant configuration ~f ME molecules is the 

:gauche form to facilitate intramolecular hydrogen bonding as shown in structure L 

Simple consideration of the molecular structure indicates that due to the presence of the 

electron repelling CH3 group, ME is more .basic than ethylene glycol and water. Also, the 

restricted availability of the acidic H atom of the OH group makes ME molecules less 

acidic. than ethylene glycol and water, thus imparting a 'quasi-aprotic' character to it. 

Moreover, the ba~icity and. proticity m.-e likely to be relayed thiough the ··co-operative 

structure of H-bondlng105 between the cosolvent and water molecules in aqueous 

solutions. It has unique solvating properties associated with its quasiaprotic character. 106 

Hence, it is . of much ·interest to study the be}Iaviour of electrolytes in such a solvent . . 
medium. 

A lot of work has been reported on pure ME. Of these, studies on dielectric 

properties at various temperatures of ME, 107 solubility studies on alkali metal chlorides, 

'· ··eiectrolytic conductance studies of salts in ME,33'106'108-110 measurement of various 

thermodynamic properties in pure ME,73'100'111-114 viscosity measurements,32•115 ultrasonic 

velocity studies in ME,33•116 spectroscopic studies110 etc., are noteworthy. Nandi et a/109 

forind strong association in a number of alkali-metal chlorides and bromides in ME and 
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the limiting conductances were reported to be in the order Li >Na <K <Rb <Cs and Cl > 

, Br.Evaluation of Stokes radii indicates that NaCl and NaBr form ion pairs with fully 

solvated ions while in the other cases some solvent molecules are perhaps included in the 

ion pair. From their viscosity measurements the authors reported32 that Na+ behaves as a 

structure:-maker whereas the other ions are structure-breakers in ME. Douheret and his co-

worker, 117 and Richard et al, 118 made extensive investigations on ME + water mixtures, at 

different te~peratures. Desnoyers et a/119 have reported apparent molar volumes and heat 

capacities of aqueous ME in water-rich compositions at 298.15 K and showed that ME 

behaves as a fairly typical polar non-electrolyte in water. 

In recent years, several conductance 120
"
122 , viscosmetri~ 123

"
126 

. , 

t~ermodynamic, 123
•
127 and ultrasonic interferometric studies128 have been reported on 

aqueous mixtures ofME, besides some research on solvent effects ofthese mixtures. 129
•
130 

A C. o o o "bo o fME al ail bl 131132 1ew mvestlgatlons on non-aqueous mary mixtures o are so av a e. ' 

ME is used extensively as a solvating agent for cellulose. It is utilized in various 

chemical reactions and in ~alytical practice, 100 in acid-base conductometric titrations, 101 

and ·as a solvent for electrolytes in high voltage capacitors and anti-icing additive for 

aircraft fuels. Consequently, the knowledge of ion-solvent interactions of different solutes 

in this solvent is capable of in4icating the potential usefulness of ME in various 

technologies, e.g., high energy non-aqueous batteries, ion-exchangers, etc. Transport 

parameters of electrolytic solutions such as ionic conductance and viscosity _pan provide 

information concerning the nature of the kinetic entities from which the ion-solvent 
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in~eraction can be inferred.. Information on these interactions ·can also be had from such .. 

thermodynamic properties as apparent molal vollimes and isentropic compressibilities. 

Even though ME has drawn much focus in recent years as a solvent for 

electroanalytical investigations, 118
•
133

-
135 still more studies on its electrolytic behaviour in 

this non-aqueous medium can be explored. Therefore, we have embarked on a series of 

investigations on 2-methoxyethanol to study the chemical nature of the structure of ions 

and their mutual and specific interactions with solvent molecules by studying the 

transport and. thermodynamic properties of some selected electrolytes in ME. 

2.8.2 N-Methylacetamide (NMA) · 

Amides, in general, have high dielectric constants, are highly structured and are 

usually good solvents for both electrolytes and organic species. 

Notable for its very high dielectric constant ( € = 19~.3 at 305.15 K),8 

N-methylacetamide has a liquid range of 303.65 to 479.15 K. Hence the many salts 

which are soluble are completely ionized in it. The high dielectric constant is attributed to 

the liquid being highly structured with polymeric chains linked by hydrogen bonding.136 

1t :is a protic~ polar and basic solvent where ion pairing is minimal even in dilute 

solutions. 

Due to its high degree of association, NMA has received considerable interest 
0 

from chemists.Wood and DeLaney137measured the solubility ofHe, N2, Ar and ethane in 

.•· 
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NMA (at 35 to 70°C range). Non-polar solutes appear to be much more soluble in NMA 

, than in water. The change in heat capacity on dissolution is much more negative than in 

water which indicates the. structural effects of non-polar solutes on NMA. Activity 

coefficients for a large number of 1: 1 electrolytes in NMA, obtained from freezing point 

depressions, were reported at concentrations up to 1 M by Wood et a/. 138 Gopal and 

Siddiqi139 measured several tetraalk.ylammonium iodides, KI, and LiCl in NMA from 35 

to 80 oc ·and evaluated apparent molal volumes. The experimental slope Sv (using 

Masson's equation) was positive for salts of smaller_ cations but negative for larger 

tetraalk.ylammonium ions. The latter salts exhibit a positive temperature dependence over 

the whole range. 

- . 

In NMA, alkali metal halides give slopes which are 5 - 10 % more negative than 

that'predicted by Onsagar's equation (A= A0
- S c112

). Eyen when viscosity corrections 

were applied no satisfactory interpretation was found for KCl in NMA. 140 ~ salts in 

NMA '·give laq~er negative deviations than alkali metal halides141 and , there is 

evidence142
'
143 that these salts disrupt the structure of the solvent. Boje and Hvidt144 

measured the excess molar volumes ofNMA +water at 298.15 K. · 

2.8.3 N,N-Dimethylacetamide (DMA) 

N,N-Dimethylacetamide has a liquid range of253.15 to 438.15 K an4_ a dielectric 

constant of 3 7. 78 at 298.15 K. 8 It is miscible with water and is generally similar in its 

properties to N,N-dimethylformamide (DMF). It is a dipolar aprotic solvent and due to the 
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presence of the two methyl groups attached to the nitrogen, it is electron-donating. Its 

ability to solvate cations is greater than that of DMF, acetone, acetonitrile and 

benzonitrile. 145 

Alkali metal salts are dissociated in DMA. 146 Solubilities of several alkali and 

alkaline earth metal halides and transition metal halides in pMA were measured by 

Pistoia and'Scrosati. 147 The solubilities increase in the order Cl < Br <I. Alexander et ai48 

reported solubility product values for numerous silver salts in DMA. The solubilities of 

silver halides show the same trend as in water. Cations, particularly sffiall cations (Ag+ 

and K) and even large ones like trans- and cis-[CoCh( en)2t which possess H-bond donor 

sites, are substantially better solvated in strongly dipolar· aprotic solvents like DMA. Large 

polarisable anions, like picrate, perchlorate, AgCli are better solvated by the strong 

dipolar solvents, presu~ably through dipole-induced dipole interactions.149 

= .Studies .on binary mixtures of DMA are also considerable in the Iiteratu~e, mostly 

as a ~omparative study of different amides. Gomaa150 investigated· the interactions ofDMF 

and DMA with water. 

2.8.4 1,2- Dimethoxyethane (DME) 

1,2-Dimethoxyethane (DME), also commercially known as 'cellosolve', is used as 

a solvating agent for cellulose and as a solvent in non-aqueous batteries, and in the 

preparation of organa-alkaline earth compounds.99
'
151 Transport properties of electrolyte 

\ ..... 
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solutions such as ionic conductance, viscosity, etc., can produce information about the 

, nature of kinetic entities from which ion-solvent interaction can be inferred. 

Consequently, the knowledge of ion-solvent interactions of solutes in D.ME may indicate 

its effective usefulness in high energy non-aqueous batteries, ion-exchangers, etc. 

DME has a dielectric constant of 7.08 at 298.15 K.152 Since no intramolecular 

hydrogen bonding is feasible in pure D.ME, the predominant configuration of D.ME ·is the 

trans form as shown in structure II. A simple consideration of the molecular structure 

indicates that, due to the inductive effect of two methyl groups, the 0-centres of D.ME 

molecules are more basic than that of water, ethylene glycol and ME. But, due to the · · 

absence of any acidic hydrogen atom, DME is typically an aprotic solvent. 

Several conductance studies in DME have compared the conductance properties of 

DME and tetrahydrofuran. 152
"
154 Renard. and Justice152 studied the conductance behaviour 

of CsCl in DME-water mixtures compared to dioxane-water and tetrahydrofu~an-water 

and the differences observed in the ion-association were interpreted in terms of difference 

in aproti<! nature of the organic. molecule· and that of water. Spectroscopic ~d 

conductance measurements of alkali metal salts of fluorenyl radicals indicate that DME is 

a: better solvating medium than tetrahydrofuran and that solvent-separated and ··contact ion-
... 

pairs are formed in the solutions.154 Solvent effects of DME on sodium salts have been 

·investigated from NMR spectra by Det~llier et a/. 155 Nandi et a/156 studied . the 
' 

conductance of tetraalkylammonium bromides in DME at 298.15 K and showed that a 

major portion of the electrolytes exists as ion pairs and only a minor portion as triple ions. 
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Among the other significant earlier studies on DME are the calculations of ionic 

solvation, free energies and entropies of transfer of gaseous univalent ions using the 

continuum model. 157 Studies on the rate of formation and stability of some organometallic 

complexes in DME99 are very useful as they provide sufficient evidence of the existence 

of specific cation solvating effect of the solvent. Such studies, earlier, led to the prediction 

of tetra-coordinated DME-alkali metal ion compl~xes, 158 a view still considered as valid 

and very useful in studies of ion-solvation ofDME. 

Recently, excess volumes and the viscosity deviations of binary aqueous mixtures 

of DME and tetrahydrofuran were studied by Das et al, 159 while Muhuri et al, 160 

measured the apparent molar volume and apparent molar isentropic compressibility of 

some symmetric tetraalkylammonium bromides in DME. Through Laser Raman spectral 

studies and conductance data on five lithium salts in DME, Muhuri et a/161 concluded that 

solvation in lithium occurs through the ethereal oxygen atom ofDME. 

Chemically, ME and DME are mono and dimethyl ethers of ethylene glycol - a 

solvent well studied with regard to ion-solvent interactions. · Therefore, the stUdy of the 

ion-solvation of ME, and DME is likely_ to show the effeCt of increasing the number of 

methyl groups (electron releasing inductive effect) and decreasing the number of OH-

groups. 
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We have, therefore, devoted our attention to the study of transport and 

, thermodynamic properties of some selected electrolytes in ME, and DME, and, the excess 

properties of aqueous binary mixtures of NMA. and DMA, and the non-aqueous binary 

mixtures ofME + NMA and ME + DMA . 

The results have been described in the subsequent chapters. 
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EXPERIMENTAL SECTION 

3.1 CHEMICALS USED : THEm SOURCES AND PURIFICATION 

3.1.1 Electrolytes 

Lithium tetratluoroborate (LiBF4, G.R. E. Merck) and sodium tetratluoroborate 

(NaBF4, Fluka, purum) were dried under vacuum. at high temperatures for 48 hours and 

were used without further purification. 

--4.--
Potassium picrate (KPic) was prepared1 by neutralizing picric acid (AR., BDH) 

with an equal amount o£ potassium hydroxide (AR., BDH) in ethanol. The resulting 

potassium picrate, which precipitated, was recrystallized from water and dried in vacuo 

for 3 - 4 weeks. 

Potassium tetraphenylborate (KBP~) was prepared by mixing equimolar aqueous 

solutions of potass_ium nitrate (KN03, AR. BDH) and sodium tetraphenylborate (NaBP~ • 
. • .. · . 

Fluka, puriss). The product was recrystallized from 30 mass percentage aqueous acetone 

and dried in vacuo for several weeks. 

_Sodium perchlorate (NaCl04, Fluka, purum) was recrystallized several times from 

'-water and methanol mixtures and dried in vacuo at 423 K for 96 hours. 

Sodium tetraphenylborate (NaBPh<J, Fluka, Puriss) was recrystallized three times 

from acetone and dried in vacuo at 353 K for 72 hours. 
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Tetraphenylarsonium picrate (P~Pic) was prepared by the metathesis between 

' potassium picrate obtained as above and tetraphenylarsonium chloride (Pl4AsCI, Fluk:a, · 

;: 

pro analysis), both dissolved in 50 mass percentage aqueous ethanol. The precipitate was 

washed with water, repeatedly recrystallized from ethanol, and dried in vacuo for several 

weeks. 

Tetrabutylammonium tetraphenylborate (BU4NBPI4) was prepared by precipitation 

from tetrabutylammonium bromide (BU4NBr, Fluk:a, puriss) and sodium tetraphenylborate 

·(NaBPI4, Fluka, puriss) in water and the precipitate was washed five times by water. The 

bulky white precipitate w~s dried in vacuo at 353 K for 48 hours.2 

Tetraphenylatsonium chloride (Pl4AsCI, Fluk:a, pro analysis) was recrystallized 

from absolute ethanol solution by dry ether twice and dried in vacuo. 3 

Te~raphenylph<;>sphonium chloride (PILJ>Cl, Fluka, purum), and 

tetraphenylphosphonium bromide (PILJ>Br, Fluk:a, purum) were dissolved in absolute 

ethanol, repp~cipitated by the addition of dry ether, and vacuum dried at 333 K for 48 

hours{melting point 570-571 K).2 

3.1.2 Solvents 

2-Methoxyethanol (ME) (G.R. E.Merck) was dried with potassium carbonate and 

distilled twice in an all glass distillation set immediately before use and the middle 

fraction ·collected. The purified solvent had a density of 0.96002 g cm-3 and a coefficient 
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of viscosity of 1.5414 mP~ sat 298.15 K. These values are in good agreement with the 

liter~ture values,4 which are 0.96028 g cm-3 and 1.543 mPa s respectively. 

1,2-Dimethoxyethane (DME, Fluka, purum) was shaken ·well with FeS04 (A.R., 

BDH) for 1-2 hours, decanted and distilled. The distillate was refluxed for 12 hours and 

redistilled over metallic sodium.5 The boiling point (357.65 K) and density (0.86132 

g cm-3 at 2?8.15 K) compared fairly well with the corresponding literature values,6 which 

are 358.15 K and 0.86120 g cm-3 respectively. 

N-Methylacetamid~ (NMA, G.R. E. Merck, Germany) was purified by fractional 

distillation over nitrogen. Its density (0.94224 g cm-3 at 313.15 K) and viscosity (3.0038 · 

mPa s·at 313.15 K) compared well with the literature values7 which are 0.9420 g cm-3 and 

3.02 mPa sat 313.15 K, respectively. 

N,l'IT- Dim.e~hylac~tamide (DMA, E. Merck, India) was shaken well with charged 
~ • .•• • J 

' 

CaO (A.R. BDH) for 1-2 hours, decanted, and distilled twice. The middle fraction was 

collected and used. Its density (0.93669 g cm-3
) and viscosity (0.9271 mPa s) at 298.15 K, 

compared well with the literature values which are 0.9366 g cm-3 and 0.919 mPa s, 

respectively. 7 

3.2 EXPERIMENTAL TECHNIQUES 

3.2.1 Density Measurements 

~ Densities were measured with an Ostwald-Sprengel type pycnometer 

having a bulb volume of 25 cm3 and an internal diameter of the capillary of about 1 · mm. 
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The pycnometer was calibrated at 25, 35 and 45 °C with doubly distilled water. The 

precision of the density measurements was± 3 x 10-5 g cm-3
. 

The measurements were carried out in a thermostatic water bath maintained with 

an accuracy of± 0.01° C of the desired ·temperature.8 A 60 W heating element and a 

toluene-mercury thermo-regulator were used to maintain the temperature of the 

experimental thermostat which was placed in a hot-cum-cold thermostat. The temperature 

of the hot-cum-cold thermostat was preset at the desired temperature using a contact 

thermometer and relay system. The absolute temperature was determined by_ a calibrated 

platinum resistance thermometer and Muller bridge. 9 

3.2.2 Viscosity Measurements 

The kinematic viscosities were measured by means of a suspended-level 

Ubbe~~hde 10 visco~eter with a flow time of about 539 s for distilled water at 25° C. The 

time of efflux was measured with a stop watch capable of recording 0.1 s. The viscometer 

was always kept in a vertical position in a water thermostat. The viscometer needed no 

correction for kinetic energy. The kinematic viscosity (v) and the absolute viscosity (11) 

are given by the following equations: .. - . . . 

v=ct-klt (1) 

(2) 
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where, t is the efllux time, p is the density ·and c and k are the characteristic constants of 

the viscometer. The values of the constants c and k, determined by using water and 

benzene as the calibration liquids at 25, 35, and 45°C, were found to be 1.648xl0-5 cm2 s2 

and -D.02331647 cm2 respectively. The precision of the viscosity measurements was ± 

0.05 %. In all cases, the experiments were performed in at least five replicates and the 

results were averaged. 

Relative visc_osities ( 1lr) were obtaine<;l using the equation: 

(3) 

where, 11, flo, p, Po and t, to are the absolute viscosities, densities and flow times for the 

solution and. solvent respectively. 

The measurements were carried out in a thermostatic water bath maintained with 
~· . . ·j 

an accuracy of± 0. 01 o C of the desired temperature, as described earlier. 

3.2.3 Conductance Measurements 

Conductance measurements were carried out on a Philips Pye-Unicam PW 9509 

conductivity meter at a frequency of 2000 Hz using a dip-type cell of cell constant 1.14 . 

cm-1 and having an accuracy of 0.1 %. The instrument was standardized using standard 

KCl solutions. The cell was calibrated by the method of Lind and co-workers. 11 The 

Conductivity cell was sealed to the side of a 500 cm3 conical flask closed by a ground 
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glass fitted with a side arm through which dry and pure nitrogen gas was passed to prevent 

admission of air into the cell when solvent or solution was added. The measurements were 

made in an oil bath maintained at the required temperatures ± 0.005°C by means of a 

mercury in glass thermoregulator. 

Solutions were prepared by mass for th€? conductance runs, the molalities being 

. ·-

converted to mohirities by the use of de~sities measured as described above. Several 

independent solutions were prepared and- runs were performed to ensure the 

reproducibility of the results. Due correction was made for the specific conductance of the 

solvent at all temperatures. 

3.2.4 Ultrasonic Velocity Measurements 

Sound velocities were measured, with an accuracy of 0.3 %, using a single-crystal 

variable-path ··tiltrasonic interferometer (Mittal Enterprises, New Delhi) ope~ating at 4 

MHz, which was calibrated with water, methanol, and· benzene at each temperature. The 

temperature stability was. maintained within ± 0.01 o C by circulating thermostated water. 

around_ the cell by a circulating pump. The thermostatic bath was maintained with an 

;accuracy of± 0.01°C ofthe desired temperature, as described earlier. 

. The principle used in the measurement of the sound velocity (u) is based on the 

. accurate determination of the wavelength (A.) in the medium. Ultrasonic waves of known 

frequency (y) are produced by a quartz crystal fixed at the bottom of the cell. These waves 
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are reflected by a movable metallic plate kept parallel to the quartz crystal. If the 

separation between these two plates is exactly a whole multiple of the sound wavelength, 

standing waves are formed in the medium. This acoustic resonance gives rise to an 

electrical reaction on the generator driving the quartz crystal and the anode current of the 

generator becomes maximum. If the distance is now · increased or decre~sed and the 

variation is exactly one half wavelength ('JJ2) or integral multiple of it, anode current 

again becomes maximum. From the knowledge of the wavelength (A.), the velocity (u) can 

be obtained by the relation: 

Velocity (u) =Wavelength (A.) x Frequency (y) (4) 

Isentropic compressibility ( Ka) can then be calculated by the following formula: 

(5) 

where p is the density of the experimental liquid . 
. , 

The ~ltrasonic interferometer consists of the following two parts: (i) the high 

frequency generator, and (ii) the measuring cell. The measuring cell is connected to the 

output terminal of the high frequency generator through a shielded cable. The cell is filled 

··with the experimental liquid before switching on the generator. The ultrasonic waves move 

normal from the quartz crystal till they are reflected back, from the movable plate and the 

standing waves are formed in the liquid in between the reflector plate and the quartz 

crystal. 
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The micrometer is slowly moved till the anode current on the high frequency 

generator shows a maximum. A number of maximum readings of anode current are passed 

on and their number (n) is counted. The total distance (r) thus moved by the micrometer 

gives the value of wavelength (A.) With the following relation: 

r :::::;n x ')..)2 (6) . 

3.2.5 Spectroscopic Measurements 

The FT Raman spectra were recorded by the. Regional Sophisticated 

Instrumentation Centre, Indian Institute of Technology, Madras. The samples were excited 

at 1064 nm using a Nd:YAG laser and Brucker IFS 66 V optical bench with an FRA 106 

Raman module attached to it. Laser power was set at 200mW, and 250 (averaged) scans 

were accumulated with a resolution of2 cm-1 
. 
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Thermodynamics oflon Association and Solvation in 2-Methoxyethanol: Behaviour 

of Tetraphenyhirsonium, Picrate, and Tetraphenylborate ions from Conductivity 

and ffitrasonic Data 

Thermodynamic ·and transport properties can provide valu3:ble information on the 

bulk characteristics of solutions, from which the nature of physico-chemical interactions 

at the molecular level can be inferred. Even though 2-methoxyethanol (ME) has drawn 

much attention in recent years as a solvent for electro-analytical investigations/'2 more 

studies on the electrolytic behaviour in this non-aqueous medium could be profitably 

made. Therefore, as a part of a series of investigations on the chemical nature of structure 

of ions and their mutual and specific interactions with solvent molecules,3
"
10 we performed 

conductivity and ultrasonic velocity measurements on 2-methoxyethanol··solutions of 

potassium picrate (KPic ), potassium tetraphenylborate (KBP14), tetrabutylammonium 

tetraphenylborate (BU4NBP14), and tetraphenylarsonium picrate (P14AsPic) as functions 

of temperature (288.15 ~ T/K~ 308.15). 

·i 

The 9onductance data have been analyzed by the 1978 Fuoss conductance-

concentration equation. Thermodynamics of the association processes have also been 

studied. The limiting ionic conductances have been estimated from the appropriate 

division of the limiting molar conductivity values · of the "reference electrolyte" 

B1L!NBP14. The results have been interpreted in terms of specific constitutional and 

structural factors of the solvent molecules and of the solutes. 



··-'-

65 

4.1 EXPERIMENTAL SECTION 

4.1.1 Materials: 

Potassium picrate (KPic), potassium tetraphenylborate (KBP14), 

tetrabutylammonium tetraphenylborate (BU4NBP14), and tetraphenylarsonium picrate 

(Pl4AsPic) were prepared and purified as described in Ch,apter 3. The solvent 2-

methqxyethanol (G. R. E Merck) was purified as,described earlier. The purified ME had a 

density of 0.96002 g cm-3 and a coefficient ·of viscosity of 1.5414 mPa s. These values are 

in good agreement with the literature data11which are 0.96028 g cm-3 and 1.543 mPa s 

respectively. Freshly prepared solvent was always used for each experiment. The solvent 

properties have been recorded in Table I. 

4.1.2 Apparatus and Procedures: 

Conductance measurements were carried out on a Pye-Unicam PW 9509 

conductivity meter as described in the previous chapter. Solutions were prepared by mass 

for the conductance runs, the molalities being converted to molarities by the use of 
·. 

densities measured with an Ostwald-Sprengel type pycnometer of about 25 cm3 capacity. 

Several independent solutions were prepared and runs were performed to ensure the 

_, _ _ .reproducibility of the results. Due correction was made for the specific conductance of the 

solvent at all temperatures. 

Sound velocities were measured with an accuracy of± 0.3 % using a single-crystal 

variable-path ultrasonic interferometer (Mittal Enterprises, New Delhi) working at 4 MHz, 
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which was calibrated with water, methanol, and benzene at each temperature. The 

temperature stability was maintained within ± 0. 01 K by circulating thermostated water 

around the cell by a circulating pump. The dielectric constants of 2-methoxyethanol at 

different temperatures were taken from the literature. 12 

4.2 RESULTS 

4.2.1 Conductance: 

The measured molar conductances (A ) of electrolyte solutions as a function of 

molar concentration (c) at 288.15, 293.15, 298.15, and 308.15 K are given in Table 2. 

The conductance data have been analyzed by the 1978 Fuoss conductance-concentration 

equation. 13
•
14 For a given set of conductivity values ( ci,A i;} = 1, ... ,n ), three adjustable 

parameters, the limiting molar conductivity ( A0 
), association constant ( K A ), and the co-

sphere diameter ( R ), are derived from the following set of equations: 

A= p[A0 (1+Rx)+EL] (1) 

--L p = 1-a(1-y) (2) 

r = 1-KAcr2 12 (3) 

-In f = pk I 2(1 + kR) (4) 

P= e2 I DkBT (5) 
....... 

KA =KR 1(1-a)=KR(1+K8 ) (6) 

where Rx is the relaxation field effect, E L is the electrophoretic countercurrent, k -t is 

the radius of the ion atmosphere, D is the dielectric constant of the solvent, e is the 

i. 
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electron charge, k 9 is the Boltzmann constant, y is the fraction of solute present as 

unpaired ion, cis the molarity of the solution, f is the activity coefficient, T is the 
I 

temperature in absolute scale, and p is twice the Bjerrum distance. The computations 

were performed on a computer using the program suggested by Fuoss. The initial A0 

values for the iteration procedure were obtained from Shedlovsky extrapolation15 of the 

data. Input for the progran1 is the set (ci,Ai;j::: ·l, ... ,n),n,D,17,T, initial value of A0
, 

and an instruction to cover a preselected range of R values. 

In practice calculations are made by _finding the values of A0 and a which 

minimize the standard deviation, a , 

(7) 

for a sequence of.!?- values and then plotting a against R; the best-fit R corresponds to 

' 
the minimum in a vs R curve. However, since a rough scan using unit increment of R 

values from ~- to 20 gave no significant minima in the a (%) vs R curves, the R value 

was assumed to be R = a + d, where a is the sum of the ionic _crystallographic radii and 

dis given by14 

d = 1.183 (M/ Po )113 (8) 

where M is the molecular weight of the solvent and p 0 its density. 
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The values of A0
, K A , and R obtained by this procedure are reported in Table 3. 

4.2.2 Compressibility: . 

Isentropic compressibility coefficients (Ks) were derived from the relation 

(9)_ 

where p is the solution density and u is the sound velocity in the solution. 

. . 
The apparent molar isentropic compressibility (~) of liquid .. solutions was 

calculated from the relation 

(10) 

· where m is the molality of the solution and the other symbols have their usual 

significance. 

The molar concentration (c) , density (p) , arid the isentropic compressibility 

coefficient (~) ~f the solutions of KPic, KBPILt, and Pl4AsPic at 298.15 K are given in 

Table 4. 

The limiting apparent molar isentropic compressibilities (~0) were obtained16 by 

_,. . . ~xtrapolating the plots of~ versus the square root of the molal concentration of the solute 

to zero concentration: 

(11) 

where SK is the experimental slope. 
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4.3 DISCUSSION : 

4.3.1 Limiting Molar Conductance and Association Constant. 

Table 3 shows that for all salts the limiting molar conductances (A0
) increase as 

the temperature increases. The A0 values were fitted to the following polynomial: 

(12) 

and the coefficients of these fits are given in Table 5 together with the standard percentage 

errors ( u% ) . 

. The single-ion .conductivities at different temperatures have been evaluated from 

the division of the A0 value ofBU4NBP14 using the following relationship: 

(13) 

The ionic radii ofB~ and Pl4B- ions were taken from the work of Gill and Sekhri. 16 

The single-ion conductivities(A.~) along with the Walden products (A.~q.) of all · 

the ions are reported in Table 6. 
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The single-ion conductivities have also been fitted to the following polynomial 

equation: 

(14) 

and the coefficients of the fits along with the a% values are recorded in Table 7. 

The Walden products for these salts in 2-methoxyethanol are substantially lower 
. . 

than those in aqueous solutions. 17 The apparent excess of mobility in aqueous solutions 

has been attributed to far greater solvation in the nonaqueous media. 

We find ( · cf KA values from Table 3) that all these salts are moderately 

associated in 2- niethoxyethanol at all the temperatures investigated. This is quite 

expected owing to the low dielectric constant (( = 16.94 at 298.15 K) of the solvent. 

4.3.2 , ·Thermodynamics of Ion-Pair Formation: 

The standard Gibbs energy changes for the ion association process, A G0
, can be 

calculated from the equation: . 

(15) 

The values of the standard enthalpy change, M/0 
, and the standard entropy change, AS0

, 

can be evaluated from the_ temperature dependence of A G0 values as follows: 
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+· 

Mr =-r'[ d(&~/1)1 

ASo = -( d!~o) 
p 

The !.l.G 0 values can be fitted with the help of a polynomial of the type: 

!.l.G0 = c0 + c1 (298.15 -1) + c2 (298.15 -1Y 
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(16) 

(17) 

(18) 

and the coefficients of the fits are compiled in Table 8, together with the u% values of · 

the fits. 

The standard values at 298.15 K are then: 

!.l.G:9s.ts =Co 

AS:9s.ts = ct 

(19). 

(20) 

(21) 

It is observed from Table 8 that the AS0values of ion association for all these 

electrolytes _a:re positive. These positive AS0 values may be attributed to the increasing 

number of degrees of freedom upon association mainly due to the release of solvent 

molecules 

M+ .n(ME) + x- .m(ME) = MX.z(ME) + (n + m- z)ME (22) 

In other words, the solvation of ions is weakened as soon as the ion pair is formed. 
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the M 0 values ofthe electrolytes are found to decrease in the following order: . 

which indicates that the degree of weakening of the ion solvation due to the formation of 

ion pairs also decreases in the same order. 

The mam factors which govern t~e standard entropy of ion association of 

electrolytes are: i) the size and shape of the ions, ii) charge ·density on the ions, iii) 

electrostriction ~fthe solvent molecules around the ions, and iv) penetration of the solvent 

molecules inside the space· of the ions, and the influence of these factors are discussed in 

the next section (compressibility behaviour). 

The variation of Ml0 from one salt to another is quite interesting. For Pl4AsPic, 

the Ml0 value is sufficiently positive. It is obvious, therefore, that for this salt, the 

enthalpic term ··i~ . ~ount~rbalanced by a favorable entropy change which comes, from the 

short- and long-range desolvation of both ions. The attribution of M 0 to desolvation is 

also supported by the positive enthalpies indicating lack of covalent bonds. 

The Ml0 value of KPic is very small. The enthalpic term for the ion association 

process here is so small that it plays a negligible role in the association equilibrium, which . 

is mainly determined by the positive entropic term which comes from the desolvation of 

the cations . 
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It is especially noteworthy that . the AH0 values for KBP14 and B1.4NBP14 are 

negative. The electrostatic theories of ionic association, 18 however, never give negative 

values for Ml0
, since the theoretical equation for ~0 contains the [1 + (dlnD) ] 

dlnT P 

term; thus the experimental value of (dlnD) makes the theoretical Ml0 value positive, 
dinT P · . 

contrary to expectation. 

The negative values of Ml0 can be explained by considering the participation of 

specific covalent interactipn in ihe ion association process. In this case, the covalent 
.. 

interaction somewhat works between the ions and hence, the binding enthalpy between the 

ions is sufficiently negative to compensate for the positive contribution from the 

weakening of ion solvation. In this case, AG 0 of the ion association should have a large 

negative value ( a large K A value) and should depend on the kind of ions and this is found 

to be true here.- · ·• 

·The non-Coulombic part of the Gibbs energy, AG*, has also been calculated using 

the following equation19 

AG*- N ·w.• - A ± (23) 

(24) 
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where the symbols have their usual significance. The quantity 2q/r is the Coulombic part 

of the interionic mean force potential and ~· is its non-Coulombic part. 

The procedure for the evaluation of the non-Coulombic part of the entropy and 

enthalpy (and AS• and w• respectively) is the same as that used for obtaining AS0 and 

The !J.G• values at different temperatures were fitted to the polynomial: 

!J.G• = c: + c; (298.15- T) + c; (298.15- T)2 (25) 

and the coefficients or the fits along with the u% values are given in Table 9. 

The values of !J.G"' ,AS· ,andAH• at 298.15 K are then easily obtained from the 

following equations: 

A p• • 
Lli.)29S.Is = ct 

A u• • • 
il.Cl298.1S =Co + 298J5ct" 

(26) 

(27) 

(28) 

The non-Coulombic parts of the Gibbs energy, !J.G;98_1s , of all the salts are found 

to be small (Table 9)- 20% (KBP14), 26% (KPic), 29% (Pl4AsPic), and 28% (Bu4NP14) 

in 2-methoxyethanol. This indicates that the Coulombic forces play a major role in the 
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. association processes. This is further supported by the fairly higher values of the 

, Coulombic parts of /1S0 and M/0 compared to their non-Coulombic counterparts. 

4.3.3 ' ·compres~ibility Behaviour: 

The limiting apparent molar isentropic compressibilities ( ~ 0 ) of KPic, KBP14, and 

PhtA.sPic are found- to be negative (~0 values at 298.15 K for KPic, KBP14, and 

PhtA.sPic are -104.22 x 104
, -139.41 x 104

, and -617 x 104 cm3 mor1 bar-1
, respectively). 

These negative ~ o values of the electrolYtes can be interpreted in terms of loss of 

compressibility of the solvent 2-methoxyethanol due to the presence of these solutes in 

solution. 

A comparison of the teq, 0 values of these three salts can unravel some interesting 

and intricate aspects of electrostriction of the solvent molecules around the small sized 

ions and penetration of those molecules into the larger ions and their influence on the 

compressibility. of the medium. 

For small ions with higher surface charge density on them, there will be loss of 

,_~_OJ?pressibility in solution arising out of the electrostriction of the solvent molecules 

around those ions. Electrostriction will, however, be negligible in the vicinity of larger . 

ions with low charge density on their surface. But, in these cases also the loss of 

compressibility might be effected by other factors: one effect that can play an important 

role for the large tetraphenylborate and tetraphenylarsonium ions is the penetration of the 
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solvent molecules (ME) into the space between the phenyl chains attached to the boron 

, atom of the former or arsenic atom of the later ion. This obviously will cau~e constriction · 

of the solution volumes resulting in a more compact and hence less compressible medium. 

The possibility of penetration of the 2-methoxyethanol molecules into the 

tetraphenylborate ions is rather less due mainly to: 

i) the repulsive effect of the negatively charged boron atom upon the 2-methoxyethanol 

molecules (arsenic is positively charged, in contrast), and 

ii) the less available space between the phenyl groups attached to the smaller boron atom 

compared to the bigger arsenic atom. 

Compm.lng KPic and KBP14 solutions, the former solution is more compressible 

than the latter (Table 4) indicating that the loss of compressibility of the medium is less in 

presence of KPic. In these two salts, K+ ion being common, the anions are evidently 

making the .difference. In the case of a picrate ion, electrostriction will be predominant, 

whereas in the ·cas~ .of~ tetraphenylborate ion, neither electrostriction nor penetration is 

expected to affect compressibility of the medium. From the observed trend in the 

. . 

compressjbility (and also in the apparent molar isentropic compressibility) it appears that 

the electrostrictive effect plays a major role here. In the case of a picrate ion, more solvent 

molecules are associated with the ion compared to those associated with the. 

tetraphenylborate ion; hence on association, a greater number ~f solvent molecules are 

released into the bulk thereby making the medium more compressible. This. explanation 

also gets support from the AS0 value of the association process. Greater desolvation for 

KPic solution helps make the system more compressible. 
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Comparing KPic and Pl4AsPic solutions, once again the former solution has 

higher compressibility. The plausible reason for this. observation is similar to that 

described for the pair KPic and KBP14 except that some amount of penetration is possible 

for the tetraphenylarsonium ion. But~ the most striking observation is that though KPic is 

more compressible, Plw\sPic has a higher M 0
- value of ion association. A possible 

explanation for this might be that the solvent molecules that are released from the 

tetraphenylarsonium ion upon association will remain trapped inside the tetraphenyl 

chains around the arsenic atom. These trapped solvent molecules are, thus, free to move 

within the territory of the phenyl chains to increase the entropy term; but, since these 

remain inside the chains, they are not sufficiently compressible under applied pressl.Jfe. 

It may thus fie concluded that air these electrolytes remain strongly associated in 2-

methoxyethanol to·form·ion pairs and the solvation of the ions is weakened as soon as the 

ion pair is formed. The results indicate that the Coulombic forces play a major role in the 

association process. Electrostriction is found to be important for potassium and picrate 

ions while penetration of the solvent molecules occurs inside the space between the alkyl 

or aryl chains attached to the nitrogen or arsenic atom of the tetrabutylammonium or 

tetraphenylarsonium ion. For tetraphenylborate ions, on the other hand, neither 

electrostriction nor penetration is found to be operative. 
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TABLE 1: Physical Properties of 2-Methoxyethanol 

T/K Po /g cm-3 1'/o /mPa s 

288.15 0.96960 1.9377 17.77 

293.15 0.96490 1.7287 17.35 

298.15 0.96002 1.5414 16.94 

308.15 0.95356 1.2579 16.15 

aRef. 12 
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TABLE 2: Molar Conductivities of Electrolytes .in 2-Methoxyethanol at 288.15, 293.15, 
-

298.15, and 308.15 K 

--~ 

T=288.15 K T=293.15 K T=298.15 K T=308.15 K 

ex 104 A ex 104 A ex 104 A ex 104 A 

moldm"3 S cm2 mo1"1 mol dm"3 S cm2 mo1"1 moldm"3 S cm2 mo1"1 mol dm"3 S cm2mo1"1 

KPic 

3.5164 27.41 4.0216 30.07 3.0172 33.67 3.0065 39.39 

4.5456 26.80 5.5090 29.17 4.0230 32.93 4.0287 . 38.46 

5.5748 26.26 6.2802 28.75 5.0287 32.22 5.0509 37.65 

+ 6.5182 25.82 6.9964 28.38 6.0344 31.59 6.0130 36.97 

7.5474 25.37 7.7126 28.04 7.0402 31.02 7.0352 36.31 

8.5766 24.96 8.5389 27.67 8.0459 30.47 7.9973 35.74 

9.5200 24.62 9.0347 27.46 9.0516 29.98 9.0195 35.19 

10.5492 24.26 10.0263 27.06 10.0574 29.51 10.0417 34.67 

11.5784 23.93 11.0180 26.68 11.0631 29.04 11.0037 34.21 

12.0096 26.33 12.0689 28.67 . 11.9057 33.81 

KBP14 

-iJ.- 3.0274 22.05 2.9546 23.94 3.4658 25.65 3.0584 3l.80 

4.0365 21.55 3.9774 23.42 5.0412 24.91 4.1704 31.12 

5.0456 21:11 5.0002 22.97 6.0495 24.51 5.0111 30.66 

6.0547 20.73 6.0231 22.56 7.0971 24.13 6.0443 30.16 

7.0639 20.37 7.0459 22.19 8.0030 23.82 7.0258 29.73 

8.0057 20.07 8.0119 21.88 9.0112 23.51 8.0070 29.33 

.. 9.0148 19.77 9.0347 21.56 10.0195 23.21 9.0620 --28.93 

10.0240 19.49 10.0007 21.29 11.0277 22.94 10.0221 28.59 

11.0331 19.23 11.0234 21.01 12.0186 22.76 11.0392 28.25 

12.0422 18.99 12.0458 20.78 11.5804 27.98 

~ TABLE 2 (Contd.) 
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TABLE 2 (Contd.) 

Bt4NBPI4 

.>- T=288.15 K T=293.15 K T=298.15 K T = 308.15 K 

3.2400 18.99 3.3104 21.11 5.6183 22.42 4.1616 27.70 

4.0621 18.58 4.0460 20.75 6.6039 22.02 5.0176 27.33 
' 

5.0242 18.16 5.5174 20.07 7.5896 21.65 6.0516 26.78 

5.9863 17.79 7.0623 19.47 8.5753 21.32 7.0421 26.31 

7.0018 17.43 8.0187 19.14 9.5609 21.00 8.0571 25.87 

8.0173 17.10 9.1957 18.76 10.5466 20.71 8.9453 25.51 

8.9794 16.82 10.0785 18.50 11.5323 20.44 10.0238 25.11 

9.9950 16.54 11.0348 18.24 12.5179 20.18 11.0389 24.76 

11.0639 16.30 11.8441 18.03 13.5036 19.94 12.0540 ··24.42 

~ 

P14A,sPic 

2.9869 23.59 2.9801 26.30 2.9909 29.29 4.0011 32.54 

4.0025 23.00 4.0286 25.58 3.4992 28.94 4.9425 31.87 

5.0181 22.48 5.0220 24.99 4.7198 28.09 5.8839 31.24 

5.9739 22.04 -6.0153 24.46 5.9818 27.33 6.8842 30.65 

6.9894 21.62 7.0087 23.99 7.0150 26.79. 7.8256 30.13 

8.0050 21.24 8.0021 23.55 7.9938 26.31 8.8259 29.63 

8.9906 20.90 ~.9954 23.16 9.0271 25.86 9.8262 29.16 
.. · 

4 
9.9764 20.58 10.0440 22.77 10.0059 25.45 10.7676 28.75 

10.9913 20.27 10.9821 22.54 11.0391 25.05 11.5325 28.43 

11.5296 2020 

.~-
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TABLE 3: Conductance Parameters of Electrolytes in 2-Metho:xyethanol at 288.15, 293.15, 

298.15, and 308.15 K. 
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TABLE 4: IDtrasonic Velocities and Isentropic Compressibilities of Electrolytes in 
2-Methoxyethanol at 298.15 K. 

c u Ks X 106 c u Ks X 106 

(mol dm"3) (m s"1
) (bar"1

) (mol dm"3) (m s"1
) (bar"t) 

KPic 

0.03536 1353.85 56.437 0.09862 1358.27 55.556 

0.04732 1354.78 56.261 0.12601 1359.88 55.206 

0.05928 1355.67 56.089 0.15340 1361.35 54.870 

0.07124 1356.50 55.923 

KBPI4 
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TABLE 5: Coefficients of the Polynomial, Equation 12. 

electrolyte u% 

K.Pic 38.97 -0.6735 0.04209 0.054 

KBP14 29.49 -0.5459 0.01196 0.217 

27.53 -0.5369 0.00141 0.075 

PhtAsPic 33.89 -0.5900 0.00828 0.287 



-~ 

~ 

~ 

85 

TABLE 6: Limiting Ionic Conductances (.It~ IS cm2 mor1
) and Ionic Walden Products 

(.It~ 17 0 IS cm2 mor1 Pa s) in 2-Metho:xyethanol at 288.15, 293.15, 298.15, and 308.15 K. 

288.15 K 293.15 K 298.15 K 308.15 K 

1on 

K+ 14.39 0.279 15.24 0.263 16.05 0.247 20.21 0.254 

BuP 11.54 0.224 12.43 0.215 14.25 0.220 17.07 0.215 

P14.As+ 9.83 0.190 10.21 0.176 11.16 0.172 13.85 0.174 

Pic· 17.41 0.337 20.30 0.351 22.89 0.353 25.08.. 0.315 
-

Ph,J3" 10.78 0.209 11.99 0.207 13.32 0.205 15.96 0.201 

TABLE7: Coefficients of the Polynomial, Equation 14. 

ion bo bl b2 u% 

K+ 16.19 -0.2862 0.01129 0.254 

Bu..N" 14.05 -0.2831 0.00219 0.344 

Pll.tAs+ 11.11 -0.2026 0.00722 0.088 

Pic· 22.78 -0.3873 -0.01550 0.199 

Ph.,B- 13.30 -0.2579 0.00067 0.036 



TABLE 8: Coefficients of the Polynomial, Equation 18, and Thermodynamic 

Standard Data of the Association. 

electrolyte Co c1 102 c 2 a% c0 + 298.15c1 

..1.G0298.1~ ..1.8°298.15 JK2 mo1"1 ~298.1~ 

Jmor1 JK1 mor1 Jmor1 

KPic -14734.6 48.59 234.85 0.028 -248.3 

KBPh. -13614.1 14.00 -274.93 0.073 -9442.9 

-14709.1 24.13 -77.81 0.162 -7-513.2 

Pl4AsPic -15034.3 56.72 126.88 0.106 1877.5 
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Thermodynamics of Ionic Association of Tetraphenylphosphonium, 

Tetraphenylarsonium, and Some Common Cations in 2-Methoxyethanol using 

Conductometry and FT-Raman Spectroscopy 

87. 

· With the development of the laser, the era of routine laser-Raman spectroscopic 

work has truly arrived, eliminating many problems of sample decomposition. The Fourier 

Transform (FT) technique brings to the recording of Raman spectra niany advantages like, 

wavenumber accuracy, spectra summation and subtraction, short measurement times, etc. 

State-of- the-art FT laser-Raman spectrometers use a Nd-YAG laser operating at 1064 nm, 

which minimizes the troublesome fluorescence. 1 

FTIR and FT. Raman techniques are very much complementary. In a dual 

instrument, in which switching between the FTIR and FT Raman modes is carried out by 

computer, both IR and Raman spectra can be obtained easily and speedily on the same 

sample. The prinpipal advantages of laser-Raman spectroscopy over infrared are its 
:· ·. 

increased sensitivity, the ease of sample preparation and the fact that water- makes an ideal 

solvent. 

The Raman effect depends on the polarizability of a vibrating group in a molecule, 

.:. ·and on its ability to interact and couple with an exciting radiation whose frequency does 

not match that of the vibration itself. Many absorptions that are weak in infrared give · 

strong absorptions in Raman spectra. Due to these various advantages we employed FT 

Raman spectroscopy for our investigation. 
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As the second part of our comprehensive programme to study the solvation and 

association behaviour of some electrolytes in different non-aqueous solvents from the 

measurements of various transport, thermodynamic, and spectroscopic properties,24 we 

attempted to unravel the nature of vanous types of interactions prevailing in solutions of 

tetraphenylarsonium chloride ( Ph4 AsCl ), tetraphenylphosphonium . chloride(Ph~C/), 

tetraphenylphosphonium bromide (Ph4 PBr ), lithium tetra:fluoroborate (LiBF4 ), and 

sodium tetrafluoroborate ( NaBF4 ) in 2-methoxyethanol (ME). As it is a-- monomethyl 

ether of ethylene glycol, it is very likely to show physicochemical properties midway 

between protic and aprotic solvents. Hence, it i~ of much interest to study the behavior of 

electrolytes in such a solvent medium. 

In this chapter. we present our precise measurements of electrical conductances and 

Fourier Transform(FT)-Raman spectra of solutions of tetraphenylarsonium chloride 

( Ph4 AsCl ), tetraphenylphosphoniutn chloride(Ph~Cl), tetraphenylphosphonium 

·, 

bromide (Ph4 PBr), lithium tetrafluoroborate (LiBF4 ), and sodium tetrafluoroborate 

(NaBF4 ) ~ · 2-methoxyethanol (ME) at·· temperatures 288.15~T/K~308.15. The 

conductance data were analyzed by the 1978 Fuoss cond~.1ctance-concentration equation. 

Thermodynamics of the association processes have also been studied. 

5.1 EXPERIMENTAL SECTION 

5.1.1 Materials: 

2-Methoxyethanol (G.R. E Merck ) was purified as reported in Chapter 3 and 

having a density of 0.96002 g cm-3
, a coefficient of viscosity of 1.5414 mPa.s, and a 
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specific conductance of ca.l.01 x 10-6 S cm-1 at 298.15 K. The· salts were prepared and 

' also purified as described in Chapter 3. 

5.1.2 Appparatus and Procedures: 

Conductance measurements were carried out on a pye-Unicam PW 9509 

conductivity meter and the details of the experimental procedure have been described 

earlier. Solutions were prepared by mass for the conductance runs, the molalities being 

converted to molarities by the use of densities measured with an Ostwald-Sprengel type 

pycnometer of about 25 cm3 capacity. Several independent solutions were prepared and 

runs were performed to ensure the reproducibility of the results. Due correction was made 

for the specific conductance of the solvent at all temperatures. 

FT -Raman spectra were excited at 1064 nm using Nd: YAG laser and a Brucker 

IFS 66V optical bench ~th an FRA 106 Raman module attached to it. Laser power was 

set at 200 mW, and 250 (averaged) scans were accumulated with a resolution of 2 cm-1
. 

The spectra were recorded by the Regional Sophisticated Instrumentation Centre, Indian 

Institute of Technology, Madras. The dielectric constants of 2-methoxyethanol at different 

temperatures were taken from Table I, in Chapter 4. 
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5.2 RESULTS 

, 5.2.1 Conductance: 

The measured molar conductances (A ) of electrolyte solutions as a function of 

mplar concentration (c) at 288.15, 293.15, 298.15, and 308.15 K are given in Table 

1. The conductance data have been analyzed by the 1'978 Fuoss conductance_; 

concentration equation.5•
6 For a given set of conductivity values ( c i, A i; j = 1, ... ,n ), three 

adjustable parameters, the limiting molar conductivity (A0
), association constant (KA), 

and the cosphere diameter ( R ), are derived from the following set of equations: 

. A= p[A0 (1+Rx)+EL] 

p = 1-a(1-y) 

r = l-KAcr212. 

-In f = pk /2(1 + kR) 

P=e2 1 DkBT 

KA = KR 1(1-a) = KR(1+K8 ) 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

where the symbols have their usual significance. The computations were performed on a 

·'·computer using the progran1n1e suggested by Fuoss. The initial A0 values for the iteration 

procedure were obtained from Shedlovsky extrapolation7 of the data. Input for the · 

program is the set (ci,Ai;j = l, ... ,n ),n,D,.,,T, initial value of A0
, and an instruction 

to cover a preselected range of R values. 
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. . 
In practice calculations ·are made by finding the values of A0 and. a which minimize 

the standard deviation, a , 

(7) 

for a sequence of R values and then plotting a against R ; the best-fit R corresponds to 

the minimum in a vs R curve. However, ·since a rough scan using unit increment of R 

values . from 4 to 20 gave no significant minima in the a (%) vs R curves, the R value 

was assumed to be R = a + d, where a is the sum of the ionic crystallographic radii and 

dis given by6 

d = 1.183(M I p 0 )
113 (8) 

where M is.the molecular weight of the solvent and p 0 its density. 

The values of A0
, K A, and R obtained by this procedure are reported in Table 2 . 

. ~ 5.2.2 FT -Raman Spectra: 

The Raman spectra of pure 2-methox:yethanol and of the solutions of Ph4 AsCI, 

Ph_JJCJ, Ph4 PBr ,LiBF4 , and NaBF4 in 2-methoxyethanol in the range 3500- 100 cm"1 

have been presented in Figures I to 5. The principal bands observed have been listed in 

Table 3 . 

... 
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5.3 DISCUSSION 

, 5.3.1 Limiting Molar Conductance and Association Constant: 

Table 2 shows that for all salts the furiiting molar conductances (A0
) increase ,as 

the temperature increases. The A0 values have been fitted to the followuig polynomial: 

(9) 

and the coefficients of these fits are given in Table 4 together with the standard percentage 

errors (a% ). 

The single-ion conductivities at different temperatures have been calculated from 

the reference electrolyte Bu4 NBPh4 •
8 The single-ion conductivities(.IL~)along with the 

Walden products (.IL~q0 ) are reported in Table 5. 

The single-ion conductivities have also been fitted to the following polynomial 

equation: 

A~ = b0 + b1 (298.15 -1) + b2 (298.15 -1)2 (10) 

and the coefficients of the fits along with thea% values are recorded in Table 6. 

All these electrolytes are found to be moderately associated ( cf K A values from 

Table 2) in 2- methoxyethanol at all the temperatures investigated. These electrolyte 

solutions, in general, show small negative temperature dependence of K A , which is a 
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quite normal behaviour for molecular ions with non-electrostatic contributions to the inter

, ionic potential, also known for acetate, and fluoroacetate salts in dimethylsulfoxide9 and 

tetraalkylammonium salts in acetonitrile10 and methanol. 11 

5.3.2 Thermodynamics of Ion-Pair Formation: 

The standard Gibbs energy changes for the ion association process, A G0
, can be 

calculated from the association constants using the equation: 

(11) 

In order to evaluate the standard enthalpy change, M/0
, and the standard entropy 

change, M 0
, we have fitted the AG0 values to a polynomial of T of the type: 

AG0 = c0 + c1 (298.15 -1) + c2 (298.15 -1) 2 (12) 

and the coeflicients of the fits are compiled in Table 7, together with the a% values of 

the fits. 

The M/0
, and M 0 values of the ion-association process can then be evaluated 

from the temperature dependence of A G0 values as follows: 

MI' = -r'[ d(A~/1) 1 (13) 
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(14) 

The standard values of the thermodynamic parameters at 298.15 K can, therefore, 

be expressed as: 

(15) 

(16) 

(17) 

It is observed from Table 7 that the AS0 values of ion association for all these 

electrolytes (LiBF4 being an exception) are positive. These positive AS0 values may be 

attributed to the increasing number of degrees of freedom after association mainly due to 

the release of solvent molecules as shown below 

M+ .n(ME) + x- .m(ME) = MX.z(ME) + (n + m- z)ME (18) 

In other words, the solvation of the individual ions is weakened as soon as these 

ion ·pairs are formed. A decrease in the entropy for LiBF4 solution, on the other hand, 

suggests· that the ion pairs that are formed organize the solvent molecules in their vicinity 

better than the ions. 

It is especially noteworthy that the Ml0 values for all the electrolytes are negative. 
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The electrostatic theories of ionic association, 12 however, never give negative 

values for M/0
, since. the theoretical equation for M/0 cont~ the [1 +(din D) ] 

dinT P 

term; thus the experimental value of (dlnD) makes the theoretical M/0 value positive, 
dinT P 

contrary to expectation. 

The negative values of M/0 can be explained by considering the participation of 

specific covalent interaction in the ion association process. Here, the covalent interaction 

somewhat works between· the ions and hence, the binding enthalpy between the ions is 

sufficiently negative to compensate for the positive contribution from the weakening of 

ion solvation. Consequently, AG 0 of the ion association should have a large negative 

value (a large K A value) and should depend on the kind of ions and this is found to be true 

here. 

The non-Coulombic contributio11 to the Gibbs energy, · AG•, has been calculated 

from the following equation9 

AG•- N w.• 
- A ± (19) 

(20). 

where the symbols have their usual meaning. The quantity 2q/r is the Coulombic part of 

the interionic mean force potential and ~· is its non-Coulombic part. 
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The procedure for the evaluation of the non-Coulombic contribution to the entropy 

and enthalpy (AS. and MI. respectively) is similar to that used for obtaining AS0 and 

The AG• values at different temperatures were fitted to the polynomial: 

(21) 

and the coefficients of the fits along with the a% values are given in Table 8. 

The values of AG•, AS• ,and MI. at 298.15 K are then· easily obtained from the 

following equations: 

AG;9s.ts = c~ (22) 

M• • 
298.15 = cl (23) 

.·. MI. • • 
298.15 = Co + 298.15cl (24) 

·+. 

The non-Coulombic parts of the Gibbs energy, AG;98_15 , of all the salts are found 

to be small (Table 8)- 19% (Ph4 AsCI), 19% (Ph4 PCI), 24% (Ph4 PBr), 23%(LiBF,J, 

and 20% ( NaBF4 ) in 2-methoxyethanol. This indicates that the Coulombic forces play a 

major role in the association processes. This is further supported by the fairly higher 

values of the Coulombic parts of AS0 and Ml0 in comparison with their non-Coulombic 

counterparts. 
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5.3.3 Raman Spectral Behaviour: 

Partial band assignments . for the pure solvent as well as for the electrolyte 

solutions have been made and discussed accordingly. From Figures I through 5 we see 
-

that 2-methoxyethanol (ME) shows vs(C- O)in the 'range 800 - 900 cm-1
, and 

vs(O-H)in the range 100 - llOO cm-1
. The_.CH3 -0 symmetric and asymmetric 

bending vibrations of ME appear as a clo.sely spaced doublet at 1457 and 1471 cm"1 

respectively. The solvent also exhibits its stretching modes in the wavenumber range. 2800 

- 2950 cm-1
. It can be seen from Table 3 that the spectra of the salt solutions show several 

remarkable changes from that of the pure solvent. For LiBF4 solution, three new bands of 

medium intensity appear in the range 375- 550 cm-1
• These bands may be assigned to the 

vibration primarily involving the lithium ion. Similar types of bands in this frequency 

range have also been observed in 1,2-dimethoxyethane solutions.3 The sodium ion in 

NaBF4 also exhibits similar bands, however, with vety low intensity. 

Phosphorus and arsenic atoms present in tetraphenylphosphonium and 

tetraphenylarsonium ions· respectively show Raman peaks at 254 and 238 cm"1 

respectively in this lower frequency range. 

From the spectra we see that- LiBF4 and NaBF4 solutions of 2-methoxyethanol . 

show new bands with maxima around 700 cm-1
. The strQng bands at 1587 cm"1 for 

I 

Ph4 PBr and at 1581 cm"1 for Ph4 AsCI solutions are also observed in their Raman 

spectra. The appearance of these new bands for these salts has been assigned to the 
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"spectroscopically free" anion x- (X= B~,Cl,Br) in 2-methox:yethanol, i.e., to the 

, solvent-separated ion-pair M+ sx- ($ is the solvent molecule) and/or to the solvent

separated dimer M+ sx- ... M+ sx-, spectroscopically indi!:'tinguishable from each other. 

The above observations can be interpreted in terms of the following eigen 

multistep mechanism: 

M+ +X-= M+sx- = MX 

zM+ sx- = 1Vr sx- ... M+ sJc 

2MX=(MX)2 

(25) 

(26) 

(27) 

Thus, for these electrolytes, one would expect the presence of an equilibrium 

between the solvent-separated and contact ion pairs as represented by eq 25 which is 

strongly shifted towards the left due to the presence of "spectroscopically free" anions . 
.. · ·i 

The equilibriu~ represented by eq 26 to form the· solvent-separated dimer may 'also exist 

since M+ sx--and M+ sx- ... M+ sx- are indistinguishable from each other by Raman 

spectra. However, no contact quadrupole is expected to form through eq 21 for the 

electrolytes for the reasons just mentioned above. This also supports the moderate 

'-~~sociation ofthese salts as manifested by the conductivity study. 

The complexation of 2-methox:yethanol with the cations has been manifested by 

the shifts of the Raman band of the symmetric C- 0 stretching mode as well as ·that of the 

· symnietric 0- H mode of pure solvent.. The v s ( C- 0) band of 2-methox:yethanol in salt 
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solutions shifts slightly from the corresponding peak in pure 2-methoxyethanol. This 

indicates the coordination of the lithium, sodium, tetraphenylphosph.onium, and 
J 

tetraphenylarsonium ions with the oxygen atoms of 2-methoxyethanol molecuies. But, the 

shifts are too small to draw any definitive conclusion as to which of the two oxygen atoms 

in 2-methoxyethanol molecules get coordinated with the cations. This is, however, nicely 

demonstrated by the sizeable shifts of v s ( 0 -H) bands in the electrolyte solutions 

compared to shifts in the solvent v s ( 0- H) peak. The v s ( 0 -H) peak appears at 1074.6 

cm"1 in pure 2-methoxyethanol, and those in all the salt solutions shift to the shorter 

wavenumber region. The probability of complexation of the cations with 2-

methoxyethanol molecules·through the -OCH3 group (with higher electron density on the 

oxygen atom arising due to the electron repelling inductive effect of CH3 group than on 

the alcoholic oxygen atom) makes the -OH moiety rather free, and in this case the band 

shifts to the shorter wavenumber region. In case of linkage through the -OH group, the 

reverse trend should have been observed. The red-shift of the v s ( 0 -H) band in solutions 

,· 

amply indicates the complexation through the ethereal oxygen atom. 

In the higher wavenumber region, the pure solvent shows three peaks at 2829.7, 

2890.3. and 2942.4 cm-1
. The peak at 2829·7 cm"1 may be assigned to the C-0-C 

.. symmetric stretching and that at 2942.4 cm"1 may be assigned to the . C-0- H symmetric 

stretching of 2-methoxyethanol. The peak of medium intensity at 2890:3 cm-1 appears due . 

to the intramolecular hydrogen-bonding of alcoholic hydrogen with the ethereal oxygen 

atom. For the alkali metal salts it is observed that all these three peaks appear at higher 

wavenumbers in the spectra. As a result of coordination of alkali metal ions with the lone 

'·:· 
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pair of ~lectrons on the ethereal oxygen atom, the lone pairs get shifted to the alkali 

cations, thus increasing the stretching frequency of the C - 0 - C mode in salt solutions. 

Due to this displacement of the lone pairs towards the alkali metal ions, the intramolecular 

hydrogen bonding will be weaker which results in a shift of both the C - 0 - H symmetric 

stretching mode and the 0- H --- 0 band to longer wavenumbers. The shifting of the 

C-0- C and 0- H ~-- 0 bands is found to be in the order LiBF4 > NaB~. This. may 

be ascribed to the greater displacement of the ethereal oxygen lone pair towards the 

lithium ion with higher surface charge density compared to the sodium ion. The 

anomalous order in shifting of the C - 0 - H bands might possibly be due to the greater 

interaction 'Of the sodiuin ion with 2-methoxyethanol molecules as demonstrated 

conductometrically. 

For Ph4 PBr and Ph4 AsCI solutions, the C-0- C and C- 0 -.H bands of pure 

2-methoxyethanol shift towards the sho~er wavenumbers, while the 0- H- - - 0 band 
: ~. ,· . 

exhibits a blue shift. Both the lar~er tetraphenylphosphonium and tetraphenylarsonium 

ions coordinate with the ethereal oxygen atom, though the strength of coordination is 

sufficiently weaker compared to the alkali metal ions because of the larger size and 

smaller charge density of these cations. Thus the C-0- C and C-0- H bands of pure 

,.2-~ethoxyethanol should not shift to the higher wavenumber regions like the alkali metal 

ions in these cases. A possible explanation may be that though the electron pairs of the 

ethereal oxygen atom coordinate with these cations (the extent of displacement of lone 

pairs is small enough compared to the alkali cations), but their bulky sizes hinder the 

C - 0 - C and C- 0 - H stretching vibrations, resulting in red ~hifts for these bands in 
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salt solutions. The shift of the 0- H- - ·-0 bands to the longer wavenumbers may be 

ascribed to the loosening of the intramolecular hydrogen bonding arising out of this 

coordination. 

The four P- Ph a -bonds are sp3 hybridised. The phenyl groups show a strong 

peak at the 3060 cm-1 region. As the phosphorus.atom has a positive charge, the vacant 3d 

· orbitals are compact and in shape to participate in bonding as acc~ptor of-electrons, the 

ethereal oxygen atom lone pairs being the donors. The d -orbitals in phosphorus are· 

usually diffuse. But when phosphorus consists of a positive charge and its ligands are 

electronegative, its five vacant d-orbitals are compact and in shape to accept electrons - in 

this case from the ethereal oxygen atom lone pairs. In the case of tetraphenylarsonium 

ions, due to the larger size of the arsenic atom, they will be less compact than the 

tetraphenylphosphonium ions and so coordination through lone pairs will be easier. This is 

manifested by the spectral shifts. As the arsenic atom appears to be more metallic in 

natUre than j)ho~pho~s, the tetraphenylarsoniuni. ion pulls the ethereal oxyg({n lone pair 

more effectively towards it, causing greater _loosening of the intramolecular hydrogen-

bonding; thus the shift of the 0 - H --- 0 bands will be higher with tetraphenylarsonium 

. . 

ions than with tetraphenylphosphonium ions. For the other bands, e.g., C-0-C and 

C - 0 - H vibrations, the red shiftings are found to be m the order: 

tetraphenylphosphonium ion > tetraphenylarsonium ion. Thus lower shifting with 

tetraphenylarsonium ion may be due to the greater size of the tetraphenylarsonium ion 

which makes free movement of C-0- C and C- 0 - H bands quite restricted. 
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It may thus be concluded that all these electrolytes remain strongly associated in 2-

methoxyethanol to form ion pairs and the solvation of the ions is weakened as soon as the 

ion pair is formed. The results indicate that the Coulombic forces play a major role in the 

association process. All these electrolytes are found to exist in ME solution as solvent

separated ion pairs and/or solvent-separated dimers, thus exhibiting a very intense peak 

for the "spectroscopically free" anion. Moreover, -the chelation of ME with the cations is 

taking place through the lone pairs of electrons on the ethereal oxygen atom. 
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TABLE 1: Molar Conductivities of Electrolytes in 2-Methoxyethanol at 288.15, 293.15, 

298.15, and 308.15 K 

~ 

T=288.15 K T=293.15 K T=298.15 K T=308.15 K 

ex 104
/ A/S ex 104

/ A/S ex 104
/ AIS ex 104

/ A/S 

mol dm"3 cm2mol"1 moldm-3 cm2 mol"1 mol dm"3 cm2mo1"1 moldm"3 cm2 mo1"1 

P14A.sCI 

6.5187 23.54 4.2025 . 26.87 4.0000 29.52 3.8416 34.47 

7.5372 23.21 5.1756 26.44 5.0625 29.01 5.0176 33.87 

8.5558 22.91 6.0530 26.08 6.2413 28.52 5.9524 33.44 

-~ 9.5743 22.65 7.0618 25.73 7.0195 28.22 7.0602 32.96 

10.5929 22.39 8.0034 25.39 8.0620 27.84 8.0015 32.60 

11.0003 22.27 9.0123 25.07 9.4899 27.38 9.0101 32.23 

12.0188 22.01 10.0211 24.74 10.4250 27.05 10.0187 31.87 

13.0374 21.79 11.0299 24.46 11.4675 26.73 11.0273 ·JI.55 

14.0559 21.56 12.0388 24.18 12.4405 26.40 12.0359 31.22 

P~CI 

5.0625 24.35 3.4596 27.54 5.2900 29.09 3.0276 35.00 

6.0784 23.91 4.6447 26.95 6.8270 28.48 3."6100 34:63 

~:t:- 7.0071 23.64 6.0520 26.36 7.8151 28.12 5.0842 33.81 

8.0201 23.33 6.9999 25.98 8.8033 27.79 6.5459 33.09 

9.0332 23.01 8.0208 25.62 9.7914 27.50 7.5628 32.65 

10.0463 22.70 9.1145 25.24 10.7795 27.23 8.5161 32.26 

11.0594 22.44 10.0624 24.94 11.7676 26.95 9.5329 31.87 

12.0724 22.17 11.0103 24.65 12.7557 26.67 10.5497 31.49 

13.5076 21.81 12.0639 24.34 13.7439 26.44 11.5030 31.18 

......... 
· .. r. 

(Table 1 Continued) 
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(Table 1 Continued) 

~ 
P~PBr 

2.1408 29.14 4.6656 29.76 2.0991 34.36 2.1377 40.70 

3.1743 28.38 5,6644 29.22 3.1825 33.46 3.1437 39.74 

4.2077 27.74 6.5487 28.79 4.1982 32.71 . 4.2125 38.86 

5.2412 27.17 7.5053 28.36 5.2816 32.04 5.2185 38.14 

6.2747 26.69 8.5354 27.93 6.2973 31.47 6.2873 37.41 

7.3082 26.20 9.5656 27.51 7.3130 30.95 7.3562 36.79 

8.4155 25.73 10.5221 27.16 8.3965 30.41 8.3622 36.24 

9.4490 25.35 10.5522 26.77 9.4122 29.95 9.4310 35.67 

10.4824 24.92 12.5088 26.43 10.4956 . 29.48 10.4370 35.17 

-~ LiBF4 

4.4944. 30.22 4.2436 33.10 4.1616 35.30 4.1616 40.34 

5.5697 29.58 5.0271 32.58 5.0544 34.71 5.0667 39.72 

6.0540 29.30 6.0261 31.97 6.0067 34.14 6.0213 39.13 

7.0226 28.80 7.0231 31.43 7.0322 33.56 7.0493 38.51 

8.0720 28.29 . 8.0581 30.89 8.0577 33.02 8.0039 38.01 

9.0406 27.84 9.0192 30.44 9.0100 32.56 9.0319 37.48 

10.0092 27.42 10.0542 29.97 9.9623 32.10 10.0599 37.02 

11.0586 26.98 11.0153 29.54 11.0611 31.63 11.0145 36.58 

12.0272 26.59 12.0502 29.13 12.0134 31.20 12.0425 36.14 

~ NaBF4 

1.0250 30.'94 1.0250 32.62 5.6644 31.53 2.0437 38.47 

2.0505 29.92 2.0505 31.58. 6.5832 31.10 3.0655 37.58 

3.0785 29.17 3.0758 30.79 7.5237 30:70 4.0088 36.88 

4.0222 28.59 4.0222 30.16 8.5817 30.28 5.0306 36.24 

5.0475 . 28.00 5.0475 29.54 9.5222 29.93 6.0525 35.61 

6.0727 27.53 6.0727 29.04 10.5802 29.54 7.0743 35.04 

7.0980 27.06 7.0980 28.55 11.5207 29.21 8.0175 34.58 

8.0444 26.60 8.0444 28.05 12.5787 28.85 9.0394 34.07 

9.0697 26.25 9.0697 27.67 13.5191 28.56 10.2184 33.54 
~-

10.2527 25.77 10.2527 27.20 
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TABLE 2: Conductance Parameters of Electrolytes in 2-Methoxyethanol at 288.15, 293.15, 

-j-- 298.15, and 308.15 K 

electrolyte T/K Ao/ KA/ R/ 0"% 
0 

S cm2 mor1 dm3 mor1 A 

Ph4 AsCI 288.15 28.33± 0.07 254 ± 6 10.91 0.08 

293.15 31.08±0.06 246± 6 10.91 0.10 

298.15 . 33.98 ± 0.10 233± 9 10.92 0.16 

308.15 39.26± 0.07 186± 5 10.93 0.10 

-A Ph4 PCI 288.15 28.78±0.07 274 ± 7 10.81 0.11 

293.15 31.47±0.07 257± 7 10.81 0.13 

298.15 34.03±0.05 213± 4 10.82 0.06 

308.15 39.41 ± 0.07 208± 5 10.83 0.12 

Ph4 PBr 288.15 . 32.48± 0.07 336 ± 9 10.97 0.17 

293.15 35.36± 0.10 340± 9 10.97 0.12 

298.15 38.25±0.08 317± 8 10.98 0.16 

30~.15 45.31 ± 0.09 297± 8 10.99 0.15 

t-
LiBF4 288.15 36.26±0J2 388 ± 12 7.70 0.13 

293.15 39.21 ± 0.11 350± 9 7.70 0.12 

298.15 41.52± 0.13 313 ± 10 7.71 0.14 

308.15 46.86±0.09 224± 6 7.72 0.10 

'· ·NaBF4 288.15 33.07±0.06 280 ± 7 8.26 0.18 

293.15 34.93±0.07 276± 7 8.26 0.19 

298.15 37.66± 0.10 253 ± 8 8.27 0.11 

308.15 42.54±0.09 228± 8 8.28 0.17 

--:1-

.,· 
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TABLE 3: Raman Frequencies in cm-18 

ME 

238.I(m) 253.8(m) 

376.8(m) 375.3(w) 

425.8(m) 427.7(w) 

541.5(m) 542.7(w) 

766.4(m) 770.2(w) 

834.7(s) 833.l(m) 832.9(s) 833.7(s) 834.5(s) 

-A 891.4(m) 894.6(w) 892.2(w) 892.6(m) 889.5(m) 

1019.4(w) . 1001.9(vs) 1001.3(s) 

1074.6(w) 1023.6(m) 1027.3(m) 1065.4(m) 1069.0(w) 

1457.0(s) sh 1455.8(s) 1457.9(s) 1454.l(s) 

1470.6(s) 1463.5(s) 1470.0(s) sh sh 

1580.6(s) 1586.6(s) 

2829.7(vs) 2828.4(s) 2829.l(m) 2835.5(vs) 2832.8(vs) 

~ 2890.3(m) 2896.5(m) 289I.O(m) 2895.l(m) 2892.1(m) 

2942.4(s) 2937.0(s) 2923.l(s) 2943.5(s) 2944.8(s) 

3063.0(vs) 3065.8(s) 

.a.sh =shoulder, w =weak, m =medium, s =strong, vs =very strong.· 
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TABLE 4: Coefficients oftbe Polynomial, Equation 9. 

electrolyte O"% 

Ph4 AsCl 33.93 -0.5481 -0.0015 0.066 

Ph4 PCI 34.07 -0.5302 -0.0003 0.055 

Ph4 PBr 38.32 -0.6390 '· 0.0058 0.089 

. LiBF4 41.67 -0.5236 -0.0010 0.162 

NaBF4 37.49 -0.4792 0.0029 0.209 

~-

TABLE 5: Limiting Ionic Conductances_ (.A.~/S cm2 mor1
) and Ionic Walden Products 

A.~ 17 0 IS cm2 mor1 Pa s) in 2-Methoxye~hanol at 288.15, 293.15, 298.15, and 308.15 K 

288.-15 K· 293.15 K 298.15 K 308.15 K 

~ 
Ion A.~ A.~ 17o _A.O 

± A~TJo .A.o 
± A.~ 17o .A.o 

± A.~ 17o 

Ph
4
As+ 9.83 0.019 10.21 0.018 11.16 . 0.017 13.85 0.017 

Ph p+ 
4 . 10.28 0.020 10.60 0.018 11.21 0.017 14.00 0.018 

·- cr 18.50 0.036 20.87 /0.036 22.82 0.035 25.41 0.032 

Br- 22.20 0.043 24.76 0.043 27.04 0.042 31.31 0.039 
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TABLE 6: Coeffic~ents of the Polynomi_al, Equation 10. 

7--
IOU bo b1 bz o-% 

J 

Ph
4
As+ 11.11 -0.2026 0.00721 0.204 

Ph p+ 
4 11.25 -0.1847 0.00898 0.158 

cr 22.82 -0.3455 -0.00866 0.002 

Br- 27.07 -0.4544 -0.00313 0.059 

TABLE 7: Coefficients of the Polynomial, Equation 12, and Thermodynamic Standard Data 

of the Association 

electrolyte Co ct 102 c2 / o-% c0 + 298.15c1 

8.G~9s.ts/ M~s.ts/ JK2 mo1"1 M/~98.151 
: Jmo1"1 J K 1 mo1"1 Jmo1"1 

~ 

Ph
4
AsCl_. -13504.9 6.38 178.80 0.025 -11602.7 

Ph4 PCr -13387.1 8.11 -190.62 0.316 -10969.1 

Ph4 PBr -14318.2 31.14 48.99 0.131 -5033.8 

... LiBF4 -14241.4 -11.88 -80.44 0.009 -17783.4 

NaBF4 -13754.7 19.26. 43.38 0.121 -8012.3 



+-

TABLE 8: Coefficients of the Polynomial, Equation 21, for the Non-Coulombic 

Contribution to the Association Process 

electrolyte 

Ph4 AsCI 

Ph4 PCI 

Ph4 PBr 

LiBF4 

NaBF4 

• 
Co 

AG;9s.ts/ 
Jmort 

-2616.2 

-2496.5 

-3437.0 

-3255.2 

-2776.3 

• ct 

AS;9s.ts/ 
J K"t mort 

-41.29 

-39.49 

-16.47 

-59.38 

-28.15 

2 • 10 c2 

J K"2 mort 

182.33 

-182.95 

56.72 

87.96 

50.90 

u% 

0.094 

1.578 

0.531 

0.037 

0.578 

c; + 298.15c; 

w;9s.ts; 
Jmort 

-14926.8 

-14270.4 

-8347.5 

-20959.3 

-11199.0 
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Ultrasonic Velocities and Isentropic Compressibilities of Electrolytes in 

2-Methoxyethanol in the Temperature Range 288.15 to 308.15 K 

111 

It is well recognised that ultrasonic velocity and isentropic compressibilities of 

liquids, electrolyte solutions, and liquid mixtures· provide information on ion-ion, ion-

solvent and solvent-solvent interactions.1 Very useful and often interesting results are 

obtained while investigating the variation of ultrasonic velocities of electrolyte solutions 

--
as a function of concentration and temperature. The relative magnitudes of the limiting 

apparent molar isentropic compressibilities ( 1q. 0 ) would enable us to gather information 

about the strengths of inter'!-ctions between ions and solvent molecules. 

In the previous chapter we reported our conductance and FT-Raman spectral 

studies of solutions of lithium tetratluoroborate (LiBF 4), sodium tetratluoroborate 

(NaBF4), tetraphenylphosphonium chloride (Pl4PC1), tetraphenylphosphonium bromide 

(Pl4PBr), and ·· .tetraph~mylarsonium chloride (Plw\sCl) in 2-methoxyethanol.. In this 

chapter we pr~sent the ultrasonic velocity measurements on the same set of electrolyte 

solutions in 2-methoxyethanol as functions of temperature (288.15 ~ T/K ~ 308.15). An 

atteinpt has been made to unravel the nature of various types of interactions prevailing 

in these solutions. 

Apparent molar isentropic compressibilities (lq.) of these electrolytes were 

derived from the measUred ultrasonic velocity data, supplemented with their densities. 

Infinite dilution partial molar isentropic compressibilities (1q. 
0 

) were obtained by 



.. · 

112 

extrapolation from the plot of~ against the square-root of the molarity. The ~ o values 

of the electrolytes were split into approximate limiting ionic compressibilities ( ~ 0 
± ) on 

the basis of the assumption that ~0 (BF4) = 0. The results have been interpreted in terms 

of specific constitutional and structural factors of the solvent molecules and of the solute 

ions. 

6.1 EXPERIMENTAL SECTION 

6.1.1 ~aterials: 

Tetraphenylarsonium chloride (Pl4AsCl), tetraphenylphosphonium chloride 

(PhtPCl), tetraphenylphosphonium bromide (PhtPBr), lithium tetrafluoroborate (LiBF4), 

and sodium tetrafluoroborate (NaBF4) were prepared and purified as reported in Chapter 

3. The purified ME had a density of 0.96002 g cm"3 and a coefficient of viscosity of 

1.5414 mPa s, at 298.15 K. 

6.1.2 · ·Apparatus: and Procedure: 

Sound velocities were measured with an accuracy of± 0.3 % using a single-crystal 

variable-path ultrasonic interferometer (Mittal Enterprises, New Delhi, India) working at 4 

MHz and the procedure has been described in Chapter 3. 

Isentropic compressibility coefficients (Ks) were derived from the relation 

(1) 

where p is the solution density and u is the sound velocity in the solution . 
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The apparent molar isentropic compressibility ( ~) of liquid solutions was 

calculated from the relation 

(2) 

where m is the molality of the solution and the other symbols have their usual · 

significance. 

6.2 RESULTS AND DISCUSSION 

The molal concentration (m), density(p), the sound velocity (u) and the apparent 

molar isentropic compressibility (~) of the solutions of LiBF4, NaBF4, Pl4AsCl, P~Cl, 

and PILJlBr at 288.15~ 293.15, 298.15, and 308.15 K are given in Table 1. 

The limiting apparent molar isentropic compressibilities (~0) were obt~ed2 by 

extrapolating . the plots of ~ versus the square root of the molal concentration of the 

solute to zero concentration by the method of least squares: 

(3) 

where Sk is the experimental slope. The ~ 0 values along with the experimental slopes (Sk). 

are listed in Table~ 2. 
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Ionic additivity can usually give some idea of the reliability of results. The 

differences between LiBr3 and LiBF4 and between NaB~ and NaBF4 are respectively 

- 43.82 and - 43.85 x 10-4 cm3 mor1 bar"1 whiph gives an indication of the reliability 

and internal consistency of our data. 

For all of these electrolytes, the apparent molar isentropic compressibilities have 

been found to have large negative values at all the temperatures investigated. The 

possible effects which the solutes can exert on the solvent structure and their role on 

solvent compressibility have been explained as follows: 

i) the smaller ions e.g., Li+, Na+, cr, and Br- are known to be largely solvated by 

the electrostriction of solvent molecules around them in ME. 4 This resJ,llts in a 

loss of compressibility of ME in solution compared to the pure solvent. The BF4-

ion, on the other hand, has been shown to remain unsolvated in ME5
; moreover, it 

has too ~mall . an intramolecular free space to have any significant intrinsic 

comp~essibility. This ion, therefore, does not influence the compressibility of the 

medium to any significant extent. 

ii) most of the interpretations of ~ 0 in terms of solvation effects6-10 assume that ~ 0 

of unsolvated ions is · negligible,. although Conway and Verral recognized that 

large organic ions (here PhJ>+ and Pl4As l could have some intrinsic. 

compressibility due to the intramolecular free space which makes the solution 

more compressible. 
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iii) Another effect that is possible for large organic ions i~ the penetration of the 

~- · solvent molecules into the intramolecular space. This is the result of the interaction 

of the positively charged phosphorus/arsenic atom of the tetraphenyl ions with 

the neighbouring solvent molecules. This is essentially an electrostriction effect 

and causes constriction in the solution volumes resulting in a more compact and 

hence less compressible medium. 

iv) Infrared spectral studies i~dicate11• 12 that intramolecular hydrogen bonding exists 

in ME molecules ,in the liquid state. While solvating smaller ions like, Lt, Na+, 

cr, and Br", some of the intramolecular hydrogen-bonds are broken down making 

the solution less compressible. 

The interplay of · the above four factors actually contrails the compressibility of the 

solution. 

For LiBF~ and NaBF4 solutions, the negative ~o values can be ascribed to the 

effects (i) and (iv); Here Li+ and Na + ions are primarily responsible for the loss of 

compressibility in·solution. LiBF4 solutions are found to be less compressible than NaBF4 

solutions in the temperature range investigated. The charge density o~ the Li+ ion is 

greater than that on the Na+ ion, an4 hence effective electrostatic pressure should be 

larger in solutions of lithium salt than in those of the sodium salt. One can thus expect that · 

compressibility of the lithium salt solution to be less than that of the sodium salt at any 

given concentration . 
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The negative ~ 0 values of the PILJlCI, PILJlBr, and Pl4AsCI solutions can be 
attributed to the predominance of the effects (i), (iii), and (iv) over the effect (ii). 

· The ~ 0 values for PILJlBr solutions are always a little bit more negativ~ than those 

for PILJlCl solutions indicating that the loss of the compressibility of the medium is less in 

the presence ofPIW>Br. 

From the experimental values of the limiting apparent molar isentropic 

compressibilities of PILJlCl and Pl4AsCl solutions, it is clear that the presence of PILJl+ . 

ions makes ME more compressible than the presence of Plw\s + ions. These observations 

can give an important insight into the structures of these ions in ME. Both PILJ>+ and 

Plw\s + ions should have almost equal intramolecular free space·. But, since the positively 

charged arsenic atom has a greater tendency to attract the ME molecule13
, penetration will 

be more in Plw\s + ion than in PILJ>+ ion. This makes the former ion less compressible 

than the latter: 

The variation of the ~ 0 values of the salt solutions with temperature is quite 

interesting. While the alkali metal salts LiBF4 and NaBF4 exhibit a regular decrease of 

~o values with temperatures, for the other three tetraphenyl salts e.g., PIW>Cl, PILJlBr, 

and Pl4A.sCI, a maximum in the ~ 0 vs. temperature curve is observed at 298.15 K. 
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On raising the temperature of the system, the alkali metal ions lose some solvent 

molecules from their first coordination sphere progressively which is expected to increase 

the compressibility. But at higher temperatures, a breakdown of the intramolecular 

hydrogen-bonds · in ME also takes place more effectively resulting in a loss of 

compressibility. Thus, it may be concluded that for LiBF4 and NaBF4 solutions, the latter 

effect is grC?wing faster and overriding the former ·as far as the present temperature range 

is concerned. 

In Ph.J>Cl, Ph.J>Br,. and Pl4AsCl solutions, the halide ions are gradually desolvated 

with the rise in temperature. The Ph.J>+ and Pl4As + ions also release some solvent 

molecules from inside their intramolecular spaces. The releaSe of solvent molecules 

should render these solutions more compressible. Moreover, the larger organic ions are 

becoming more and more compressible at elevated temperatures due to the availability of 

the space iri between the phenyl groups which was earlier occupied by solvent molecules 

at lower temperatures. The desolvation effects must predominate up to- ~ 298.15 K 

in these salt solutions where ~ 0 values reach maxima. Beyond this temperature, solutions 

. 
become ·less compressible as ·a result of the predominance of the other effects e.g., 

breaking down of intramolecu.lar hydrogen-bonds of solvent molecules over the 

desolvation effects. With increasing temperature, the effect of desolvation becomes 

smaller and smaller and we believe that at least one ion in these salts gets fully 

desolvated when a maximum in ~ 0 vs. temperature is reached. 
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·There are no reliable methods of dividing ~o into ionic components. Millero14 has 

suggested dividing the partial molar volumes of Ph.tAs -fplWJ - into ionic components but 

such a method cannot be used here since we do not know the ratio of the compressibilities 

of the pure (solid or gaseous) ions. The extrapolation method as suggested by Conway et 

al. 15 can also not be used for the division of~ 0 values. The method 16 used in acetonitrile 

assuming ~0(Pl4B") = 0 is also not appropriate as the PlWJ- ion is large (0.535 nm) and 

therefore its compressibility contribution caruiot be taken as zero. 

Under these circumstances and also in view of the compressibility behaviour of 

the BF4~ ion in ME, the assumption that ~0(BF4-) = 0 seems to be the best choice at the 

moment. Ionic ~ 0 values b~sed on this assumption are given in Table 3 which seem to fit 

quite well with the discussion made above on the basis of the ~ 0 values of the salts as a 

whole. 
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Table 1. Molal concentration (m/mol kg-1
) density (p/ g cm-J),ultrasonic velocity . 

:~ (ul m s-1
) and apparent molar isentropic compressibility (Kt , cm3 mor1 bar-1

) of 

the ·electrolyte solutions in 2-methoxyethanol at different temperatures. 

m p u 104~ m p u 104~ 

T==288.15 K 

LiBF4 NaBF4 
.. 

0.01060 0.97025 1382.28 -81.8 0.02075 0.97158 1382.09 -64.2 

0.031<)1 0.97147 1383.48 -69.8 0.03113 0.97225 1382.63 -61.2 

0.05165 0.97271 1384.31 -61.0 0.06232 0.97463 1383.46 -54.5 

* 0.07273 0.97397 1384.81 -54.0 o:o7766 0.97665 1384.45 -51.9 

0.09323 0.97518 1385:11 -48.1 0.09319 0.97665 1384.45 -49.6 

·0.11811 0.97666 1385.16 -41.7 0.12491 0.97918 1384.52 -45.1 

PltaPCI PltaPBr 

0.01068 0.97043 1383.65 -78.9 0.01559 0.97198 1384.71 - 109.5 

0.03185 0.97273 1387.26 -62.3 0.02598 0.97345 1386.63 - 121.1 

0.04198 0.97382' 1388.78 -56.7 0.03663 0.97484 1388.68 -130.9 

·, 

:¥- 0.06351 0.97612 1391.72 -46.4 0.04712 0.97 684 1390.65 - 139.0 

0.08454 0.97825 1394.23 -38.1 0.05314 0.97689 1391.83 - 143.1 

0.10953 0.98096 1396:83 -29.5 0.05916 0.97759 1392.99 -147.3 

PhAsCI 

0.00516 0.97085 1382.44 -83.2 
...... 

0.01207 0.97165 1383.79 -68.7 

0.01901 0.97245 1384.98 -57.9 

0.02598 0.97325 1386.06 -48.9 

~· 0.03416 0.97418 1387.19 -39.4 

0.04152 0.99511 1388.19 -31.2 

0.05066 0.97605 1389.08 -24.1 Contd •••• 

., 

.. 
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Table·l contd •. 

~ T=298.15K 

LffiF4 NaBF4 

0.01047 0.96156 1353.41 - 114.3 0.02096 0.96249 1353:69 -84.3 

0.03144 0.96281 1355.23 - 100.1 0.03670 0.96363 1354.63 -80.6 

0.04193 0.96344 1355.98 - 95.4 0.05246 0.96477 1355.47 -77.6 

0.06294 0.96469 1357.24 - 86.9 0.08357 0.96694 1356.70 -72.3 

0.08397 0.96594 1358.23 - 79.6 0.10461 0.96946 1357.90 -68.2 

r.· 0.10505 0.96719 1358.98 - 73.2 0.13720 0.97114 . 1358.48 -65.8 

Ph.J»Cl Ph.J»Br 

0.01047 0.96164 1353.92 -67.0 0.01057 0.96138 1352.38 -80.1 

0.03159 0.96348 1357.75 -52.2 0.03164 0.96413 1356.00 -70.1 

0.04225 0.96438 1359.53 -46.7 0.04228 0.96548 1357.76 -66.5 

0.06375 0.96621 1362.81 -37.6 0.05298 0.96682 1359.48 -63.4 

0.08552 . 0.96805 •1365.83 -30.0 0.06388 0.96808 1361.32 -60.3 

~~ . 0.11138 0.97020 1369.06 -22.0 0.07887 0.96999 1363.49 -56.5 
i 

P14AsCI 

0.00523 0.96134 1353.52 -71.1 

0.01223 0.9622i 1354.64 -57.6 

0.01925 0.96309 1355.63 -47.5 

0.02630 0.96397 1356.51 -39.0 

0.03516 0.96509 1357.45 -30.2 

0.04407 0.96622 1358.26 -22.2 

·~ 
0.05301 0.96735 1358.96 -15.3 

Contd •••• 
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• Table 1 contd ••• 

T=308.15K 

LiBF4 NaBF4 

0.01070 0.95481 1318.43 -164.1 0.01078 0.95439 1318.12 -96.2 

0.03173 0.95622 1321.05 -153.7 0.03151 0.95583 1319.48 -89.3 

-
0.05276 0.95765 1323.38 -146.3 0.05268 0.95751 1320.40 -84.8 

' 
0.07383 0.95905 1325.56 -140.5 0.07389 0.95899 1321.47 -80.4 

0.0945() 0.96042 1327.53 -135.3 0.09470 0.96047 1322.36 -77.1 

~ 
0.12389 0.96237 1330.08 - 129.3 0.11597 0.96201 1323.12 -74.1 

Pi4PCI Ph.J»Br 

0.01074 0.95488 1319.95 -89.3 0.01600 0.95622 1320.62 -91.7 

0.03169 0.95670 1324.18 -78.3 0.03716 0.95848 1324.30 -82.6. 

0.05325 0.95865 1328.08 -70.1 0.04797 0.96020 1326.32 -79.1 

0.07507 0.96057 1331.85 -64.0 0.05886 0.96143 1328.31 --75.9 

0.08365 0.96132 .. 1333.27 -61.6 0.08054 0.96409 1331.78 -70.4 

r- 0.11036 0.96365 1337.52 -55.4 0.09430 . 0.96584 1333.81 -67.2 

Ph&AsCl 

0.00738 0.95390 1319.28 -77.1 

0.01082 0.95445 1319.66 -70.0 

..... o:o1581 0.95525 1320.14 -61.4 

0.02119 0.95610 1320.62 -53.2 

0.02646 0.95693 1321.02 -46.9 

0.03848 0.95837 1322.39 -34.0 
~ 

0.05151 O.Q5990 1323.69 -29.9 
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Table 2. Limiting apparent molar isentropic compressibilities (K+ 0 }. and the 

'y , experimental slopes (Sk) together with the standard deviations (a) for the electrolyte 

solutions at different temperatures in 2-methoxyethanol. 

Electrolyte T/K 104~0 104Sk 0' 

( cm3 mor1 bar-1
) ( cm3 mor312 kg112 har-1

) 

LiBF4 288.15 -99.09 ± 0.11 169.86 0.09 

298.15 -133.33 ± 0.09 189.34 0.07 

308.15 -178.69 ± 0.14 144.16 0.10 

~-
NaBF4 288.15 -77.31 ± 0.08 92.65 0.06 

298.15 . -99.17 ± 0.20 92.09 0.14 

308.15 -106.00 ± 0.20 96.13 0.15 

Ph4PC1 288.15 -101.73 ± 0.07 224.81 0.06 

298.15 -87.30 ± 0.06 202.57 0.05 

.. · ·. ·:308.15 -109.15 ± 0.18 141.51 0.13 

r 
Ph4PBr 288.15 -109.72 ± 0.20 145.04 0.10 

298.15 -93.93 ± 0.17 137.07 0.11 

308.15 -109.15 ± 0.06 141.51 0.04 

P14AsCl 288.15 -111,54 ± 0.27 397.61 0.22 

298.15 -99.00 ± 0.14 365.21 0.11 

308.15 -110.95 ± 0.25 404.83 0.20 
. ~ 



Table 3. Ionic standard apparent molal isentropic compressibilities in 

2-methoxyethanol at 298.15 K 

Ion 104~0 ± 

(cm3-mor1
- bar"1

) 

-133.33 

-99.17 

-50.10 

Ion 

cr -37.20 

-43.83 

0.00 
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A Study on the Solvation Phenomena of Some Sodium Salts in 

1,-2-Dimetho:xyethane from Conductance, Viscosity, Ultrasonic Velocity, 

and FT-Raman Spectral Measurements 

In non-aqu~OlJ.S. batteries, the. choice of electrolyte solution and optimization of its 

salt concentration are two important factors. An electrolyte solution possessing high 

specific conductivity and hence with minimal ion-ion interactimis is required to maintain 

the cell at low internal resistance. Knowledge of the state of association of the electrolytes 

and their interaction with the solvent molecules is essential for the optimal choice of 

solvent and electrolyte. To this end, various classical methods ·such as electrical 

conductivity, viscosity and ultrasonic velocity measurements have been employed to study 

the. status of association of the electrolytes. Such studies are complemented with structural 

studies of the metal ion solvates using Raman ·spectroscopy. Hopefully, this will give a 

molecular rationale for the' choice of a given electrolyte in battery construction. 

As part of our efforts to study the solvation and association behaviour of several 

alkali metal salts in different non-aqueous solvents from the measurements of various 

transport, thermodynamic and 'Spectroscopic properties, 14
. we have attempted to unravel 

the nature of various types of interactions prevailing in sob1tions of sodium perchlorate 

'· (NaCl04), sodium tetraphenylborate (NaBP~) and sodium tetrafluoroborate (NaBF4) in 

1,2-dimethoxyethane (DME) from precise conductivity, viscosity, ultrasonic--velocity and· 

Raman spectroscopic techniques. The unique characteristics and physical properties of 

DME are presented in Chapter 3. 
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7.1 EXPERIMENTAL SECTION 

7.1.1 Materials 

1,2-dimethoxyethane (Fluka, purum) was purified5 as reported in Chapter 3. The 

purity of the solvent as checked by gas chromatography was found to be greater than 99.8 

%. The boiling point (357.5 K) and density (0.8613 g cm"3
) at 298.15 K also compared 

fairly well with the literature values6 which are 358.15 K and 0.8612 g cm-3
, respectively. 

The salts were of Fluka purum or puriss grade and they were P!"epared and 

purified as described in Chapter 3. 

7.1.2 Apparatus and Procedures 

Conductance, viscosity and ultrasonic measurements were carried out at 298.15 

K, using the instrument~ and procedures as explained in Chapter 3. Several independent 
. ·: 

solutions were prepared, and conductance measurements were performed with each of 

these to ensur~· the reproducibility of the results. Corrections were made for the specific 

conductance of the solvent. 

·· · · · · FT Raman spectra were excited at 1064 nm using a Nd:YAG laser and a Brucker 

IF'S 66. V. optical bench with an FRA I 06 Raman module attached to it. Laser power was 

set at 200mW, and 250 (averaged) scans were accumulated with a resolution of 2 cm"1
. 

The spectra were recorded by the Regional Sophisticated Instrumentation Centre, Indian 

Institute of Technology, Madras. 
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The relative permittivity of the pure solvent (e = 7.075 at 298.15 K) was taken 

. from the .literature. 6 

7.2 RESULTS AND DISCUSSION 

7.2.1 Electrical Conductance 

The equivalent conductance (A) versus the concentration (c) data of NaCI04, 

NaBF4 and NaBP~ in 1,2-dimethoxyethane at 298.15 K are recorded in Table 1. The 

variation of e_quivalent conductance with the concentration of the salt solutions is 

represented in Figure 1 a-c. 

The conductance data ·have been analyzed by the Fuoss..:.Krauss' theory7 of triple 

ion formation in the form 

(I) 

where, g( c) is a factor that lumps together all the intrinsic interaction terms and is defined 

by, 

exp [- (2.303/Ao112
) f3' ( cA112

)] 

~= ~ 

~ [1- (S/Ao312
) ( c Ai12

] (I - NAo)112 
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Here, J3' = I. 824 7 x I 06 I ( E Ti12 is the Debye-Hiickel term of the activity coefficient, 

f= exp [- (2.303IA0
112) J3' ( c A112)] 

and S = [ 0.8204 x 106 I ( e Ti'2J Ao + 82.50I I 11( e T)112 is the Onsagar coefficient of the 

conductance equation A= Ao - S ( c .N Ao)112 . Also Ao is the sum of the limiting 

eqUivalent conductances of the simple ions Li+ and B- (B = Cl04, BF 4 and BP14) and Ao 

the sum of the values for the two possible triple ions, LiB2- and Li~+; Kp and KT ~e the 

ion-pair and triple-ion formation constants, respectively. The symmetrical approximation 

of considering the two possible formation constants of triple ions equal to each other has 

been considered . 

. Neglect of NAo and (SAo312) (c Ai~2 together with the assumption off± =I leads to 

g( c) = 1 and hence, 

(3) 

For the present data, it was found that equation 3 was inadequate, the data showing 

a downward curvature when plotted as .Ac112 vs. c. On the contrary, equation I g~ves 

reasonably straight lines, the curvature having almost disappeared. 

To apply equation I, it is necessary to have estimates of Ao and to assume a value 

of A0T. A0T was assumed to be equal to 2Ao/3. An average value of 0.637 S cm2 eqv-1P 

was used for the walden product (Aollo) of NaCl04 at 298.I5 K (the solvents include 
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methanol, acetonitrile, pyridine and dimethyl fonnamide8
). The corresponding Ao11o value 

for NaBF4 was estimated from that of NaCl04 as given above and those for LiBF4 and 

LiC104 as reported in our previous work2 using the following equation: 

(4) 

The Ao values were then estimated from the coefficient of viscosity of DME 

(0.0042 mPa.s) and are found to be 151.7 and 148.6. S cm2 mor1 for NaC104 and NaBF4 

respectively. Table 2 reports Ao, Kp, KT and~ values for these salts. 

The concentrations of the ion-pairs and triple ions ( Cp and CT, respectively) at the 

highest concentration for each electrolyte solution have been calculated using the 

following relations: 

Cp = C (1-a.- 3a.T) (5) 

a. = (Kp c) -1/2 (6) 

O.T = (KT/KP
112

) C
112 (7) 

CT = (K.TfKP
112

) C
312 (8) 

and are .reported in Table 2. Also included in this Table are the Ao, Kp, KT , ~ , Cp and CT 

values for LiCl04 and LiBF4 for comparison from our previous study. From this Table we · 

see that a preponderant fraction of these electrolytes exist as ion pairs with only a minor 

portion as triple ions . 
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From Table 2, we also see that the Kp and KT values for NaBF4 are significantly higher 

'than· those for NaC104. This indicates far greater solvation of Cl04- ion than BF4- ion in 

DME. Studies on lithium salts also support this view. Again the sodium ion, with smaller 

surface charge density upon it than the lithium ion, is expected to be less solvated than the 

lithium ion in view of higher degrees of association of the sodium salts. The ion pairs in 

NaBF4 solutions will, therefore, be predominantly.the contact species I contact ion pair 

(CIP). NaCl04 solution, on the other hand, is expected to have the solvent separated ion 

pairs (SSIP) in greater amount. NaBP~ is. the least associated among the three. The 

behaviour of this salt gives some important insight into its solution properties when its , 

conductivity parameters are analyzed in conjunction with its spectral information (see 

later). 

7 .2.2 Viscosity 

Viscometric investigations indicate complex solvation-association interactions in 

these systems .. A steep increase in dynamic viscosity (Table 3) in the range of higher 

concentrations causes a deviation from the Jones-Dole law,9 indicating a process of 

intermolecular association. The isotherms of dynamic viscosity in the whole studied range 

of concentrations behave exponentially according to the following relationship: 

(9) 
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Such a dependence is typical for solutions of electrolytes in aprotic solvents with 

low and medium relative permittivities and is a particular case of the Einstein-V and -

Stocks equation as described in the literature.1° For the solutions ofNaCI04 , NaBF4 and 

NABP~ in DME we have: 

forNaBF4, 

In (n/mPa.s) = 0.6362 (c/mol.dm-3
)- 5.4698 with a= 0.0001 mPa.s. (10) 

forNaCI04, 

In (rt/mPa.s) = 0.7330 (c/mol.dm-3
)- 5.4722 with C! = 0.0003 mPa.s. (11) 

and for NaBP4 

In (rt/mPa.s) = 1.9940 (c/mol.dm-3
)- 5.4703 with a= 0.0004 mPa.s. (12) 

··.The values of B were determined for the region of the Jones-Dole. equation 

validity. These are 0.7845 dm3.mol"1 for NaC104, 0.5589 dm3.mol"1 for NaBF4 and 2.2233 

dm3.mor1 for.NaBP~ at 298.15 K. Large positive values of these coefficients indicate the 

big size of moving particles presumably because of the ·solvation of the constituting ions 

of these electrolytes as evidenced from the conductivity study.· The viscosity B

coefficients suggest that the perchlorate ion is present as a bigger entity than the 

fluoroborate ion in DME solutions. This has also been found to be true from our 

conductivity study. 
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7.2.3 Compressibility 

· The isentropic compressibility coefficients ( Ks) were derived from the relation , 

lCs = 1/(u2p) (12) 

where p is the solution density and u is the velocity of sound in the solution. 

The apparent molal isentropic compressibility ("G) of liquid solutions was 

calculated from the relation 

'G = (1000/mppo) (KsPo-1Cs0 p) + Ks (M/po) (13) 

where, m is the molality of the solution and the other S}'Illbols have their usual 

significance. 

, . The ~olar; concentration (c), density (p) and the isentropic compressibility 

coefficient (Ks) of the solutions ofNaCl04, NaBF4 and NaBP~ at 298.15 K are given in 

Table4. 

The limiting apparent molar isentropic compressibilities ( 'G 0 ) were obtained by 

extrapolating the plots of 'G versus the square root of the solute molarity to zero 

concentration: 

'G ='Go+ SK cl/2 

where SK is the experimental slope. 

(14) 
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The limiting apparent molar isentropic compressibilities (~0) of NaCl04 and 

NaBF4 are found to be negative. The ~o values at 298.15 K for NaCl04 and NaBF4 are 

-116.96 x 104 and -123.99 x 104 cm3mor1bar-\ respectively. These negative ~o values 

of these electrolytes can be interpreted in terms of loss of compressibility of the solvent 

1,2-dimethoxyethane in the presence of these solutes arising out of the electr~striction of 

the solvent molecuies around the small sized ions_ (particularly the sodium ions) because 

of high charge density on their surface. 

Between the NaCl04 and NaBF4 solutions, the former solution is more 

compressible than the latter (Table 4) indicating that the loss of compressibility of the 

medium is less in the presence ofNaCl04. In these two salts, the Na+ ion being common, 

the anions are evidently making the difference. Since a BF4- ion is smaller in size (r = 

2.02 A) than a Cl04- ion (r = 2.40 A), the fqrmer will have higher surface charge density. 

7.2.4 ,.Ranian--Spe~tra · 

The Raman spectrum of pure 1,2-dimethoxyethane together with those of the 

·solutions ofNaCI04 (at three different molarities, e.g., 0.05 M, 1M and 2M) and NaBF4 

(0.02 M) and NaBP~ (0.1 M) in 1,2-dimethoxyethane in the range 3500- 100 cm·1 have 

been presented in Figures 2 through 7. The principal bands observed have been listed in 

Table 5. Partial band assignments for the pure solvent as well as for the salt solutions 

have been made and discussed accordingly. ~,2-Dimethoxyethane (DME) shows Ys (C-O) and 
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Vas (C.,.O) in the range of 1150-1100 cm-1 and 950-800 cni\ respectively. The Vas (C-H) 

stretching mode ofthe solvent appears in the wave number range of 1150-1100 cm-1
, and 

the Vs (C-H) mode in the range of 3000-2700 cm-1
. It can be seen from Table. 5 and 

Figures 2 through 7 that the spectra of the salt solutions show several remar~ab1e changes 

from that of the pure solvent. 

For all the salt solutions, a broad ban.d near 370 cm-1 appears. This band has been 

assigned to the vibration primarily involving the sodium ion. This cation band frequency 

is found to be anion dependent. This observation is similar to those found in other weakly 

solvating non-polar solvents such as tetrahydrofuran, 11
•
12 and pyridine. 13 The variation of 

this band for Na+ ion with different counter anions indicates that the cation is associated 

with the anion in an intimate way in DME solutions, and this association may be primarily 

in the form of contact ion pairs. However, one can also expect that the cation might have 

some solvent molecules in its near-neighbor environment on geometrical grounds. If the 

I . , 

vibrations were due to unsolvated ion pairs, much greater dependence on the mass of the 

anion would have been observed. A comparison of cation frequency in DME with that in 

other solvents e.g., acetone, 14 methyl acetate, 15 methyl formaie, 15 pyridine, 13 

tetrahydrofuran, 11
•
12 2-methoxyethanol/ etc., shows that the frequency of the cation 

.: . vibration also varies with the solvent. This implies that the solve~t affects the vibration of 

Na + ions in D~ solutions. Thus one is led to the view that the cation vibrates in a cage · 

composed of anion and solvent molecules in DME solutions and that all elements in this 

cage contribute (although not necessarily to an equal extent) to . the factors which 

determine this band frequency. 
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For NaC104, a new non-degenerate band appeariilg at -933 cm-1 is a~buted to the 

infrared forbidden totally SYmmetric stretching vibration of the perchlorate ion. 14•16 Raman . 

spectrum ofNaBF4 solution shows two very weak new bands peaking around 1025 and 

991 cm-1 due to an internal vibration of the anion. 12 NaBP~ solution exhibits a band of 

medium intensity centering at 1582 cm-1 pr~suffiably due to the symmetrical stretching 

mode of the BP~- ion. Another new band appears at 999 cm-1
. The appearance of these 

new bands (- 933 cm-1 for NaC104 and -991 cm-1 for NaBF4, and -999 cm-1 for NaBP~) 

for these electrolytes can be assigned· to the "spectroscopically free" anion B- (B = Cl04. 

BF 4, · and BP~ ) in DME , that is to the solvent-separated ion pair. Li+ S K (S is solvent 

molecule) and /or to the solvent-separated dimer, Lt S B- ... Lt S B-, spectroscopically 

indistinguishable from .each other. 

No .contact ion. pairs are detectable for NaCl04 solution. Indeed, these species, if 
.. ·i 

' . present, would cause the appearance of an additional band in the neighborhood of the 

band for the ·"spectroscopically free" perchlorate ion towards the higher wave number 

region. But for NaBF4 and NaBP~ solutions, the bands at 991 .and 999 cm-1 respectively 

have been assigned to contact ion pairs. 

The above observation indicates that Cl04- ions significantly solvated thus· 

rendering the formation of Na + Cl04- contact ion pairs impossible. The formation of 

contact ion pairs for NaBF4 and NaBP14 indicates poor solvation of the anions BF4- and 



·-::!· 

136 

All t~ese above observations inay be interpreted in terms of the following 

eigen multi-step mechanism: 

2 NaB ~ (NaB)2 

--

(15) 

(16) 

(17) 

For NaCl04, one would therefore expect only the· presence of an equilibrium 

betWeen the solvent-separated and. contact. ion-pairs represented by equation IS that is 

strongly-shifted toward the left. The equilibrium represented by equation16 to form the 

solvent .. sepaiated dimer may also exist since Na+sB- and Na+sB-... Na+sB- are 

indistinguishable by Raman spectra. However, no contact quadrupole is expected to form 

through equation17 for NaCl04. For both NaBF4 and NaBP4 where contact ion-pair are 

also found to be present, the formation of contact quadrupoles or dimers via equation17 is 

possible. 
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TABLE 1: Equivalent Conductances ·(s cm2 mort) and Corresponding 

Molarities (mort dm-J) ofth~ Sodium Salts in 1,2-Dimethoxyethane at 298.15 K. 

NaBF4 NaBP14 

-104 c A 104 c A 104 c A 

17.02 2.40 7.07 1.15 9.55 4.321 

102.72 1.89 8.06 1.08 15.92 3.492 

135.41 1.78 9.04 1.03 31.84 2.662 

172.76 1.70 10.03 0.98 63.68 2.102 

200.78 1.67 11.02 0.95 79.61 1.971 

238.15 1.67 12.01 0.91 89.16 1.913 

270.88 1.66 13.07 0.88 95.52 1.880. 

303.50 1.66 30.41 0.63 101.90 1.852 

406.22 1.75 60.19 0.51 108.26 1.826 

508.95 1.84 90.61 0.47 111.45 1.815 

607.00• 1.96 158.41 0.45 127.37 1.768 

705.06 2.08 159.21 1.707 

191.05 1.676 

254.74 1.666 

302.50 1.686 

401.22 1.773 

796.07 2.401 
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TABLE 2: Conductance Parameters in 1,2-Dimethoxyethane at 298.15 K. 

Electrolyte An - Kp 

151.7 1.88 X 106 22.96 0.9896 693.68 313.50 

148.6 2.88 X 107 61.08· 0.9999 157.49 22.70 

NaBP14 106.9 9.43 X 105 20.37 0.9827 779.03 471.15 
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TABLE 3: Conce~tration (mol dm-3
), Density (g cm-J) 

and Relative Viscosity of the Sodium Salts in 

1,2-Dimethoxyethane at 298.15 K. 

c 

0.02028 

. 0.04025 

0.06021 

0.08018 

0.10295 

0.02018 

0.03014 

0.05008 

0.06005 

0.07001 

0.00705 

0.010204 

0.01504 

0.01668 

0.01832 

p 

NaCl04 

0.86346 

0.86566 

0.86789 

0.87004 

0.87257 

0.86433 

0.86572 

0.86856 

0.86992 

0.87126 

NaBP14 

0.86226 

0.86256 

0.86294 

0.86316 

0.86337 

1.0139 

1.0285 

1.0436 

1.0589 

1.0773 

1.0424 

1.0643 

1.1067 

1.1291 

1.1517 

1.0069 

1.0087 

1.0107 

1.0118 

1.0128 
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TABLE 4. Concentration (mol dm-3), Density (g cm-3), ffitrasonic Velocity 

(m s-1), Isentropic Compressibility (bar-1
) and Apparent Molar 

Isentropic Compressibility ( cm3 mor1 bar-1
) of the Sodium-Salts in 

1,2-Dimethoxyetbane at 298.15 K. 

c p u 
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TABLE 5: Raman Frequencies in cm-1 
a 

DME 

385.4 (m) 

867.0 (m) 

1146.2 (w) 

1452.5 (s) 

2805.0 (vs) 

2878.0 (m) 

2937.0 (w) 
...... 

2979.0 (w) 

NaCI04 

(0.05 M) 

365.0 (m) 

850.0 (m) 

933.0 (w) 

1133.0 (vw) 

1299.5 (vw) 

1450.5 (m) 

2722.0 (w) 

2821.0 (s) 

2891.0 (m) 

2945.0 (w) 

2964.0 (w) 

NaCI04 

(1M) 

368.0 (m) 

850.0 (m) 

933.6 (s) 

1128.0 (w) 

1287.7 (m) 

1452.7 (m) 

1473.0 (w) 

2724.0 (w) 

2826.0 (s) 

2895.0 (m) 

2945.5 (w) 

hump 

NaCI04 

(2M) 

369.0 (m) 

862.0 (m) 

933.3 (s) 

1127.0 (w) 

1287.0 (vw) 

1449.5 (m) 

1474.0 (w) 

2722.0 (m) 

2832.0 (s) 

2898.0 (m) 

2947.0 (w) 
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NaBPI4 NaBF4 

(- 0.1 M) (-0.02M) 

369.0 (w) 366.6(w) 

·855.0 (m) 850.0 (w) 

991.0(w) 

999.0 (s) 

1031.5 (m) 1025.0(w) 

1105.0 (w) 

1133.0 (vw) 

1450.0 (m) 1451.0 (m) 

2723.0 (w) 2720.5 (w) 

2828.5 (s) 2820.0 (vs) 

2896.0 (m) 2891.0 (m) 

2947.0 (m) 2944.0 (w) 

2986.0 (m) 2984.5 (m) 

3038.0 (vs) 

a vw = very weak, w = weak, m = medium, s = strong, vs =very strong. 
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Figure 1: Variation of equivalent conductance as a function of salt concentration iD 
1,2- dimethoxyethane at 298.15 K (a, NaCI04; b, NaBF4; c, NaBPh4) 
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Excess Properties of Binary Mixtures of 

N- Methylacetamide + 2-Methoxyethanol, 

and N- Methylacetamide and Water at 308.15, 313.15 and 318.15 K 

In recent years, there has been a considerable upsurge in the theoretical and 

experimental investigations of the excess thermodynamic properties of binary liquid 

mixtures.1
"
3 The main reason for this is the facfthat the composition dependence of 

thermodynamic properties of binary liquid miXtures has proved to be a useful indicator of 

the existence of significant effects resulting from intermolecular interactions 15etween the 

various species present in the liquid mixture. Besides this, dependence of these properties 

on temperature and pressure is of great importance to a chemical engineer in the design 

of ind~strial separation processes especially in petrochemical industries, on-line quality 

control, and underwater research, 4 and to a chemist for arriving at theories of liquid 

mixtures. The intera:ction between the molecules can be establis4ed from a study of the 

characteristic departure. from ideal behaviour of some physical properties like molar 

volume, compressibility, viscosity, etc. 

The importance of N- methylacetamide (NMA) as a strongly hydrogen-bonded, 

highly structured, protic and basic solvent inspired us to investigate its excess properties 

,by combining it with the familiar solvents 2-methoxyethanol and water. The amide group 

in NMA is a good model of a peptide bond. We believe that a systematic study of the 

structural and energetic consequences of the interaction between NMA and water will 

enable us to understand how water exercises thermodynamic and kinetic control over the 

;: 
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chemical activities of polypeptides in aqueous media. It will also serve us to compare 

these properties with the results obtairied with the binary mixtures of N,N-

dimethylacetamide + 2-methoxyethanol and N,N-dimethylacetamide + water given in the 

next chapter. Although some work has been done in amides +water mixtures,5
-
7relatively 

·fewer studies have been made in the binary mixtures of ami des and organic solvents. 

· Viscosities of liquid mixtures off~r knowledge that is indispensable in solving 

many practical problems concerning heat transport, mass transport, and fluid flow. For 

liquid mixtures, viscosity data have yielded valuable information regarding the nature of 

interaction forces operating within and between the molecules and the existence of 

complex if any. Attempts have been· made to interpret viscosity data theoretically and 

empirically. 8 

Ultrasonic sound velocity measurements . of solutions have. been mostly attempted 

in water- and binary ·mixtures. containing water as a component.9 Such studies. in ?rganic 
.. 

solvents and in miXed organic solvents· are rather few in· literature. 10
•
11 However, 

· ultrasonic velocity measurell_lents coupled with density and viscosity measurements offer 

very fruitful information regarding the solvation behaviour· of electrolytes in . pure and 

mixed solvents. Using the ultrasonic velocity (u) data, isentropic compressibility (Ks) can 

be_easily calculated using the relation Ks = ll(u2p). In a binary miXture, these parameters 

provide significant information on the behaviour of the component solvents and the 

solvent -· solvent interactions. 12 

.,· 
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We have measured densities, viscosities and ultrasonic velocities for the liquid 

mixtures ofNMA + ME and NMA + water over the entire range of their compositions at 

. 308.15, 313.15, and 318.15 K. The excess molar volumes (VE), viscosity deviations (At')) 

and isentropic compressibility changes (AKs) of these systems have been calculated at 

these temperatures. 

Very recently, Gill and co-workers13 have_ sho:wn that another parameter called 

shear relaxation time ('t) can be derived from viscosity and isentropic compressibility (Ks) 

d~ta. Starting from the equations of Kinsler and Frey/4 Gill and his colleagues derived a 

simple relation, 

't = 4. t')Ks /3 (1) 

(the symbols have the usual meanings) which is very useful for predicting the solvent 

structural effect in binary solvent mixtures. A rigorous examination of the validity of this 

equation has bee~ done by them. 13 If ion-solvent or solvent-solvent interaCtions are 

present in solutions or mixtures, the 't values should increase with the increase of salt 

concentration or with the change, of solvent composition or with the change of 

temperature. We have calculated the Ks and 't values for NMA + ME and NMA + water 

.. mixtures at the three temperatures mentioned above. 



146 

8.1 EXPERIMENTAL SECTION 

·.~ 

The purification of the chemicals used and the experimental procedure for the 

measurement of the above properties have been described in Chapter 3. The 

measurements of densities, viscosities and ultrasonic velocities have also been described 

in Chapter 3. In all cases, the experiments were p_erformed at least in five replicates for 

each composition and the results were averaged. 

8.2 RESULTS 

8.2 .. 1 Solvent Parameters of the Mixtures 

The densities, viscosities and ultrasonic velocities of NMA + ME mixture, and 

NMA +water mixture as a function of mole fractions ofNMA, at 308.15, 313.15 and 

318.15· K, have· been ·presented in Tables 1-2. The corresponding values have been 

represented in Figures 1-3. 

Two derived parameters, namely 1Cs and 't , have heen evaluated and these have 

been reported in Table 3-4. The variations ofKs and 't values with the composition of the 
: .. ; .. 

mixtures (mole fraction ofNMA) have been shown in Figures 4 and 5. 
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8.2.2 Excess Properties of the Mixtures 

The excess functions have been evaluated using the following equations~ 

vE = v- ( V1x1 + V2x2) 

Llfl = 11- (1'\tXt +f\2X2) 

AKs = Ks- (Ks 1X1 +Ks2X2} 

147 

(2) 

(3) 

(4) 

where x1 and x2 are the mole fractions of NMA and ME I water respectively. V, 11 and Ks 

are the respective solution properties, V 1 and V 2 , 111 and 112 and Ks 1 and Ks 2 are the molar 

volumes, the coefficients of viscosities and, the isentropic compressibilities of NMA 

and ME I water in the mixture respectively. 

The molar volume Vis defined by the relation, V = (M1x1 + M2x2)lp, where, M1 

and M2 are the molecular masses of pure substances and p is the density of the mixture . 

. ·i 

The excess functions at 308.15, 313.15 and 318.15 K have been presented in 

Tables 5-6. 

Graphical representations of VE, AT] and AKs as functions of mole fractions of 

':NMA are given in Figures 6-8 . 
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The excess pr~perties yE were.fi.tted to the Redlich- Kister15 equation: 

E . . 
Y =XI (1- XI) :E A.i (1- 2xiY, (5) 

. E -
are adjustable parameters. These parameters were evaluated by fitting Y I XI (1- XI ) to 

equation ( 5) by the method of least squares. The values of these parameters along with 

the standard deviation 0" (YE) ofYE as defined by the equation, 

(6) 

are recorded in Tables 7-8; for NMA +ME and NMA +water systems respectively. In 

equation ( 6), N is the total number of experimental points and M is the number of 

parameters. 

8.3- DISCUSSION 
.# •• : ·i 

8.3.1 Solvent Properties ofNMA +ME and NMA +Water Systems 

The plots of densities, viscosities, and ultrasonic velocities of NMA + ME and 

NMA + water mixtures at various compositions and at different temperatures offer some 

,_ i~ormation about the nature of these systems. For both the systems, the variation of 

density, viscosity, and ultrasonic velocity as a function of mole fraction of NMA is non-

linear (Figures 1-3) at all three temperatures investigated. However, in the case ofNMA 

+ME, only the density curves show broad J;Ilaxima (around mole fraction 0.40 in NMA) 

at the given temperatures. The viscositY· values gradually increase with the concentration 
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ofNMA up to a mole fraction of 0.30 in NMA and increase more steeply thereafter. The · 

ultrasonic velocity curves show a gradual rise. in ultrasonic velocity as the mole fraction 

· of NMA increases up to 0. 60 but after that the curves flatten off and run almost parallel to 

the concentration axis. With further addition of NMA, there is only a slight increase in 

ultrasonic velocity values. In terms of temperatures, all the three parameters (p, t'} and 'u) 

decrease with increase in temperature for the NMA + ME system. 

For the NMA + water system, however, the non.:..linear behaviour of all these 

parameters is very well pronounced. The curves obtained are distinct and characteristic of 

each parameter. All three curves (p, f1 and 'u') show clear maxima (Figures 1-3). The 

variations of density and ultrasonic velocity with concentration ofNMA are very similar. 

Both show slight increase iniiially but after the maxima (around mole fraction 0.15 in 

NMA), the values fall .off uniformly~ The viscosity curves show broad maxima around · 

mole fraction 0.55 in NMA at all three temperatures and thereafter they decline slightly. 

All these three parameters decrease with rise in temperature. 

The plots of the two derived parameters, 1Cs and 't, for NMA + ME also exhibit 

non-linear character (Figures 4-5). Ks, like ultrasonic velocity, is very much affected by 

the addition ofNMA up to its mole fraction about 0.60 but remains almost unaffected by 

•it after that composition. No maxima or minima are observed here. 

For the NMA +water system, the plot ofKs versus mole fraction ofNMAgives a 

distinct minimum at around mole fraction 0.15 in NMA ai each temperature studied. The 
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initial decrease inKs values up to the minimum (around mole fraction 0.15 in. NMA) may 

be due to water whose ultrasonic velocity value increases with temperature leading to a 

decrease in 1Cs up to the minimum. Thereafter, the decrease in Pmixlure more than 

compensates for the increase in 'u' giving rise to a steep hike in 1Cs values. 

The variation of shear relaxation time (t) with the concentration of NMA is 

similar in .both the systems, the only difference··· being the steeper slopes obtained for 

NMA + water. The t values decrease with temperature for both the systems. 

The non-linear variation · of any of the solvent parameters with solvent 

composition is due to solvent structunil effects. The solvent structural effects become 

very strong when a solvent parameter passes through a maximum or minimum.16 From 

these considerations it appears that there is a well-pronounced and strong solvent 

structural effect in the binary mixtures of NMA + water but a weak solvent structural 

effect in NMA + ME mixtures. 

8.3.2 Exces~ Properties ofNMA +ME and NMA +Water Systems 

8.3.2.1 Excess Molar Volume: 

NMA +ME System 

It is well known that the sign and magnitude of VE give a good es~te of the 

strength of the unlike interactions in the binary mixtures. 17 Large positive VE values are · . 

taken as indicative of weak intermolecular interactions whereas large negative values of 
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yE are usually found when these interacti~nS are strong and intermolecular association 

"complexes" are believed to be present. 

The systems NMA + ME and NMA + water show negative yE values over the 

entire range of mole fraction and over the entire range of temperatures studied (Figures 

6-9). Both the systems show clear minima at a mole_ fraction of about 0.40 ofNMA. 

In general, yE may be due to several effects, which may be conveniently divided 

into (1) physical, (2) chemical and (3) geometrical contributionS. The physical 

interactions involve- mainly dispersive forces making yE positive. The chemical effects 

may arise from specific interactions accompanied by a decrease in volume and make yE 

negative~ They also may be due to the disruption of: (i) hydrogen bonds present in one of 

the_ components, and (ii) the intermolecular dipoiar interactions. Finally, a negative yE 

may arise due to the existence of hydrogen-bond in~eractions between unlike molecules. 

The geometrical effect is due to the fitting of one component into the other, due to the 
·i 

difference in molecular sizes between the two components and the availabilitY of free 

volume, leading to a negative contribution to yE_ 

NMA is a dipolar protic solvent with a very high-dielectric constant(~= 191.3 at 

.: 305.15 K), which is attributed to the liquid being highly structured with polymeric chains 

. linked by hydrogen bonding. 18 
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NMA may exist in two forms as. shown below: 

CH3- C- NH- CH3 ~ CH3 - C = N- CH3 (7) 

II I 
o· OH 

(amidic form) (imino! form) 

The imino! form, with. its phenolic - OH group_ and the availability of a lone pair of 

electrons from the nitrogen atom, is capable of making extensive bonds - both 

intramolecular as well as intermolecular. 

On the other hand, the molecules of n-alk:oxyethanols, in general, are self-

associated and form intermolecular as well as intramolecular hydrogen bonds. IR studies 

on ME indicate that intermolecular hydrogen bonding exists in ME molecules in the 

liquid state. 19 Moreover, the values of the Kirkwood correlation factors, gk, for pure ME 

in the temperature range studied are not much greater than unity ( the g k values of ME 

are·: 1.'483," 1.478~ .,-and ·1.463 at 298.15, 308.15 and 318.15 K respectively). This 

indicates that 2-methoxyethanol is a relatively unstructured liquid and that there are 

strong but not· specific dipole-dipole forces. It is also a quasi-aprotic solvent. 

Thus, the interaction between a highly structured NMA, with many hydrogen 

bonding sites, and a relatively unstructured ME, results in a negative VE. This may be due 

to the disruption of (i) intermolecular hydrogen bonds in the ~ molecul~s, and (ii) 

intermolecular dipolar interactions in NMA. Secondly, the existence of hydrogen bonds 

between the unlike molecules is likely to offer a negative contribution to VE. 
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Considering the molar volumes of NMA and ME (77.25 and 80.3~ cm3 mor1 

respectively, at 308.15 K), the interstitial accommodation of one component into the 

other may be ruled out. 

NMA +Water System 

In the NMA + water mixture the excess molar volumes at the three temperatures 

investigated are negative over the whole range of compositions (Figure 6). However, the 

VE val~es are three times bigger than those of NMA + ME mixture. Again the minima in 

tpe curve have yE values in the range of -1.10 to -1.13 cm3 mor1 (around mole fraction 

0.40 in NMA), which is~ conformity With an earlier work ofBoje and Hvidt20 done at 

298.15 K, whereas-in NMA + ME, the minima have VE values in the range -of -0.35 to 

-0.39 cm3 mol"1 
. .The mixing ofNMA with water is a slightly exothermic process. Thus 

the magnitude of VE decreases with temperature to a very, very minute extent so that 

there is hardly any change in yE even when the temperature is hiked by ten degrees. 

One of the possible effects that may contribute to ~his negative VE is the 

disruption of· (i) the hydrogen bonding present in self-associated water molecules, and 

(ii) the intramolecular hydrogen bonding and intermolecular dipolar interactions in NMA. 

Secondly, the difference in the molecular sizes between the two components of the 

·· · iliiXture may play a vital role in reducing the excess molar volume. The· molar volumes of 

NMA and water at 308.15 K are 77.25 and 18.13 cm3 mor1 respectively. Due to,the 

extensive polymeric chains linked by hydrogen bonding, NMA is likely to have a much 

bigger effective molar volume than what is given above from strictly theoretical 
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considerations. On the qther hand, the negative vE values may also indicate strong 

solvation by hydrogen bonding accompanied by a minor destruction of water structure, 

besides interstitial accommodation of NMA molecules inside the water cavities. Hence, 

the molar volume of the mixture is reduced to a large extent. This also accounts for the 

fact that the excess molar volume is practically unaffected by small changes in 

temperature even to the extent of ten degrees. 

The negative vE values at the three temperatures studied for this mixture and the 

clear minima in the curves indicate strong association through multiple hydrogen bonding 

between the polar group ~fNMA and water, although the pure liquids are presumed to be 

highly structured. The observation that the yE values here are three times bigger than that 

for the NMA + ME system is a sign of strong solvation by hydrogen bonding probably 

accompanied by a minor disruption of the water and/or NMA structure, besides the 

interstitial· accommodation of NMA molecules inside the water cavities. Although both 

are protic, · NMA .. is less protic than water. Hence, there is interaction among them 
: ~ .... • • J • 

' 

reducing the niolar volume of the mixture considerably. 

All this suggests that the hydrogen bonding between water and NMA is stronger 

and more compact than that between water molecules themselves. 

The actual VE would depend upon the balance between the two opposing 

contributions. The experimental data indicate that the negative contributions predominate 

in these binaries. 
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8.3.2.2 Viscosity Deviations 

NMA +ME System 

The NMA +ME system displays a sharp negative deviation of A11 from ideality 

over the entire mole fraction range and over the whole range of studied temperatures. The 

minima correspond to the mole fraction of about 0.60 in NMA (Figure 7} As the 

temperature increases the A11 values become less and less negative and tend to approach 

ideality . 

. This unique behaviour of negative deviation can be explained in the light of the 

behaviour of water when mixed with certain non-aqueous solvents. When small amounts 

of certain non-aqueous solvents are added to water, the water structure is reinforced; the 

viscosity, Walden's products and heats of solution give maxima. But additional quantities 

of the, _organic co~POl:lnds cause progressive disruption of water structure until a 

minimum is reached around the equimolar region of the two components. Presumably 

this corresponc;ls to a maximum breakdown or depolymerizatio~ of the water structure by 
,· 

the non-aqueous co:mponent.21 A similar structure-breaking ~ffect is observed when N,N-

dimethylformamide (DMF) is added to the hydrogen bonded NMA. Such effects are not 

'observed when none of the components is highly associated in the pure state. 21 

The highly associated NMA seems to undergo a structure-breaking effect when 

mixed with ME, similar to NMA's behaviour with DMF. The change in the variation of 

;; 
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density, viscosity ~d ultrasoni~ velocity between mole fraction of 0.3 and 0.6 in NMA 

supports this. Earlier studies indicate that in NMA, tetraalkylammonium ions exert a 

structure-breaking effect. 22 ·Apart from this, dispersion and dipolar forces between these 

two weakly protic and unlike solvents may also give rise to negative All values. Such 

negative deviation from ideality are also observed in propylene carbonate (PC) + ME, PC 

+ DME, PC + methanol and PC + tetrahydrofuran mixtures?3 AS the temperature 

increases the~e forces decrease and the system approaches ideality. 

NMA +Water System 

On the other hand, NMA + water system exhibits a sharp positive deviation of All 

over the entire mole fraction range and over the three temperatures investigated (Fig 7). 

Very symmetric curves with clear maxima corresponding to a mole· fraction of about 0. 40 

in NMA are obtained for the three temperatures. As the temperature increases the All 

values b_ecome ~ess .·and. less positive. These positive All values clearly indicate very 

strong and specific hydrogen bond interactions between NMA and water With the 

possibility of the formation of a 'complex' species, probably between the peptido group 

in NMA and water. This is also supported by the excess mol~ volume studies as reported 

above. With the rise in temperature, these interactions decrease and the system 

approaches ideal behaviour. 

/ 
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8.3.2.3 Isentropic Compressibility Changes: 

The results of deviations in isentropic compressibility versus mole fraction of 

NMA are given in Figures (8) for NMA + ME and NMA + water systems respectively. 

For both the systems, the values of AKs are negative over the entire composition range 

and at all the_ three temperatures studied. In NMA + ME, V -shaped curves are obtained 

With minima around a mole fraction of about 0.40 in NMA at all the three temperatures . 

. These AKs ·values are less than the values recorded for the NMA + water system. As the 

temperature increases the AKs values become more and more negative. For the NMA + 

wa~er system, the minima occur at a mole fraction of about 0.25 in NMA at all the three 

temperatures. The AKs values here are five times more than those obtained for the NMA + 

ME systein. However, the AKs values decrease with the increase of temperature. 

l'f~gative _Ales.; values for both the systems indicate that the mixtures are more 

compressible than the corresponding ideal mixture suggesting the predominance of 

interactions between NMA and ME, and NMA and water. Due to these interactions, the 

ultrasoruc velocity increases and the compressibility of these solutions decreases until the 

minima are reached and then these parameters follow the reverse trend. 

In the case of NMA + ME, the negative AKs values and these values becoming 

more negative as temperature increases point to the maximum deviation from ideality 

around the mole fraction of0.40 in NMA. Similarly, VE too becomes more negative with 
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the rise in temperature of this system. Along with the negative Art values, this behaviour 

of the NMA + ME system indicates a possible structural effect in this system. 

The observation that AKs values in the NMA + water system are five times more 
-' 

than those obtained for the NMA + ME system can be explained as follows. The decrease 

in Ks values up to. the minima is due . to the interstitial accommodation ·of the two 

components into one another. This. process may· be followed by the formation of the 

hydrophobic NMA aggregates and a possible rupture of water structure. Thus it is 

apparent that the interstitial accommodation effect is more effective and the positive 

contribution from the breaking of hydrogen bonds becomes less predominant, giving 

negative AKs values over the entire mole fraction range for this mixture. The increase of 

temperature slows down this process and hence AKs values are less at higher 

temperatures. 

However, for a quantitative description of such effects more work should be done 

in future based on the extended real assoCiated solution (ERAS) model. 24 
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TABLE 1. Density (p), Viscosity (11) and Ultrasonic Velocity (u) of N-Methylacetamide + 
2-Methoxyethanol mixtures at different mole fractions (x) of NMA, at 308.15, 313.15 and 
318.15 K. 

11 (mPa s) 

X (NMA} 308.15 313.15 318.15 308.15 313.15 318.15 308.15 313.15 318.15 (K) 

0.0000 0.946802 0.942336 0.937624 1.3152 1.2004 1. 0982 1309.67 1294.26 1276.94 

0.0301 0.947281 0.942959 0.938379 1.3621 1.2422 1.1355 1314.35 1298.93 1281.53 

r 0.0501 0.947608 0.943373 0.938880 1.39~8 1.2698 1.1601 1316.87 1301.33 1283.92 

0.0752 0.948004 0.943876 0.939491 1.4312 1.3038 1.1909 1319.66 1304.17 1286.93 

0.1036 0.948494 0.944363 0.940126 1.4761 .1.3433 1.2266 1322.33 1307.00 1289.90 

0.1301 0.948900 0.944852 0.940668 1.5150 1.3783 1.2587 1324.68 1309.35 1292.39 

0.1700 0.949475 0.945419 . 0.941248 1.5744 1.4324 1.3069 1327.85 1312.65 1296.00 

0.2032 0.949834 0.945773 0.941611 - 1.6243 1.4771 1.3476 1330.39 1315.22 1298.92 

0.2501 0.950242 0.946202 0.942051 1.6955 1.5414 1.4042 1333.86 1318.55 1302.77 

0.3020 0.950573 0.946534 0.942354 1.7760 1.6130 1.4677 1337.09 1322.03 1306.24 

0.4032 0.950827 0.946793 0.942628 1.9403 1. 7576 1.5959 1342.25 1327.13 1311.81 

0.5037 0.950725 0.946687 0.942653 2.1140 1.9096 1.7299 1346.32 1331.45 1316.26 

0.6033 0.950254 0.946231 0.942333 2.3081 2.0742 1.8759 1349.49 1334.34 1319.46 
.--

0.6500- 0.949900 0.945901 0.942073 2.4085 2.1597 1.9495 1350.66 1335.46 1320.39 

0.7021 0.949465 0.945472 0.941700 2.5258 2.2588 2.0381 1351.61 1336.55 1321.41 

0.7503 0.949063 0.945071 0.941326 2.6410 2.3573 2.1239 1352.27 1337.41 1322.31 

0.8032 0.948566 0.944581 0.940890 2.7746 2.4772 2.2273 1352.78 1338.15 1323.11 

0.8524 0.948007 0.944050 0.940411 2.9077 2.5941 2.3283 1353.36 1338.77 1323.70 

0.9035 0.947430 0.943442 0.939850 3.0613 2.7235 2.4390 1353.94 1339.41 - 1324.31 

0.930"1 0.947094 0.943107 0.939544 3.1451 2.7953 2.5003 1354.06 1339.43 1324.46 

0.9702 0.946604 0.942617 0.939079 3.2771 2.9130 2.5969 1354.35 1339.51 1324.75 

1.0000 0.946244 0.942235 0.938715 3.3796 3.0038 2.6734 1354.28 1339.48 1324.80 
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TABLE 2. Density (p), Viscosity (11) and ffitrasonic Velocity (u) of N-Methylacetamide + 
Water mixtures at dif(erent mole fractions (x) ofNMA, at 308.15, 313.15 and 318.15 K. 

11 (mPa s) 

X (NMA} 308.15 313.15 318.15 308.15 313.15 318.15 308.15 313.15 318.15(K) 

0.0000 0. 994108 0.992206 0.990268 0.7211 0.6562 0.6001 1519.36 1528.58 1535.48 

0.0301 0.995317 0.992952 0.990740 0.9967 0.8931 0.8115 1575.71 1563.16 1564.53 

0.0600 0.996618 0.993851 0.991131 1.2926 1.1367 1.0256 1609.87 1602.90 1598.87 

0.1002 0.997153 0.994028 0.991302 1.6931 . 1.4647 1.3008 1645.22 1639.95 1633.16 

0.1500 0.997620 0.994361 0.991086 2.2399 1.9016 1.6510 1658.71 1652.29 1645.58 

\ 0.1999 0.997540 0.993698 0.989917 2.7656 2.3255 2.0013 1654.34 1645.42 1636.10 __..... 

0.2450 0.995953 0.992088 0.988304 3.1081 2.6261 2.2571 1644.46 1632.75 1621.49 

0.3006 0.992735 0.988956 0.985087 3.4015 2.8819 2.4833 1626.26 1611.60 1599.04 

0.3502 0.989098 0.985176 0.981625 3.5974 3.0633 2.6462 1604.04 1588.82 1575.75 

0.4012 0.985263 0.981583 0.977803 3.7477 3.1981 2.7685 1576.24 1561.27 1548.32 

0.4501 0.981501 0.977790 0.974075 3.8520 3.2996 2.8589 1548.65 1533.78 1520.12 

0.5000 0.977749 0.974076 0.970337 3.9214 3.3699 2.9142 1521.75 1506.54 1492.51 

0.5502 0.974070 0.970296 0.966666 3.9421 3.3983 2.9375 1497.54 1481.64 1467.37 

0.6018 0.970282 0,966394.0.962825 3.9056 3.3822 2.9278 1475.24 1459.56 1444.48 
----,. 0.6550 0.966477 0.962560 0.958945 3.8252 3.3269 2.8938 1454.41 1438.53 1423.55 

0.7019 0.963345 0.959398 0.955777 3.7651 3.2806 2.8686 1436.93 1421.58 1406.30 

0.7551 0.959874 0.955861 0.952282 3.6881 3.2262 2.8321 1419.04 1403.08 1388.62 

0.8070 0.956692 0.952666 0.949110 3.6064 3.1673 2.7966 1403.33 1387.46 1372.97 

0.8450 0.954387 q.950402 0.946767 3.5541 3.1299 2.7680 1392.64 1376.62 1362.60 

0.9015 0.951169 0.947179 0.943609 3.4953 3.0772 2.7325 1378.36 1362.50 1348.20 

0.9500 0.948615 0.944616 0.941069 3.4399 3.0437 2.7030 1366.24 1350.74 1336.34 

1.0000 0.946244 0.942235 0.938715 3.3796 3.0038 2.6734 1354.28 1339.48 1324.80 

.~ 

.,,· 
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TABLE 3. Isentropic Compressibility (Ks) and Shear Relaxation Time ('t') of the mixtures of 
N-Methylacetamide + 2-Methoxyethanol, at different mole fractions, at three temperatures. 

-~ 
Ks x 105 (bar-1

) 't x 1013 (s) 

x(NMA) 308.15K 313.15K 318.15 K 308.15K 313.15 K 318.15 K 

0.0000 6.1577 6.3351 6.5408 10.80 10.14 9.58 

0.0301 6.1108 6.2854 6.4888 11.10 10.41 9.82 

0.0501 6.0854 6.2595 6.4612 11.30 10.60 9.99 

0.0752 6.0571 6.2290 6.4269 11.56 10.83 10.21 

0.1036 6.0296 6.1989 6.3930 11.87 11.10 10.46 

-----+· 
·0.1301 6.0056 6.1734 6.3647 12.13 11.35 10.68 

0.1700 5.9733 6.1387 6.3254 12.54 11.72 11.02 

0.2032 5.9483 6:1124 6.2946 12.88· 12.04 11.31 

0.2501 5.9148 6.0789 6.2545 13.37 12.49 11.71 

0.3020 5.8843 6.0448 6.2193 13.93 13.00 12.17 

0.4032 5.8376 5.9968 6.1647 15.10 14.05 ·- 13.12 

0.5037 5.8029 5.9586 6.1230 16.36 15.17 14.12 

0.6033 5.7786 5.9357 6.0954 17.78 16.42 15.25 

'0.6500 ~.7707 5.9277 6.0885 18.53 17.07 15.83 
·i 

0.7021 5.7652 5.9208 6.0815 19.42 17.83 . 16.53 

0.7503 5.7621 5.9157 6.0756 20.29 18.59 17.21 

0.8032 5.7607 5.9122 6.0711 21.31 19.53 18.03 

0.8524 5.7592 5.9101 6.0688 22.33 20.44 18.84 

0.9035 5.7578 5.9082 6.0668 23.50 21.45 19.73 

0.9301 5.7588 5.9102 6.0674 24.15 22.03 20.23 
........ 

0.9702 5.7593 5.9125 6.0678 25.16 22.96 21.01 

1.0000 5.7621 5.9152 6.0697 25.96 23.69 21.64. 
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TABLE 4. Isentropic Compressibility (Ks) and Shear Relaxation Time (-r) of the mixtures 
of N-Methylacetamide +Water, at different mole fractions, at three temperatures. 

~~ 

Ks x 105 (bar-1
) -r x 1013 (s) 

x(NMA) 308.15K 313.15 K 318.15 K 308.15K 313.15 K 318.15 K 

0.0000 4.3576 4.3134 4.2831 4.19 3.77 3.43 

0.0301 4.0466 4.1216 4.1236 5.38 4.91 4.46 

0.0600 3.8716 3.9162 3.9468. 6.67 5.94 5.40 

0.1002 3.7050 3.7406 3.7821 8.36 7.31 6.56 

0.1500 3.6433 3.6837 3.7261 10.88 9.34 8.20 

-~ 0.1999 3.6629 3.7170 3.7738 13.51 1L53 10.07 

0.2450 3.7129 3.7810 3.8484 15.39 13.24 11.58 

0.3006 3.8088 3.8932 3.9702 17.27 14.96 13.15 

0.3502 3.9295 4.0211 4.1028 18.85 16.42 14.48 

0.4012 4.0851 4.1794 4.2661 20.41 17.82 - 15.75 

0.4501 4.2482 4.3474 4.4427 21.82 19.13 16.94 

0.5000 4.4166 4.5232 4.6264 23.09 20.32 17.98 

0.5502 4.5778 4.6947 4.8045 24.06 21:27 18.82 

0.6018 4~73.56 -; 4.8574 4.9777 24.66 21.90 19.43 
7.1- 0.6550 4.8914 5.0204 5.1459 24.95 22.27 19.86 

0.7019 5.0274 5.1577 5.2904 25.24 22.56 20.24 

0.7551 5.1736 5.3142 5.4459 25.44 22.86 20.56 

0.8070 5.3077 5.4528 5.5894 25.52 23.03 20.84 

0.8450 5.4025 5.5522 5.6888 25.60. 23.17 21.00 

0.9.01~ 5.5338 5.6871 5.8304 25.79 23.33 21.24 

0.9500 5.6475 5.8023 5.9504 25.90 23.55 21.45 

1.0000 5.7621 5.9152 6.0697 25.96 23.69 21.64 

.,· 
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TABLE 5. Excess Molar. Volumes (VE), Viscosity Deviations (ATJ) and Isentropic , 
Compressibility Changes (AKs) for the N.:.Methylacetamide + 2-Methoxyethanol mixtures at 

~ 
different mole fractions, at three temperatures. · · 

yE (cm3 mor1
) A11 (mPa s) AKs x 105 (bar-1

) 

x(NMA)" 308.15 313.15 318.15 308.15 313.15 318.15 308.15 313.15 318.15 (K) 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

0.0301 -0.0420 -0.0535 -0.0625 -0.0154 -0.0125 -0.0101 -0.0350 -0.0370 -0.0378 

0.0501 -0.0705 -0.0890 -0.1038 -0.0258 -0.0210 -0.0170 -0.0525 -0.0545 -0.0560 

0.0752 -0.1050 -0.1320 -0.1540 -0.0394 -0.0322 -0.0258 -0.0708 -0.0745 -0.0785 

0.1036 -0.1475 -0.1735 -0.2057 -0.0530 -0.0439 -0.0348 -0.0871 -0.0927 -0.0990 

0.130,1 -0.1830 -0.2150 .:o.2495 -0.0690 -0.0567 -0.0444 -0.1006 -0.1070 -0.1148 
~ 

0.1700 -0.2325 -0.2630 -0.2950 -0.0919 -0.0746 -0.0591 -0.1171 -0.1250 -0.1353 

0.2032 . -0.2638 -0.2928 -0.3225 -0.1104 -0.0898 -0.0707 -0.1290 -0.1373 -0.1505 

0.2501 -0.2995 -0.3288 -0.3550 -0.1360 -0.1100 -0.0880 -0.1439 -0.1512 -0.1685 

0.3020 -0.3288 -0.3564 -0.3752 -0.1626 -0.1320 -0.1062 -0.1539 -0.1635 -0.1792 

0.4032 -0.3532 -0.3775 -0.3875 -0.2073 -0.1699 -0.1374 -0.1606 -:0.1690 -0.1861 

0.5037 -0:3480 ~0.3680 -0.3788 -0.2410 -0.1992 -0.1617 -0.1555 -0.1650 -0.1805 

0.6033 -0.3125 -0.3295 -0.3413 -0.2526 -0.2142 -0.1726 -0.1404 -0.1461 -0.1612 

0.6500 -0.2850 -0.3020 -0.3146 -0.2486 -0.2129 -0.1726 -0.1298 -0.1344 -0.1461 
__. 

"?f 0.7021 -0.2512 -0.2663 -0.2780 -0.2388 -0.2078 -0.1660 -0.1147 -O.l195 -0.1285 

0.7503 -0.2200 -0.2330 -0.2418 -0.2231 -0.1962 -0.1562 -0.0988 -0.1043 -0.1117 

0.8032 -0.18 n -0.1925 -0.2000 -0.1987 -0.1717 -0.1361 -0.0792 -0.0856 -0.0913 

0.8524 -0.1375 -0.1488 -0.1552 -0.1672 -0.1435 -0.1126 -0.0613 -0.0671 -0.0704 

0.9035 -0.0925 -0.0988 -0.1035 -0.1191 -0.1063 -0.0824 -0.0425 -0.0475 -0.0483 

0.9301 -0.0662 -0.0713 -0.0755 -0.0902 -0.0824 -0~0630 -0.0310 -0.0344 -0.0352 
....... 

0.9702 -0.0280 -0.0312 -0.0330 -0.0410 -0.0371 -0.0296 -0.0146 -0.0152 -0.0159 

1.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

_;: 
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TABLE 6. Excess Molar Volumes (VE),. Viscosity Deviations (ATJ) and Isentropic 
Compressibility Changes (AKs) for the N-Methylacetamide + Water mixtures at different mole 

.~~ fractions, at three temperatures. 

yE (cm3 mo1"1) Art (mPa s) AKs X 105 (baf1
) 

x(NMA)" 308.15 313.15 318.15 308.15 313.15 318.15 308.15 313.15 318.15(K) 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 o.oooo· 0.0000 

0.0301 -0.1360 -0.1325. -0.1315 0.1956 0.1662 0.1490 -0.3533 -0.2400 -0.2133 
'•· 

0.0600 -0.2772 -0.2700 -0.2620 0.4120 0.3396 0.3011 -0.5703 -0.4933 -0.4435 

0.1002 -0.4450 -0.4350 -0.4310 0.7056 0.5733 0.4930 -0.7933 -0.7333 -0.6800 

0.1500 -0.6510 -0.6435 -0.6300 1.1200 0;8933 0.7399 -0.9250 -0.8700 -0.8250 
' -+ 0.1999 -0.8440 -0.8250 -0.8000 1.5131 1.2000 0.9867 -0.9755 -0.9166 -0.8664 

0.2450· -0.9700 -0.9535 -0.9300. . 1.7357 1.3947 . 1.1490 -0.9888 -0.9248 -0.8724 

0.3006 -1.0700 -1.0600 -1.0350 1.8813 1.5200 1.2600 -0.9710 -0.9017 -0.8500 

0.3502 -1.1125 -1.1000 -1.0880 1.9453 1.5850 1.3200 -0.9200 -0.8533 -0.8060 

0.4012 -1.1300 -1.1300 -1.1100 1.9600 1.6000 1.3366 -0.8360 -0.7766 -0.7338 

0.4501 -1.1210 -1.1225 -1.1060 1.9343 1.5867 1.3256 -0.7416 -0.6870 -0.6445 

0.5000 -1.0930 -1.0990 -1.0820 1.8710 1.5399 1.2774 :..o.6433 ::o.5911 -0.5500 

0.5502 -1.0465 -1.0500 -1.0390 1.7583 1A505 1.1967 -0.5526 -0.5000 -0.4616 

0.6018 -0:9745 -0.9740 -0.9670 1.5846 1.3132 1.0800 -0.4672 -0.4200 -0.3806 
' 

~ 0.6550 -0.8805 -0.8800 -0.8710 1.3628 1.1330 0.9357 -0.3861 -0.3422 -0.3074 

0.7019 -0.7900 ·-0.7890 -0.7800 ·1.1780 0.9766 0.8133 -0.3160 -0.2800 -0.2467. 

. 0.7551 -0.6700 -0.6660 -0.6600 0.9596 0.7973 0.6665 -0.2445 -0.2087 -0.1863 

0.8070 -0.5440 -0.5400 -0.5360 0.7399 0.6166 0.5233 -0.1833 -0.1533 -0.1355 

0.8450 -0.4400 -0.4395 -0.4300 0.5866 0.4900 0.4160 . -0.1419 -0.1147 -0.1040 

0.9015. -0.2800 -0.2800 -0.2755 0.3776 0.3046 0.2633 -0.0900 -0.0703 -0.0633 

0.9500 -0.1400 -0.1400 -0.1375 0.1932 0.1573 0.1333 -0.0444 -0.0328 -0.0300 

1.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

.,· 



TABLE 7. Coefficients of Least -Square Fit by equation (5) for Excess Molar 
V{)lumes, Viscosity Deviations and Isentropic Compressibility Changes of 
N-Methylacetmide + 2-Methoxyethanol mixtures at 308.15, 313.15 and 318.15 K. 

-~~ 

Property Temp. Ao At A2 A3 At u (YE) 
(K) 

yE 308.15 -1.3817 0.5037 -0.1594 -0.2859 0.4126 0.002 
313.15 -1.4621 0.5591 -0.2733 -0.155-2 . 0.3H2 . 0.002 
318.15 -1.4928 0.6443 -0.6279 -0.0717 0.5042 0.006 

LlT) 308.15 -0:9521 -0.4792 -0.0435 -0.0037 0.0211 0.001 
313.15 -0.7940 -0.4502 -0.0791 -0.0123 0.0031 0.001 
318.15 -0.6482 -0.3582 0.0294 0.0048 -0.0773 0.001 

~' 
AKs 308.15 -0.6378 0.1729 0.1128 0.2058 -0.3862 0.002 

313.15 -0.6631 0.1852 0.0324 0.2014 -0.3215 0.002 
318.15 -0.7296 0.2455 0.0440 0.1434 -0.2766 0.002 

TABLE 8. C~efficients of Least -Square Fit by equation (5) for Excess Molar V-olumes, 
Viscosity Deviations and Isentropic Compressibility Changes of N-Methylacetamide + 
Water mixtures at 308.15, 313.15 and 318.15 K. 

Property Temp. Ao At A2 A3 At u (YE) 
(K) 

yE 308.15 ~.3872 1.7434 -0.3593 -0.8871 1.2388 . 0.007 
313.15 -4.3929 1.6890 -0.1248 -0.9063 1.0421 0.006 

;Jt: 318.15 -4.3396 1.5804 0.0160 -0.7844 0.8828 0.004 

AT) 308.15 7.4524 -4.9177 -0.4478 3.9205 -2.3466 0.032 
313.15 6.1492 . -3.6705 -0.9434 2.7013 -1.2185 0.022 
318.15 5.1063 -2.9198 -0.9254 1.9479- -0.5084 0.012 

AKs 308.15 -2.6676 3.2055 -1.5566 2.7700 -3.1008 0.022 
313.15 -2.2988 3.7868 -3.8487 0.7347 1.3313 0.024 
318.15 -2.1215 3.7966 -3.9381 0.1937 1.8652 0.027 
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Excess Properties· of Binary Mixtures of 

N,N- Dimethylacetamide + 2-Methoxyethanol, and 

168 

N,N- Dimethylacetamide +Water at 298.15, 308.15 and 318.15 K 

Therm~dynamic excess properties of binary liquid mixtures have been very helpful 

to obtain information on the intermolecular interactions and geometrical effects in these 

systems.1
•
2 ·Solvents like 2-methoX-yethanol (ME). and N,N-dimethylacetamide (DMA) find 

a wide range of applications of technological importance, namely, as solvents and 

solubilizing agents in organic synthesis, reaction kinetics and electrochemical studies. 

Hence the recent spurt in r~search in these areas. J-6 

The amide group in DMA is a good model of a peptide bond. A systematic study of 

the structural and energetic consequences of the interaction between DMA and water will 

enable us to understand how water exercises thermodynamic and kinetic control over the 

chemi(;.al activities pf polypeptides in aqueous media. 

We have measured densities, viscosities and ultrasonic velocities for the liquid 

mixtures of DMA + :ME and DMA + water over the entire range of their compositions at 

298.15, 308.15 and 318.15 K. We have also evaluated the Ks and 't values for DMA +ME 

.. and DMA + water mixtures at these three temperatures, as mentioned in the previous . 

Chapter. The excess molar volumes (VE), viscosity deviations (All) and isentropic 
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compressibility changes (L\Ks) of these systems have been calculated at different 

temperatures. 

9.1 . EXPERIMENTAL SECTION 

The purification of the solvents used and the experimental procedure for the 

measurement of the above properties have been described earlier under the Experimental 

Section. The measurements of densities, viscosities and ultrasonic velocities have also been 

described earlier. In all cases, the experiments were performed ·at least in five replicates for 

each composition and the results were averaged. 

9.2 RESULTS 

9.2.1 Solvent Parameters of the MixtureS 

!he solv_ent .;Properties (density, viscosity, and ultrasonic velocity) of the above 

mixtures as a function of mole fractions ofDMA, at 298.15, 308.15 and 318.15 K, have 

been presented .. in Tables 1-2. 

To obtain information about the nature of DMA + ME and DMA + water solvent 

systems, at various temperatures and compositions, the values of density, viscosity and 

ultrasonic velocity are plotted against mole fractions of DMA. These plots are shown in 

Figures 1-3. 
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· Two derived parameters, namely Ks and t , have been evaluated and these have 

been reported in Tables 3-4. The variation of Ks and t values with the composition of the 

mixtures (mole fraction ofDMA) have been shown in Figures 4-5. 

9.2.2 Excess Properties of the Mixtures 

The excess functions have been evaluated using the following equations: 

(I) 

(2) 

(3) 

(4) 

where x1 and x::z are the mole fractions ofDMA and ME I water, respectively. V, 11 and Ks 

are the respective solution properties, VI and V::z , f)I and f)::z, and Ksi and Ks::z are the molar 

volumes, the coefficients of viscosities and, the isentropic compressibilities of DMA and 

ME I water in the mixture respectively. 

The molar voluine Vis defined by the relation, V = (MIXI + M2x::z)/p , where, M1 

and Mz are the molecular masses of pure substances and p is the density of the mixture. 

The excess functions at 298.15, 308.15 and 318.15 K have been presented in 

Tables 5-6 . 

.. · 
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Graphical representa.tions of VE, !l.11 and !l.Ks as functions of mole· fractions of 

,DMA.are given in Figures 6-8. 

As earlier, the excess properties yE were fitted to the Redlich- Kister equation: 

(5) 

'where yE is yE I ( cm3mor1) or !l.11 I (mPa.s) or !l.K:s I (bar "1) , and Ao, At, A2, ...... etc., are 

adjustable parameters. These parameters were evaluated by fitting yE I x1 (1- x1 ) to 

equation ( 5) by the method of least squares. The values of these parameters along with the 

. ' 

standard deviation. cr are recorded in Tables 7 ,.8, for DMA + l\1E and DMA + water 

systems respectively. 

9.3 DISCUSSION 

9.3.1 Solvent Properties ofDMA +ME and DMA +Water Systems 

The plots of densities, viscosities, and ultrasonic velocities of DMA + 1\ffi, and 
"• 

DMA + water mixtures of various compositions and at different temperatures offer some 

information about the nature of these systems. For both the systems, the y.aflations of 

density, viscosity, and ultrasonic velocity as functions of the mole fractions of DMA are 

non-linear _(Fig 1-3) at all three temperatures. In the case of DMA + 1\ffi, there is an 

uniform and gradual decrease in density and· viscosity (the curves deviate only slightly 

frqm linearity and there are no minima or maxima) as the mole fraction ofDMA increases; 
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I 

however, the ultrasonic velocity increases rather sharply with the mole fraction ofDMA. rn· 

terms of temperatures, all the three parameters (p, 11 and 'u ') decrease with increase in 

temperature for the DMA + ME system. 

In the case of DMA + water system, the non-linear behaviour of all these 

parameters is very well pronounced. In fact, the variation of these parameters with an 

increase in the mole fraction of DMA is not uniform and gradual as m the case of the 

former system but very distinct and characteristic of each parameter. The density at 298.15 

· K initially increases slightly with the mole fraction of DMA but falls rapidly around mole 

fraction 0.30 until it reache~ mole fraction 0.60 and falls off less rapidly thereafter. At 

higher temperatures density decreases almost from the start, but the shape and behaviour 

are the same as those at 298.15 K but below that curve. The viscosity and ultrasonic 

velocity of this system increase very steeply with the increase in the percentage of DMA, 

reach tlie maxima (around mole fraction 0.20 - 0.25) and fall off sharply after that. The 

viscosity curve is almost. symmetrical whereas the ultrasonic one is not. All these three .. . .· / 

parameters decrease with an increase of temperature. 

-
The plots of the two derived parameters, namely, isen~ropic compressibility (Ks) and 

shear relaxation time('t) vers}ls the mole composition of DMA (Figures 4-5) for the two 

systems show exactly the similar trend as their respective density, viscosity and ultrasonic 

velocity plots. In DMA + ME, Ks and 't plots give slightly non-linear curves which fairly 

resemble each other and wherein the 1Cs and 't values decre.ase gradually with mole fraction 

of DMA as well as with temperature. However, in DMA + water, the 1Cs plots give very 
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well pronounced curves with clear minima (around mole fraction 0.20 in DMA) while the t 

plots give very well pronounced curves with sharp maxima (around mole fraction 0.30 in 

DMA) at each of the temperature studied. 

9.3.2 Excess Properties ofDMA +ME and DMA +Water Systems 

9.3.2.1 Excess Molar Volume 

It is well known that the sign and magrutude of yE give a good estimate of the 

.strength of the unlike interactions in binary mixtures. 7 Large positive yE values are taken 

as indicative of weak intermolecular interactions whereas large negative values of VE are 

usually · found when these interactions are strong and intermolecular association 

"complexes" are believed to be present. 

The systems DMA + ME and DMA + water show negative yE values over the 

entire ·range of mole fraction and over the entire range of temperatures studied (Figures 

6-8). Both the systems show clear minima at a mole fraction of about 0.40 ofDMA. 

DMA +ME System 

· DMA is a dipolar aprotic solvent and due to the moderate dielectric constant ( E = 

37.8:at 298·.15 K) it is likely to be moderately structured. On the other hand, intermolecular 

hyc,lrogen bonding exists in ME molecules in the liquid state. Moreover, the values of the 

Kirkwood correlation factors, g k , for pure ME in the temperature range studied are not 
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much greater than unity. This indicates that "2-methoxyethanol is a relatively unstructured 

~iquid and that there are strong but not specific dipole-dipole forces. 

Thus the interaction between a structured DMA and a relatively unstructured ME 

results in a negative VE. This may be due to the disruption of (i) intermolecular hydrogen 

bonds in the ME molecules, and (ii) intermolecular dipolar interactions in DMA. Secondly, 

the existence of hydrogen bonds between the unlike molecules is likely to offer a negative 

contribution to yE. 

Considering the molar volumes of DMA and ME (93.02 and 79.27 cm3 mor1 

respectively), the interstitial accommodation of one component into the other is ruled out. 

DMA +Water System 

Consistent with some recent studies in amide + water mixtures, 8•
9 the excess molar 

volumes . .at higher-temperature is negative over the whole range of compositions (Figure 6). 

The magnitude of yE slightly decreases with temperature.· It must be pointed out here that 

the mixing ofDMA with water was a highly exothermic process. 

The negative yE values at 298.15, 308.15 and 318.15 K for this mixture and the 

clear minima in the curves indicate strong association through multiple hydrogen bonditig 

between the polar group of DMA and water, although the pure liquids are presumed to be 

highly structured. Compared to the yE values of DMA + ME, the yE values here are five. 

times more negative which may be a sign of strong solvation by hydrogen bonding 
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accompanied by a minor destruction of water structure, besides the interstitial 

accommodation of DMA molecules inside the water cavities. In ·aqueous mixtures, the 

~agnitude of yE values reflects the strength of the hydrogen bonding between the polar 

groups of the amides and water. Due to the presence of the third methyl group in DMA, the 

molecule becomes more polar than DMF, thereby increasing its hydrogen bonding ability 

and thus giving more negative yE in the DMA + water miXture than in the D~ + water 

mixture. 10 

From Figure 6 we see that, as the temperature rises there is a slight decrease in yE 

in the water -rich portion. A rise in temperature leads to the breaking of the less dense 

hydrogen bonded structures and/or breakdown of self-associated DMA aggregates. This 

may result in a denser packing of molecules than before. It may also be accompanied by 

the release of free water and an increase in the fraction of unbounded molecules. This is 

consistent with the view that the excess molar volumes of aqueous mixtures reflect the 

structural changes of water introduced by the non-aqueous molecules. 11 

· All this suggests that the hydrogen bonding between water and DMA is stronger 

and more compact than that between water molecules themselves, and hence the interaction 

between these unlike molecules gives a negative contribution to the yE values. 

9.3.2.2 Viscosity Deviations 

Both DMA + ME and DMA + water systems show positive deviation of AT) from 

ideality over the entire mole fraction range and over the whole range of studied 

,. 
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temperatures. In DMA + ME, the maxima correspond to a mole fraction of about 0.36 in 

DMA whereas in DMA + water the maxima occur at a mole fraction of about 0.30 in DMA 

as shown in Figure 7. 

The positive deviation indicates the predominance of specific hydro~en bonding 

interactions between the unlike molecules over the dissociation effects in both the systems. 

However, compared to DMA +ME, A1lmax in DMA'+ water is about 20 to 40 times larger, 

indicating very strong specific hydrogen bond interactions between DMA and water 

molecules. Even, 11 versus the mole fraction of DMA shows a large maximum (Figure 2) 

suggesting high association or complex formation between water and the peptido dipole in 

DMA. There are no such maxima in the other system. 

As the temperature increases the magnitude of the viscosity deviation decreases 

only slightly in the case of the DMA + ME system, whereas in DMA + water the decrease 

is rather rapid. The sharp decrease may .be due to the more rapid breaking up of the 

extensive hydrogen bonds in the latter than in the former. 

9.3.2.3 Isentropic Compressibility Changes 

The results of deviations in isentropic compressibility versu_s mole fraction at three 

different temperatures are given in Figures 8, for DMA +ME, and DMA + water systems. 

For both the systems, the values of AKs are negative over the entire composition range and 

at all the three temperatures investigated. Negative AKs means that the mixture is less 
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compressible than the corresponding ideal mixture suggesting a predominant hydrogen 

bond interaction between DMA and water, thereby causing an increase in the ultrasonic 

·velocity and a decrease in the compressibility of these solutions. This process continues 

until the mole fraction reaches around 0.20 in DMA, at all the three temperatures studied, 

because at this composition water cavities are filled up by interstitial solvation, or due to 

the formation of hydrophobic DMA aggregates, or as a consequence of both. It is thus 

apparent that the interstitial accommodation of DMA into water multimer structure 

becomes more effective and the positive contribution from the breaking of hydrogen bonds 

becomes less predominant, giving negative AKs values over the entire mole fraction range 

for these mixtures. 

It is very interesting to note the variation of ultrasonic ,velocity with the mole 

fraction of DMA in the DMA + water mixture. The ·ultrasonic velocities at the three 

temperatures converge at a particular mole fraction (around 0.065 in DMA) and then 

diverge in a reverse manner, after passing through maxima (Figure 3). A very similar trend 

is observed when Ks is plotted against the mole fraction of DMA in the same mixture, the 

transition taking· place at the mole fraction of about 0.05 in DMA, after which the curves 

diverge in the reverse manner and pass through minima and increase (Figure 4). 

'· · · · This phenomenon can be explained, 12 as follows. On increasing the amount of 

DMA, the number of free water molecules around the DMA molecules decrease gradually 

until a situation is reached where all the free water molecules are involved in the solvation. 

Such a condition may be correlated to the primary solvation (or hydration) ofDMA since 
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the water molecules are not further compressed and both the ultrasonic velocity and 

isentropic compressibility are independent of temperature (Figures 3-4). At this condition, 

~ 
1- ~hich is the convergence point in the above figures, Ks becomes 1Cs, h· 

13 The magnitude of 

this value for each system should indicate the level of interaction between the two 

components. The smaller the 'KS,h value for a system in comparison to free water, the 

stronger will be the interaction. However, here, along with the process of solvation, 

interstitial accommodation of DMA inside the water cavities is taking place 

simultaneously, along with a possible rupture ·of water structure. . So the Ks, h obtained in 

. this manner is only a qualitative indicator of the interaction, and it may as well be called 

Ks,c ,·isentropic compressibility at convergence point. Further, in an aqueous mixture of an 

organic solvent, we can suggest that ifKs,c < Ks0
, where Ks0 is the isentropic compressibility 

of pure water, there is strong interaction. between the two components. However, further 

investigations are required to quantify the relationship between the two. 

Considering ~e experimental data of the two systems, it is apparent that, in the 
:· -·. 1 

DMA + water system strong hetero-association is present through multiple hydrogen 

bonding betwee~ the polar groups of the amide and water. Large negative VE and Ax:s 

values, and latge positive A11 values are indicators for this phenomenon. On the other hand, 

there is a weak interaction and solvent structure effect in the DMA + ME mixture, very 

akin .to that in the DMA and acetonitrile system. 14 
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TABLE 1. Density (p), Viscosity (TJ) and ffitrasonic Velocity (u) ofN,N-Dimethylacetamide + 
. 2-Methoxyethanol mixtures at different mole fractions (x) ofDMA, at 298.15,308.15 and 318.15 K. 

~-
p (g cm-3

) u (m s-1
) 11 (mPa s) 

X (DMA} 298.15 308.15 318.15 298.15 308.15 318.15 298.15 308.15 318.15 (K) 

0.0000 0.959790 0.952515 0.946235 1.5436 1.2577 1.0500 1339.31 1303.85 1269.05 

0.0301 0.959279 0.952208 0.946145 1.5359. 1.2545 1.0487 1344.60 1308.91 1273.95 

" 0.0600 0.958755 0.951754 0.945835 1.5285 1.2508 1.0469 1349.92 1314.07 1278.68 

0.0871 0.958265 0.951321 0.945357 1.5207 1.2470 1.0452 1354.65 1318.87 1283.23 

0.1250 0.957562 0.950609 0.944507 1.5078 1.2394 1.0413 1361.02 1325.37 1289.40 

0.1767 0.956566 0.949517 0.943178 1.4881 1.2280 1.0345 1369.15 1333.95 1297.74 

0.2250 0 .. 955560 0.948387 0.941863 1.4662 1.2145 1.0261 1376.15 1341.51 1305.29 

0.2902 0.954130 0.946778 0.940049 1.4326 1.1929 1.0116 1385.07 1350.76 1314.63 

0.3640 0.952412 0.944894. 0.937971 1.3903 1.1646 0.9916 1394.65 1360.30 1324.27 

0.4602 0.950124 0.942394 0.935219 1.3294 1.1222 0.9604 . 1406.55 1371.81 1335.76 

0.5200 0.948662 0.9408J6 0.933477 1.2891 1.0929 0.9384 1413.59 1378.50 1342.40 
., 

. ·, 

~ 0.5611 0.947644' 0.939726 0.932269 1.2600 1.0709 0.9218 1418.27 1382.83 1346.66 

0.6200 0.946167 0:938152 0.930506 1.2168 1.0387 0.8972 1424.60 1388.66 1352.30 

0.6654 0.944995 0.936940 0.929134 1.1815 1.0118 0.8761 1429.13 1393.07 1356.32 

0.7250 0.943474 0.935341 0.927288 1.1354 0.9770 0.8491 1434.83 1398.76 1361.49 

-
0.7732. 0.942252 0.934068 0.925764 1.0990 0.9495 0.8271 1439.49 1403.31 1365.63 

0.8250 0.940939 0.932644 0.924130 1.0595 0.9194 0.8033 1444.16 1408.11 1369:92 

0.8847 0.939455 0.931006 0.922243 1.0143 0.8850 0.7759 1449.22 1413.49 1374.74 

0.9501 0.937873 0.929186 0.920119 0.9651 0.8474 0.7460 1454.89 1419.33 1380.09 

1.0000 0.936690 0.927760 0.918495 0.9271 0.8190 0.7232 1459.18 1423.75 1384.11 
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TABLE 2. Density (p), Viscosity (11) and IDtrasonic Velocity (u) of N,N-Dimethylacetamide + 
Water mixtures at different mole fractions (x) ofDMA, at 298.15,308.15 and 318.15 K. 

~--., 
p (g cm-3

) 11 (mPa s) u (m s-1
) 

x (DMA} 298.15 308.15 318.15 298.15 308.15 318.15 298.15 308.15 318.15 (K) 

0.0000 0.997093 0.994108 0.990268 0.8894 0.7211 0.6001 1497.16 1519.35 1535.49 

0.0250 0.997543 0.993767 0.988502 1.2654 0.9975 0.7841 1566.07 1589.74 1584.83 

0.0650 0.998544 0.993766 0.987144 1.8717 1.4283 1.1069 1650.72 1652.48 1641.76 

0.1011 0.999425 0.992753 0.985621 2.4138 . 1.8107 1.3873 1702.24 1685.26 1664.61 

0.1200 0.999811 0.992283 0.984955 2.7546 2.0225 1.5336 1717.94 16.96.17 1671.75 
...,.,.. 

0.1495 0.999386 0.991701 0.984051 3.1609 2.3078 1.7182 1732.84 1704.88 1675.75 

0.2004 0.998206 0.989909 0.981554 3.7281 2.6612 1.9444 1740.25 1706.21 1671.72 

0.2512 0.995426 0.987225 0.978260 3.9404 2.7900 2.0500 1735.61 1695.32 1657.44 

0.3002 0.991300 0.983007 0.974050 3.9415 2.7847 2.0565 1722.59 1678.70 1637.94 

0.3501 0.986651 0.978300 0.969257 3.6927 2.6670 1.9865 1700.48 1655.93 1613.90· 

0.4009 0.981926 0.973377 -0.964332 3.3419 2.4743 1.8537 1672.08 1631.39 1590.24 

-~ 0.5018 0.972715. 0.963790 0.954933 2.6064 1.9295 1.5539 1619.80 1582.81 1540.91 

0.6031 0.963803 0..954865 0.946066 1.9958 1.5686 1.2742 1577.93 1539.75 1497.25 

0.6505 0.959770 0.950945 0.942076 1.7779 1.4247 1.1784 1560.65 1522.46 . 1480.39 

0.7005 0.955897 0.947069 0.938220 1.5921 1.3059 1.0850 1543.71 15"05.54 1464.59 

0.7550 0:951848 0.943109 0.934167 1.4190 1.1831 0.9991 1525.94 1488.73 1447.76 

0.8048 0.948387 0.939635 0.930728 1.2846 1.0859 0.9327 1510.83 1472.92 1433.31 

0.8501 0.945457 0.936612 0.927793 1.1851 1.0032 0.8681 1497.74 1460.26 1421.06 

-+ 0.9049 0.941928 0.933131 0.924215 1.0830 0.9224 0.8038 1483.33 1445.84 1407.41 

1.0000 0.936527 0.927710 0.918779 0.9332 0.8165 0.7213 H61.90 1423.71 1385.17 
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TABLE 3. Isentropic Compressibility (x:s) and Shear Relaxation Time ('t') of the mixtures of 
N,N-Dimethylacetamide + 2-Methoxyethanol, at different mole fractions, at 298.15, 308.15 

~- and 318.15 K . 

Ks x I 05 (bar-1
) ·'t' x 1013 (s) 

x(DMA) · 298.15K 308.15 K 318.15 K 298.15K 308.15 K 318.15K 

0.0000 5.8085 6.1755 6.5621 11.95 10.36 9.19 

0.0301 5.7~60 6.1298 6.5123 11.81 10.25 9.11 

0.0600 5.7237 6.0847 6.4664· 11.67 10.15 9.03 

0.0871 5.6867 6.0433 6.4238 11.53 10.05 8.95 

.,.. 0.1250 5.6378 5.9885 6.3682 11.33 9.90 . 8.84 

. 0.1767 5.5768 5.9186 6.2955 11.06 9.69 8.68 

0.2250 5.5260. 5.8590 6.2316 10.80 9.49 8.53 

0.2902 5.4632 5.7889 6.1552 10.44 9.21 8.30 

0.3640 5.3982 5.7194 6.0793 10.01 8.88 8.04 

0.4602 5.3200 5.6387 5.9928 9.43 8.44 7.67 

0.5200 5.2752 5.5935 5.9447 9.07 8.15 7.44 

0.5611 5.2461 5.5649 5.9149 8.81 7.95 7.27 

0.6200 5.2077 5.5276 5.8767 8.45 7.66 7.03 

A- 0.6654 5.1811 5.4997 5.8506 8.16 7.42 6.83 

0.7250 5.1484. 5.4644 5.8178 7.79 7.12 6.59 

0,7732 5.1217 5.43.64 5.7921 7.51 6.88 6.39 

0.8250 5.0957 5.4077 5.7660 7.20 6.63 6.18 

0.8847 5.0682 5.3760 5.7374 6.85 6.34 5.94 

0.9501 5.0373 5.3423 5.7061 6.48 6.04 5.68 

1.0000 5.0140 5.3174 5.6831 6.20 5.81 5.48 
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TABLE 4. Isentropic Compressibility (Ks) and Shear Relaxation Time (1:) of the mixtures of 
N,N-Dimethylacetamide +Water, at different mole fractions, at three temperatures . 

. --*· 
Ks x 105 (bar"1

) t x 1013 (s) 

x(DMA) 298.15K 308.15 K 318.15 K 298.15K 308.15 K 318.15 K 

0.0000 4.4743 4.3576 4.2831 . 5.31 4.19 3.43 

0.0250 4.0874 3.9816 4.0277 6.90 5.30 4.21 

0.0650 3.6753 3.6851 3.7584 9.17 7.02 5.55 

0.1011 3.4531 3.5467 3.6615 11.11 8.56 6.77 

0 . .1200 3.3890 3.5029 3.6328 12.45 9.45 7.43 
-~-

0.1495 3.3324 3.4692 3.6188 14.04 10.68 8.29 

0.2004 3.3079 3.4701 3.6455 16.44 12.31 9.45 

0.2512 3.3349 3.5244 3.7211 17.52 13.11' 10.17 

0.3002 3.3996 3.6099 3.8267 17.87 13.40 10.49 

0.3501 3.5051 3.7277 3.9610 17.26 13.26 10.49 

0.4009 3.6426 3.8601 4.1006 16.23 12.73 10.13 

0.5018 3.9182 4.1415 4.4103 13.62. 10.65 9.14 

0.6031 4.1671 4.4173 4.7151 11.09 9.24 8.01 

~ 
0.6505 4.2778 4.5368 4.8436 10.14 . 8.62 7.61 

0.7005 4.3899 4.6583 4.9689 9.32 8.11 7-.19 

0.7550 4.5119 4.7842 5.1072 8.54 7.55 6.80 

0.8048 4.6194 4.9055 5.2300 7.91 7.10 6.50 

0.8501 4.7150 5.0070 5.3373 7.45 6.70 6.18 

0.9049 4.8251 5.1264 5.4625 6.97 6.31 5.85 

1.0000 4.9963 5.3180 5.6726 6.22 5.79 5.46 
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TABLE 5. Excess Molar Volumes (VE), Viscosity Deviations {ATJ) and Isentropic Compressibility 

+ Chan.ges (AKs) for the N,N-Dimethylacetamide + 2-Methox.yethanol mixtures at different mole 
fractions, at three temperatures. 

yE ATJ (rnPa s) Jo~ AKs (bar-1
) 

x (DMA)298.15K 308.15 K 318.15 K 298.15K 308.15 K 318.15 K 298.15K 308.15 K 318.15 K 

0.0000 0,0000 0.0000 0.0000 0.0000 . 0.0000 0.0000 0.0000 0.0000 0.0000 

0.0301 -0.0250 -0.0476 -0.0760 0.0109 0.0100 . 0.0085 -0.0186 -0.0199 -0.0233 

0.0600 -0.0480 -0.0820 ~0.1325 0.0219 0.0194 0.0165 -0.0371 -0.0393 -0.0430 

0.0871 -0.0672 -0.1110 -0.1666 0.0308 0.0275 0.0237 -0.0526 -0.0575 -0.0617 
·+ 

0.1250 -0.0970 -0.1420 -0.1978 0.0413 0.0365 0.0321 -0.0714 -0.0797 -0.0840 

0.1767 -0.1215 -0.1725 -0.2240 0.0534 0.0478 0.0422 -0.0913 -0.1053 -0.1113 

0.2250 -0.1412 -0.1900 -0.2402 0.0613 0.0555 0.0496 -0.1037 -0.1234 -0.1327 
·> 

0.2902 -0.1595 -0.2038 -0.2555 0.0679 0.0625 0.0564 -0.1147 -0.1376 -0.1518 

0.3640 -0.1682 -0.2100 -0.2662 0.0711 0.0666 0.0606 -0.1211 -0.1438 -0.1628 

0.4602 .-0.1698 -0.2079 -0.2692 0.0695 0.0664 0.0608 -0.1229 -0.1419 -0.1648 
-·. ·j. 

,-f. 0.5200 -0.1639 -0.2008 -0.2640 0.0661 0.0633 0.0583 -0.1202 -0.1358 . -0.1603 

. 0.5611 -0.1572 -0.1937 -0.2575 0.0623 0.0594 0.0552 -0.1166 -0.1291 -0.1540 

o:620o -0.1438 -0.1801 -0.2425 0.0554 0.0530 0.0498 -0.1082 -0.1159 -0.1404 

0.6654 :-0.1285 -0.1678 -0.2274 0.0481 0.0460 0.0436 -0.0987 -0.1048 -0.1266 

0.7250.-0.1078 -0.1484 -0.2002 0.0388 0.0374 0.0360 -0.0841 -0.0890 -0.1070 

0.7732 -0.0898 -0.1325 -0.1725 0.0321 0.0310 0.0298 -0.0725 -0.0756 -0.0904 

0.8250 -0.0685 -0.1078 -0.1405 0.0245 0.0236 0.0229 -0.0573 -0.0599 -0.0709 

~ 0.8847 -0.0443 -0.0768 -0.0998 0.0161 0.0154 0.0150 -0.0374 -0.0403 -0.0470 

0.9501 -0.0190 -0.0368 -0.0451 0.0072 0.0065 0.0065 -0.0163 -0.0179 -0.0209 

1.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
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TABLE 6. Excess Molar Volumes (VE), Viscosity Deviations (A:q) and Isentropic Compressibility 

~ 
Changes (Ax:s) for the N,N-Dimethylacetamide +Water mixtures, at different mole fractions, at 
three temperatures. 

yE AT) (mPa s) I o5 AKs (bar"1
) 

x (DMA)298.15K 308.15 K 318.15 K 298.15K 308.15 K 318.15 K 298.15K 308.15 K 318.15 K 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

0.0250 -0.1502 -0.1500 -0.1355 0.3750 0.2740- 0.1810 -0.4000 -0.3400 -0.2901 

-
0.0650 -0.4001 -0.3999 -0.3730 0.9795 0:7010 0.4990 -0.8330 -0.7350 -0.6150 

0.1011 -0.6298 -0.5998 -0.5730 1.5800 1.0800 0.7750 -1.0740 -0.9050 -0.7620 

;t-
0.1200 -0.7498 -0.7040 -0.6781 1.8600 1.2900 0.9190 -1.1480 -0.9700 -0.8170 

0.1495 -0.9100 -0.8685 -0.8425 2.2800 1.5725 1.1000 -1.2200 -1.032 -0.8720 

0.2004 -1.1680 -1.1210 -1.0861 2.7800 1.9210 1.3200 -1.2710 -1.076 -0.9160 -

0.2512 -1.3600 -1.3275 -1.2810 3.0200 2.0450 1.4195 -1.2705 . -1.068 -0.9110 

0.3002 -1.4691 -1.4264 ' -1.4032 3.0400 2.0350 1.4200 -1.2314 -1.028 -0.8735 

0.3501 -1.5302 -1.5098 -1.4725 2.7880 1.9125 1.3440 -1.1520 -0.9625 -0.8085 

~' 
0.4009 -1.5570 -1.5350 -1.5025 2.4600 1.7150 1.2050 -1.0410 -0.8820·· -0.7395 

0.5018 -1.5110 -1._4800 -1.4660 1.6980 1.1605 0.8930 -0.8180 -0.6900 -0.5700 

0.6031 -1.3400 -1.3150 -1.3120 1.0800 0.7900 0.6010 -0.6220 -0.5075 -0.4060 

0.6505 -1.2198 -1.2050 -1.2000 0.8600 0.6415 0.4995 -0.5360 -0.4325 -0.3434 

0.7005 -1.0872 -1.0750 -1.0740. 0.6720 0.5180 0.4000 -0.4500 -0.3590 -0.2875 
...... 

0.7550 -0.9200 -0.9175 -0.9115 0.4965 0.3900 0.3075 -0.3565 -0.2840 -0.2250 

0.8048 -0.7551 -0.7540 -0.7525 0.3600 0.2880 0.2350 -0.2750 -0.2190 -0.1714 

-+- 0.8501 -0.5990 -0.5920 -0.5995 0.2585 0.2010 0.1650 -0.2030 -0.1660 -0.1270 
' 

0.9049 -0.3820 -0.3810 -0.3810 0.1540 0.1150 0.0940 -0.1215 -0.1000 -0.0780 

1.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
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TABLE 7 ~ Coefficients of Least -Square Fit by equation (5) for Excess Molar Volumes, 
Viscosity Deviations and Isentropic Compressibility Changes ofN,N-Dimethylacetamide 
+ 2-Methoxyethanol mixtures at 298.15, 308.15 and 318.15 K. 

~--

Property Temp. A1 A2 A3 A.' u-(YE) 
(K) 

yE 298.15 -0.6672 0.2748 0.0155 -0.0237 0.0458 0.001 
308.15 -0.8147 0.2460 -0.2749 0.2092. -0.1750 0.001 
318.15 -1.0667 0.0977 -0.1514 0 .. ~689 -0.7636 0.003 

All 298.15 0.2683 -0.1674 0.0054. 0.0457 -0.0103 0.001 
308.15 ' 0.2563 -0.1375 -0.0329 0.0277 0.0170 '0.001 
318.15 0.2366 -0.1135 -0.0321 0.0~21 0.0068 0.000 

~ 
AKs 298.15 -0.4824 0.1631 -0.1264 0.0172 o:1370 0.002 

308.15 -0.5499 0.2881 -0.1114 -0.1326 0.1586 0.001 
318.15 -0.6518 0.2322. 0.0729 -0.0523 -0.0275 0.001 

TABLE 8. Coefficients of Least -Square Fit by equation (5) for Excess Molar Volumes, 
Viscosity Deviations and Isentropic Compressibility Changes ofN,N-Dimethylacetamide 
+Water miXtures at 298.15, 308.15 and 318.15 K. 

Property Temp. ~ A1 A2 A3 A. U (YE) 
(K) ., 

~ 

yE 298.15 -6.0140 2.5359 -0.8871 -1.5370 2.1658 0.009 
308.15 . -5.9784 2.3413 -0.1007 -1.4837 1.1110 0.011 
318.15 -5.8716 2.1625 -0.3684 -1.5317 1.6935 0.007 

All 298.15 7.0443 '-15.3472 12.1404 8.5762 -12.6279 0.035 
308.15 4.9385 -9.9039 8.0347 4.8343 -8~0417 0.028 
318.15 3.5502 -6.6516 6.0496 3.0762 -6.4072 0.011 

........ 

AKs 298.15 -3.4297 3.7710 -2.3595 4.2384 -4.3034 0.022 
308.15 -2.8559 ' 3.2534 -1.8254 3.5924 -4.0838 0.019 
318.15 -2.3793 2.8886 -1.4153 2.8869 -3.6520 0.018 

--+-



-+-

-:t 

~ 

.97 

(0..) 

.96t m m m ® m m m 
a a a m 

.9q a a m 
0 a ® lil 

A a m 0 A A lil ..._ A a 
C) A a lil m ......., A 
>- .94 A a a m 

® - A a "iii a m, 
t:: A a 
Q) A a 
0 A a DMA-ME 

.93 A a 
A a 

A 
A lil 

298.15 K A 
A 

.92 A a 
308.15 K 

.91 
A 

318.15 K 
0 t::.: .o N 0 N 0 0 lO 0 

~ ~ 0 IX) N c.o lO 
C! C! "! -.:1: 1'-: ~ 

Mole Fraction of DMA 

1.02 

(b) 
1.00• m l!l m m m lil 

a a a m a a lil 
A 1:1 

A A A 
a m 

A 
A 1:1 l!l ·.98· A a -.0 A a l!l . -.e A 

.C) 
A m -- a 

.. >- . .96 8 .. _...,. 
® "iii A a 

t:: 1:1 l!l 
. ·. Q) A a ® 

l!l ..0 A a ® ·DMA-Water 
.. 94 a A a 

A 1:1 
A l!l 

298.15 K A 
A 

... 92 a 
308.15 K 

.90 
A 318.15 K 

0 
. . 

'<t 
. . 

o • • c» 0 .... 
0 0 0 (t) lO '<t 
0 0 lO 0 lO 0 
C! ...-: "! <'1 ~ 1'-: ~ 

Mole Fraction of DMA 

Figur-e l. (a) Density (p) versus mole fraction ofDMA in DMA +ME mixture at 
three temperatures. 

{b) Density.{p). versus mole fr.action of DMA in DMA + Water mixt-ure 
at three temperatures. r 



~--

-:-+-

.,.,_ 

1.6 
(tL) m m m m m m 

m 
1.4 m 

(!) - m 
_II) a a a (!) 
.(U a a (!) a 
il... _12 e (!) 
E a - a m 

-.. z. a m 
a m . -'iii A A A A A e 

.-.8 -1.0. 
A A a (!) 

A a DMA-ME II) A (!) 

5 A a 
A a 

A 
A a 

A a (!) 
298.15 K A 

-.8 A 
A 

A a 
308.15 K 

-.s A 318.15 K 
·o -. - -- 0 -N 

.. 0 - -- -N 
0 r::: 10 0 @ 

(<) 0 
0 IX) N (0 

~ 10 q q C'! '<I: ~ 

Mole Fraction of DMA 

- ·_ .5 

(b) 

.4 m m 
m m -II) (!) 

m 8 a. 3 
E 8 a a - a a (!) z. 8 e 
II) m ·u; 
0 2 a A 

A A A (!) 
0 (!) A 

a DMA-Water II) a 
A 8 

5 A A a 8 
a 6 a (!) 

8 A a (!) m 298.15 K A A 
A 

a m (!) 
1 ( a A a e A A Ill ~ 

A 6 Ill • 308.15 K 

0 A 318.15 K 
-. 0 T"" ·v 0 (<) 0 en 

0 T"" 0 10 '<t 
0 0 0 10 0 10 0 q '-: C'! C':! «! I': ~ 

Mole Fraction of DMA 

Fi,gur_e 2. {.a) Viscosity (ll) v.ersus mole fr.action of DMA in DMA +ME mixture 
at three-temperatures. 

{b) Viscosity{fl) v-ersus .mole fractioJLofDMAin DMA + W:ater mixture 
at three temperatures. 



~.-

~ 

. __,. 

.. 1500 
(0.) 

m 8 
m e m - ® e .• Cl) m c - m c E m El El -- 1400 m c c 

>. m a a - El A ·o 8 6 
0 m c 

A A 
G) m m c A A 

C!l a 6 > m D A A 
0 a 6 

·c: El A a A 0 c DMA-ME Cl). a A 
ltl :1300 A .... A - A 
:::> A A m 

298.15 K 

a 
308.15 K 

·1200 A 
318.15 K 

8 
. - •.- -a f..! -o 

~ 
. 

t: lO 0 0 0 
~ CXl ~ CD ~ lO 

q ""= 0'! 

Mole Fraction of DMA 

... 1.800 

(b) 
m m 8 

m m 
.· --uoo 8 a c C!l a a ·- a A a A A C!l . ·..e! A A a -e I A 

-~ a 
>- A m 

.:g.-.1£00 
il A a m 0 

G) e m 
> A a 8 

.. 5:2 a 8 
. .c: ::1500 c 8 

C!l ·.- () A a DMA-Water . .f/l. A a m· 
as A a . a.' ..... 

A -~ 
-:J A ·m 

A 298.15 K 
.. 1400 A 

a 
308.15 K 

1300 
A 

318.05 K 
0 ·-v 0 

. ,.... 0 m 
0 0 0 (') lO ...,. 
0 0 lO 0 lO 0 q "": C'! ~ ~ !'-; 0'! 

Mole Fraction of DMA 

Fi~3~.(.a) Ultrasonic V.elodty {u) :v.ersus.molefraction ofDMA in DMA+ ME 
· mixture..at three temperatures. · 

.(b) Ultrasonic Yelo.city.(u)v.ersus.mole fraction ofDMAinDMA+ W.ater 
mixture at three temperatures. 
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CONCLUDING REMARKS 

The major _part of our research was concerned with the investigation of the 

solvation phenomena of LiBF4, NaBF4, KPic, KBP~ Ph.J>Cl, Ph.J>Br, P14AsCl, 

P14AsPic and B14NBP~ salts in ME, and NaBF4, NaBP~ and NaCl04 in DME. This was 

achieved by measuring the conductance, density and ultraso~c velocity of the solutions of 

, these electrolYtes in the respective solvents, at different temperatures, and through FT-

Raman spectral analysis. The viscosity of the sodium salts .in DME was also determined. 

Excess properties of NMA + ME, NMA + water, DMA + ME and DMA + water systems 

were also studied, at three different temperatures. The measurements were analysed with 

the.appropriate equations and interpreted. The findings are summarized as follows. 

In ME, strong association and ion pair formation was found for all these 

electrolytes. The solvation weakened as soon as the ion pair was formed. Small ions like 

Li+, Na+, K+, cr and .Sr-; and large Pic- ions are largely solvated through electrostri.ction of 

solvent molecules around these ions. The large BtLiN'" and P14As + ions accommodate· the 

solvent molecules inside the space between the alkyVaryl chain attached to the 

nitrogen/arsenic atom. In other words, solvent molecules penetrate into these alkyVaryl 

chains. For BP~- ions, neither electrostriction nor penetration of solvent molecules seems 
.. 

to be important. BF4- ions remain largely unsolvated. Conductance studies reveal that 

Coulombic forces play a major role in the association process. FT-Raman spectral 

investigations show that LiBF4, NaBF4, P~Cl, P~Br and P14AsCl in ME exist as 

.,· 
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solvent separated ion pairs and/or solvent separated dimers. They also exhibit a very 

intense peak for "spectroscopically free" anion. 

Chelation of ME with cations takes place through the lone pair of electrons on the 

ethereal oxygen atom in ME. Compressibility studies, especially the sign and magnitude of 

the limiting apparent molar isentropic compressibility at different temperatures, are very 

helpful in confirniing and explaining ·the ion pair formation. For example, the initial 

increase _in the compressibility of Na+ and Li+ ions is due to the loss of some solvent 

'molecules from the-first coordination sphere on raising the temperature (from 288.15 to 

298.15 K, in this case). However, at higher temperatures (above 298.15 K), the 

intramolecular hydrogen bonds begin to break down decreasing the compressibility. 

In DME, conductance studies ofNaBF4, NaBP~ and NaCl04 in DME indicate 

that ~aBF4 f9.rm~ ·contact ion pairs and NaCl04 forms solvent separated ion pairs while 

NaBP~ remains least solvated. These findings are supported by FT -Raman spectral 

studies. Viscosity measurements of NaBF4, NaBP~ and NaCl04 in DME show that Cl04-

is present as a bigger entity than BF4-. From the compressibility data we find that NaC104 

is more compressible than NaBF4. This is due to the higher surface charge density of a 

_,_ -·gp4- ion than that of a Cl04- ion. 

Analysis of the excess properties of the four systems indicates strong association 

through multiple hydrogen bonding, probably through the polar groups of the amide and 
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water, in the case of NMA + water and DMA + water mixtures. However, there is weak 

interaction and solvent structure effect in NMA + ME and DMA + ME mixtures. While the 

two amides behave in a similar fashion in their interaction with water, they differ much in 

their encounter with ME. NMA may undergo a structure-breaking effect in its interaction 

with water as well as with ME. 

The· viscosity B-coefficients give us quantitative values of ion-solvent interactions. 

But, we do not yet have an unambiguous method to divide the B-coefficients into their 

ionic values in all solvents. We have successfully used B\4NBP14 as the "reference 

electrolyte" for the division of the viscosity B-coefficients in all our calculations. However, 

we lack sufficient data from different solvents to arrive ·at a definite conclusion about its 

validity and applicability. It is desirable to use various methods for this purpose and 

determine reasonably consistent ionic B-values. 

, .Similarly,· different methods may be used to find out the limiting ionic 

conductances from the limiting equivalent conductances of the electrolytes. Again, we 

have calculated the limitmg apparent molar isentropic compressibilities of some 

electrolYtes on the assumption that the limiting apparent molar isentropic compressibility 

of BF4- = 0. Although our assumption seems to be reasonable, proper evaluation of such 

properties would be of great help in determining ion-solvent interactions. 

Solvation phenomena are very complex in nature. There are strong electrical forces 

between . the ions and solvents and it is not really possible to separate them all. 
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Nevertheless, by using careful judgement,· valid conclusions can be drawn in many cases · 

from conductivity, viscosity, apparent molar volume and apparent molar i~entropic 

_compressibility measurements, relating to the structure and order of a system. 

More extensive studies of the various thermodynamic and transport properties of 

the electrolytes will be of immense help in understanding the nature of ion-solvent 

interactions and the role of solvents in different chemical processes. · 

Thermodynamic studies do. not direc~ly address questions related to molecular scale 

·-
features. They may only .furnish some ·striking features of concentration or composition 

dependence that might reasonably be associated with important changes in the patterns of 

molecular interaction or aggregation. Perhaps we need to gather a lot of experimental data 

of a particular solvent and construct an ;appropriate model, incorporating the solvent's 

different modes of behaviour with a variety of electrolytes and non-electrolytes. The recent 

attempts at building such universal solvation models are in the right directi~n towards 

achieving this_ 

We may also need to carry out large scale computer simulations on a wide variety 

of solvents using such models and test their validity with the available experimental data. 

Such mglecular modeling techniques may go a long way in upda;ting our theoretical . 

knowledge. They will also offer the chemists an inexpensive tool to conduct a host of 

experiments that may normally involve very expensive equipment. 
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·Thermodynamics of Ion.Ass~clation and Solvation ·ir1.2-Methoxyethanol: Behavior of 
Tetraphenylarsonium, Picrate~ and Tetrapltenylborate Ions from Conductivicy and · 
Ultrasonic Data 

Pitchai J. Victor, Prakash K. Muhurf, Djjan Das,• and Dilip ~ Haz~* 
Department oj Chemistry, North Bengal Univelsity, Darjeeling 7~4 4]0, India 

Recei11(!d: June 2(1, J-999; In Final Form: September 22,_.1999 

Precise measur~inents on ~lectrical conductanc~ &Qd ul~~mic velociti~ ol solutions of potassium p~ 
(KPic), potllSsium tetraphenylboratc (KBP~). tetrabutyli~monium tetraphenylbont~·.(Bu,.NBPJJ.), ·and 
tetraphenylarsonium. picrate. (PJJ.AsPic) in 2-methoxY,ethanol (ME) ahemperatures 288. t5 :S TIK :S ·308.'15. 
have been reported. The·condu~tance data have been·analy.zed by the l978,'Fuoss conductance...:.concentnj.d(,p 
eqllation. Thermodynamics of the assoeiation processes nave also been studied and the Coulombic forcci ·an: 
found au play a major role in the association· processes. The limiting ionic conductances have been cstim;ated 
from the appropriate division of the .limiting mo~ar conductivity values of the ••reference electrolyte" ~u,.
NBP~. Strong association was foun~ for all these salts in this solvent·medium. The results strongly sugacat 
the electrostrictiori of the solvent molecules around Ulo potas·sium and pic~tc ions, while for tho laraer 
tetrabutylammoniuin and tetrnphenylilrsoniurir ions they arc accommoda~ insi~e the space between the alkyl 
or aryl chains attached to the nitrogen pr arsenic· atom; ·for tetiaphenylboratc ion, however, neither elcctrostriCtion 
nor penetration of the solvent molecules JS found to ·be important. . . . 

1.· Introduction 

2~Methoxyethanol (ME) is an amphiprotic dipolar solvent of 
low dielectric conslant (D = 16.94 a~ 298.15 K)1 with large 
dipole moment (JI. = 2.36 0).2 B\.lt, unfortunately, it is. 
hygrosCopic, fairly toxic, 11 weak narcotic, and a systemic poison; 
and for these rea.'lons, careful handling of this solvent is 
essentiat3 ME could be considered as a moderate Lewis acid 
lpKuulnpn11 = 20.5-at 298.15 K),4 and is a probable solventfor 
anions throi•gh :its hydfog~!\~hgooing .. nctwork und dipQI~- . 
induced interi1ctians. lr lias .unii]'~c· imlvliting properties associ
:ucd with its '.'quasiup~oi!c" character imd is widely used for 
clcctrochemicul investigations and various industriul proccsses.s-? 

Even though ME has dm\yn n~uch ultentioil in recent years 
as a solvent for eieclrm•~i~•lytical investigations/'·'' very few 
rci.iahlc sllidics on the clccirnlylic behavior· in ihis nonaqueous 
n~t·dill'lll have so f••r heen lllillle. Therefore, i1s u part or a series 
of investigations Oil the chmni<:uJnalure Clf Structure or ions On 
their mutualuml spccilic inh:mctini1s with sulvcntmolcculc.'l, IIHB 

we have performed conductivity and ultrasonic velocity mea
surements Oil 2-mcthoxyethunol solutions or potassium picnlte 
lKPic), 'P.i>-ll~~siumtetmphcnylbor;lle (KOPh4), tct'rnbutylammo
nium h:traphcnylhomlc (Bu.1NBPh~·), and·tctraphcnylarsonium 
picrate. CPh4AsPic) as functions of tempcrnture (288.15 . .s TIK .. 
!:: 308.1 5). Th~ results have hccn il)terprcted in terms of specific 
constitutional and slruclural factor's uf the solvent molecules 
and or the solutes. 

· · 2. Expcr~mcntul Section 

TABLE 1: Physical Properties or :Z·Melhoxyethanol 

288.15 0.96960 1.9377 
293.15 . 0.96490 1.7287 
298.15 . 0.96002 1.5414 
308.15 0.95356 1.2579 

D 

17.77 
11.35 
16.94 
16.15 

~onductancc of ca.· J.()l x w-6 S cm-1 at 298.15 K. Theac 
values arc in good agreement wilh the lileroture data. 111 Tile 
solvent properties are recorded in Table I. 

Potassium picrote (KPic) wns preparedl0 by neutndizing. picric 
acid (A.R., BDH) wit.h an equal molar m11ount of potassium 
hydrQxidc (A.R., BDH). in ethanol. T~e resulting potassium 
picrate, which precipitated, wa.~ recrystallized from water and 
dried in vacuo for 3-4.weeks. 

Potassium tetraphenylborale (K8Ph4) was prccip:ttcd by 
mixing cquimol:ir uqucous solutions of pntm;sium nitmte (KNOJ) 
und sodium telraphenylbomte (NaBPh4). · The product was 
recrystallized J'rom 30 mass % uqueous acetone and dried in 
vacuo for several weeks. · · 

Tetruphenylarsonium picrate (Ph.cAsPic) wns prepared by the 
metathesis between potassium picrate obtained as above and 
tetraphenylursonhim chloride (Ph.cAsCI) both dissolved in SO 
malls cJb aqueous ethanol. 111e precipitate was washed with water, . 
repe~tedly. crystallized from· ethanol, and dried in va~uo for 
several weeks. . 

Tetrubutylmnmoniu.m lelraphenylhul"olte (8uo~NDP!4) was 
prepared by mixing equimolar·_quar•tities of.sodium tetraphe
nylboratc and tetrabutylammonium bromi.de (Du.cNBr) in water. 
The salt ·was dried in vacuo at 353.15 K for 48 f .• 

2.1 Mntcrials. 2-Methoxyethunol avm, G. R.'E Merck) was . 2.2. Apparatus and Procedures. Conductance measurements 
dried with potassium carbonate und distilled twice in an all gla.~s were carried out on a pye-Unicam PW 9509 conductivity meter 
distillation set immediately before use and the middJe fraction at a frequency of 2000Hz using a dip-type celi of cell con,stant 
coll~ted. The purified toolvenl hud .a. density of 0. 960(}2 g cm.~3, . J.J4 cm-1 and _having an t~ccuracy of o .. J %. Measurements Wen:' 

a caefticient of .viscosity of 1.5414 mPa s, and a specific made in an oil bath maintained within± 0.00~ K of the desired 

\( 10.1021/jp992193m CCC: $18.00 © 1999 American Chemical Society 
Published on Web I 1125/1999 
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. i.· ·. T~B~:2z Mol&&: Conduc4J.-dua of EI~·trol)1a In 2-Me.th9V~OJ ~~ti28_g$; 2931U,:-~;..i5,--~4;30L15.K. · ... :. ·~ 
1

. , i. 

. '; ; ~;l :. ~ • 

,. 
·J:.{·' .·'~ = ;,. · r.:.·288.ts ic ' · · r• 293.15~ : · ... · ,.,. :f·· · t':i_!98.i& k · '· ' • · ·• . T•30Us K 
:-:: ~ ·. cx104 A cxl04 A· c)( 10'· ... A· cxlO' A· 

moldm-3 Scm2mot-• moldm.-3 · S c:in2 moJ-1 moJCim-S s cm2mpt-• moldm-3 . S c:m2mol .. ~: 
KPic 

3.5164 .27.41 4.0216 30.07 3.0q1 33.67 3.0065 39.39 
4.5456 . 26.80 5.5090 29.17 . 4.0230 32.93. 4.0287 38.~ 
5;5748 26.26 6,2802 I 28.'15 s.o287 .32.22 5.0509 37.65 
6.5i82 25.82- 6.9964 28,18 6.0344 3~.5~. 6.0130 36.971 
7.547.4 25.37 7.71:16 28~ 7.0012 3 .02 1.0052 36.3( 
8.5766 24.96 8.!5389 27.~7-- .8.0459 30.47 7.9973 35.74. 
9.5200 24.6~ 9.0347 27.46 9.6516 29.98 9.0195. 35.19 
10.54~ 24.26 10.0263 27;06 . 10.0574 29.51 {0.0417 34.67 
11.57 23.93 . 11.0180 26,68 1l.0631 29.04 . . 1.0037 34.21 

12.0096 26.33 1:i.06a9 28.67 'i1.90S7 33.81 .. 

KBPhc 
I • 

3.a5s4'·-. -. 
.... 

3.0274 '22.05 2.9546 23.94 ~.4658 25.65 '31.80 
21.55 3.9774 23.42 ~.p.$12 24.91 4.1704 ' 31.12 4.0365 

5.0002':. .: " •22.97 ~.0495 24.51 S.OHJ 30.66 ,. 5.0456 .21.1'1 
6.0S47 20.73 6.0231'. 22.56 7.0971 . 24.l3 6.0443 30.16 
7.0639 20.37 1.0459 22.19 8.~30 23.82 7.0258 29.73 
8.0057 20.07 8.0119 21.88. -· ;' 9.0 12 23.51 8.0070 29.33 
9.0148 19.77 9.0347 21.56. .10.0195 23.21 9.0620 28.93 

10.0240 . 19.49 10.0007 21.29 11.0277 22.94 10.(1221. 28.S9' 
11.0331 19.23 il.0234 21.01' 12.0.186 22.76 11.0392 . 28.25 

'.12.0422 18.99 12.0458 . 20.78 11.5804 27.98 

i8.99 21.il'. 
Bll4l1~Phc 

t:J;~· ..... 22.42 4.1616 27.70 3.2400 3.3104 
4.0621. 18.58 4.0460 ·. '20.7S ·22.~ ·.·- 5.0116 ... :l7.33·' 
5.0242·. 18.16 . 5.5174', . 20.07 7;s896~ ... 11. ; .. .· '6.0516 :i6.78: 
5.9863 .. 17.79 7.0623. .. 

. 19.47 8.5753' . ·'· . .;. . 21.32 7.0421 . .26.3'1':· 
7.0018 17.43 8.0187 19.14 9.5609 21.00. 8.0571 25:a1 
8.0173 : . 17.10 9.1951· 18.76 . 10.5466 20.71 8.9453 25.51 : .. 

8.9794 16.82. 10,0785 18.50 11.5323 20.44 10.0238 25.11 
9.9950 16.54 11.0348 18.24 12.5179 20.18 11.0389' :a.76 

11.0639 16.30 11.8441 18.D3 13.5036 19.94' 12.0540 24.42 

2.9869 
P~Pic 

23.59 - 2.9801 26.30 
4.0025 23.00 . 4.0286 25.58 
5.1H81 22.48 S.Oi20 24.99 
5.9739 22.()4 6.0153 24.46 
6.9894 21.62 7.0087 23.99 
H.UOSO 21.24 . 8.0021 23.55 
R.9906 : . 2.0. 90:. .. "';'; ''=8.99.54' 23.16 
9.9764 = :20.58·: . ~::'':;. ··::: '10.0440 22.77 

10.9913 20.27". 10.9821 22.54 
11.5296 20.20 . 

te1~1perature .. The details of.Jiie experimental procedure have 
hcer1 described carlicr. 10•21 Solutions were prepared by mass for 
the cimduetallCC lliiiS, the molalities being COnVerted lO molari
lics hy the usc uri.lensities mensured wilh an OsLwald-Sprcngel 
type pycnometer of ubout 25 mL capacity. Sever.d indepcndeilt 
solutions were prepare<.! and runs were performed to ensure lhe 
reproducibility of the results. Due correction was made for the· · 
specific cquduclance of the solvent at all temperatures. . 
. Sound vciodtlcs were measured using a single-crystal vari

uble-path ultrasonic interferometer (Millal Enterprises, New 
Delhi) working at 4 MHz, which was calibrated with water, 
methanol, and benzene ·at each temperature. The temperature 
stubility was maintained within ±0.01' K by circulating ther
mostated water around the cell by a circulating pump. . 
·.The dielectric constants of 2-methoxyetha!lol at different 

ten1peratures were taken from the literature.• · 

3. Results 

3.1 •. Conductance. The measured molar conductances (A) 
uf elect~olyte ~olutions as a function of molar concentration (c) 
at 288.J~'ir93.15, 298~15, and 308.15 K are given in Table 2. 
. ~~,{~ 

·4.0011. 2.9909 . 29.29 32.54 
3:4992. 28.94 4.9425 31.87 
4.7198 28.09 .5.8839 31.24' 
5.9818 27.33 6.8842 30.65 
7.0150 26.79 7.8256 30.13 
7.9938 26.31 . 8.8259 29.63 
9.0271 25.K6 9,.8262 29.16 

10.0059 25.45 10.7676 28.75 
11.0391 25.05 11.~325' 28.43 

The condu~tance data have been analyZed by the 1978 Fuoss 
conductance-concentration equation.22•23 For a given set of · 
conductivity values (CJ. Ai; j == I, .... 11). three adjustable 
parrimetc~. tl1e lirniliug .molar conduclivily_ (A 0 ), association 
constant (K,.), anJ the cosphcre diameter (R), are derived from 
the following set of C'JUlttions: 

A= p[J\
0
(1 + Rx) +Ed (I) 

p = I - o.(l - y) . (2) 

r = I - K,.cr2f (3) 

-ln.f:= {Jk/2(1 + kR) (4) 

fJ = e2/Dk8 T. - (5) 

KA = KR/(1 - a.)= KR( I + Ks) (6) 

where Rx is the relaxation field effect, EL is the electrophoretic 
countercurrent, k-1 is the .radius of the ion atmosphere. Jj is 
the dielectric constant of the solvent, e is lhe electron charge, 
ko is the Boltzmann constant, y is the fraction of solute present 
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Tetrapheriylarsonium, Prcrate, and·Tetraphenylborate Ions ' -
1' I . . \ . 

T 1\BLE 3: Conducqmc:e Parameters· or Electrolytes In .. 
_2-Methoxyethanol at 288.15, 293.15, 298.15, and 308.15 K 

electrolyte TIK A0/S cm2 mol-l -KA!'dm3 moJ-I RIA o4J, 

KPic 288.15 31.80 :!::0.04 347:!::5 10.00 0.07 
293.15 35.54:!::0.05 373 :!::5 10.01 0.07 
298."15 38.94:!::0:12· 381:!:: 11 10.02 0.18 
308.15 45.29±0.01 3i::i:5 10.03 . 0.09 

KBPh• 288.15 25.20:!::0.03 3 :!::4 10.60 0.07 
293.15 27.23 :!::0.03 2. - :!::5 10.60 0.08 
298.15 29.37.:!:: 0.04 231:!::4 10.6t 0.07 
308.15 . 36.17 :!::0.08 240±7 10.62 0.15" 

Bu4NBPh. 288.15 22.32±0.02 430:!::4 14.20 0.05 
293.15 24.82:!::0.04 410:!::6 14.21 0.10 
298.15 21.51 :!::0.03 371::1:::3 14.22 0.04 . 
308.15 33.03 :!::0.11 354:!:: 11 14.23 ~.15 Ph. AsPic 288.15 . 27.24 :!::0.04 395 :!:5 .12.87 .09 
293.15 30.51 :!::0.04 426±5 12.88 .08 
298.15 34.05 :!::0.06 "426:!::7'" 12.89 0.11 
308.15 38.93 :!::0.06 421 ::l:6 12.89 0.07 

as unpaired ion, c is the molurity of the solution,/ is the activity 
·cocflicicnt, Tis the tcmpcnaturtl ia~ ubsohite seulc, andp ill twice 
t!t~ Bjerrum distance. The computations were P.erformed OP. a 
computer using the program as sugg~ted by Fuoss. The initiJ) 
A0 values for the iteration procedure were ob~ined ·f'r9m 
Shedlovsky extrapolation14 of the data. Input for the· program 
is the ser!cJ, AJ;j = 1, ... , n), n, D, 'I· T, initial value of A0

, 

and an instroction to cover a preselected range ·of·R valuca, 
In practice~· calculations are made by fipding the values of 

A0 and a which minimize the standard deviation; a,' · 

(7) 

for a sequence of R values and then plotting a against R; the 
best-fit R corresponds to the minimum in a vs . R curve. 
However, since a rough scan using unit.increment of R values 
from 4 to 20 gave no significant minima in the a (%) vs R 
curves, the R value was ussumed to be R =·a+ d, where a Is 
the sum of the joni9. crystullo~;r_up~jc' rudii pnd d is given by23 · 

·(8) 

where M is the'n1ol~£cular.weight ·dr the .solvent and Po is its 
density. · ·. 

The values of A 0 , K," and ~ ohtaincd by tliis procedure ure 
n:portcd in Tahle. 3. .. 

3.Z. <..:mn(ncssibility.Adialmtic cumpn:ssi!>ility cocflicients 
(/Jl were derived from the relation 

fl = llt?p (9) 

where p is the solution density and 11 is the sound velocity in 
the solution. : . · 

The apparent molar adiabatic compressibility (t/JK) of liquid 
solutions was cah:ul:atcJ from the relation 

=.!:_000 _ + M 
if'K mp~p Po floP) fJP . 

. () 0 
(10) 

where 1n is the molality of the solution and the other symbols 
ha.ve their usual significunce. · 

The molar concentration (c), density (p), and the adiabatic 
compressibility coefficient (/1) of the solutions of KPic, KBPhc, 
and Ph4A.!;,Pic at 298. i 5 K are given in Table 4. 

.The lin"ijiJa~g apparent molar adiabatic compressibilities 
(l/1\) wei~ obtained2~ by cxtnapolating the plots oft/JK versus 

·' · . ... ·, 
·.;.··· 

•. :: ..... .. :·. •"'. 
·. {.._, 

.. ~ .. , . . --
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-~~1£ 4: UJtrisoQtc·VeJodtles aud Adiabatic · · ·. 
pmpresslbiUtlei ot Electrolytes ID Z..Metboxyethaaol at 

291f.15 K . · _ 

c u fJ X 1012 c u {J X 101-
mcildm-3 · ems-• cm2 dyn-• mo1dm-3 ems-• cJiildyn 

KPic 
0.03536 135385 . 56.431 0.098621 135827 "~Sti 
0.04732 135478 . 56.261 0.12601( 135988 55.206 
0.05928 135567 56.089 0.15340 .. 136135 S4.870 
0.07124. 135650 55.923 

.. KBPII4 
0.01010 "135002 . 56.905-, 0.03510 135405 54.36J 
0.02516. 135251 56.561 0.04503 135531 = 0.03013 135333 56.463 p:~67 135612 

I '· l»114AsPiq . •, 

O.Qo.S01 135431 56.658 0.()2045 1363S4 55.702 
0.00835 135651 56.432 ().02588 13~26 5~.415 
Ci.Pil69 135859 56.217 0.03131 136884 - 55.143 
O,ll1503 136052 56.015 

~.' 

TABU~ 5: .Coefficients or the.Polynomlal, Eq 1~ 

C:)cctroJyto: Oo Gl G2 . d 
Kric 38.97 -0.6735 . 0.04209 · O.OS4 

.. -· . KBP~ 29.49 -D.S459 0.01196 0,217 
B114NBPII4 27.53 -D.S369 : 0.00141 O.Q75 · 
.P~:· . 33.89 • ~.5900 ·j · _O.DOelJ· :_;.~~> 
-~ 0 .=~· : .··~:\ . · .. ~ ... , .: ·. . . :;··........ , ... , ..... ~ ··-· .· ... ~. 

. :tlie aquare·"ioot of molal concentration of the _solute to zero 
concentration: 

t/JK = t/Jo K + SKml/2 

where SK is the experimental sl~pc. 

l 4. Discussion 

(II) 

4.1. Limiting Molar Conductance and Association Con· 
stant. . Table 3 shows that for all .salts the limiting molar 
conductances (A 0 ) increase as the tcmper.ature increases. 11u: 
A 0 vaJues were fitted to the following polynomial: 

A 0 = a0 + a1(298.15- 7) +a2(298.J5- 1i · (12) 

and the coefficients of these ·fits are given in Table 5 together 
with the _standprd percentage errors (o%). · ' 

The single ion conductivities at different tcmpemtures have 
been evaluated from the division of the A 0 value.: of Bu4NBrJLJ 
using the following relationship: 

A~(Bu4N+) ra·a.~ll-
-~-=--= 1.07 
X0 (Ph4B-) rou~Nt 

(13) 

The ionic radii of Bu4N+ und Ph.$8- ions. were tuken from·the 
work ·of Gill and ·sekhri. 25,26 

The single-ion conductivities (A 0 
,.) along with the Walden 

products (A. 0 :!: 'lo) of :all the ions are reported in Tuble 6 .. 
The single-ion conducttvities have al:~o been fitted to_thc 

following polynomial equation: 

A0
: = b0 + b1{298.15-- 7) + b2(298.15 -:-1i (14) 

and the coefficients of the fits along with the o% values are 
recordecl in Table 7. 

The Walden products for these salts in 2-metho?'yethanol are 
substantially lower than those in uqueous solutions.27 ·The 
apparent cxces11 of mobility in aqueous solution has. been 
attributed -to far greater solvation in the nonaqueous media. 
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TAIJI.E·6: Limiting Ionic: Conductances C.t!/S c:m2 moJ-i) 
und Ionic Wadden l"roducts (l~ 'IriS cm2 moJ-I Pa 1) In 
2·1\·lcthoxyethunol at 288.15, 2~3.15, 298.1~, and 308.15 ~ 

21111.1!'1 K 293.1~ K . 298.]5 K 308.15 ~ 

iun 
K• 
llu .• N 1 

l'h~Asi· 
Pic" 
l'h .• u-

14.:W 
11.54 
9.1!3 

17.41 
10.711 

A.~ 1/u 

0.271) 
0.2::!-1 
0.1911 
0.337 
0.209 

.t" .:1: 

15.24 
12.43 
10.21 
211.30 
11.99 

A.~ IJn 

0.263 
0.215 
0.176 
11.35~ 
0.201 

16.05 
14.25 
11.16 
22.1!9 
13.32 

A.~ IJo 

0.247 
0.2211 
0.172 
0.353 
0.205 

TAULE 7: Coefficients of the I"Qiynon,lal, E<t 14 

ion bu bl b: 
Kt 16.19 -0.2862 0.01129 
Uu4N+ 14.05 -0.2831 o:oo219 
Ph4As+ 11.11 -0.2026 - 0.00722 
l'ic- 22.711 -0.3873 -0.01550 
l'h4W" 13.30 -0.2579 .. o;IXX~7 

211.21 0.254 
17.()7 0.215. 
13.8.5 0.174 
25.08 0.315 
IS.% 0.2dl 

11% 

0.254 
0.344 
0;088 
0.199 

. 0.036. . 
TAUJ.J~ 8: Coefficients' QC ~ae l"olyncmdul, Eq 18, ~nd 
Thermodynmnic Stundurd J>ntu uf the Assuciutlon· 

c·u ;·, ,,, + 2CJS.is~~ 

l"l~'l:lrnlylc 
~d;,M.U · 
J 111111-1 

. L\.\~M.I. 
J K-1mo1-• I02 c'z 

J K-lmol-1 tl%. ~~~~r·'' .. Jmo-

Kl'ic -14734:(, 41!.SCJ . 234.85· 0.028 -248:3 
K111'1Li -13(JJ4.1 14.1111 -274.93 0.073 -9442.9 
Bu4NBJ>I4 -1470CJ.I 24.13 -77.81 0.162 .-,7513.2 
l'h4Asl'ic -15034.3 5(1.12 126.88 :o.I06 1877.5 

We find (cf. Kit. val~es from Table 3) that all these saltS are 
modcmtcly :i,o;sociatcd in 2-methoxycthmtol at nll.th~· temperuture 
investigated; This is quite cxj>Cctcd owing to the low dielectric 
consiant (D· = 16.94 a! 298.15. K)1 of the solvent. 

4.2. Thermodynamics of Ion Pair Formation. The stundard 
Gihhs energy changes for lhe ion associution procc.o;.<~,ll.G", can 

· he calculatell from the equation 

(15) 

The. values uf lhe sl:uulard en!lmJpy change, ll.//0
, and the 

s1:111danl cnln~i>Y dmn~c,: A,c;o~ .c;"Ati he·.:evuluatcd from the 
. •• , . J • 

ll·mpcmturc ·dcpcndcncc·nf LS.&'-~1. vitllJi:W l.ts fo}h,ws: 

I:!.JJ'' = __ 1?[.il<ll.(]urn] 
. . dT " 

( 16). 

AS'' ~- -(tiAG") 
. d'J" I' 

( 17) 

Til,· 1\C i" valut•s t·m• ht~ filled wilh I he hcln of a polynomial of 
lh·· l)"Jil" 

Mi"·=·,·u + cp.9X.I5-:- 7') + c,(2CJ8.15 -1i (IX) 
.:. .. .. .. . 

a11d lill' t·ocflkicnls of lhc fils arc cumpilctl in Tuble H, logclhcr 
wilh lhc o'k nllucs of lhc fits. 

The sl:mdanl values al 2lJIU 5 K arc lhcn 

/).(JO ;!1/K,l~ =(."II 

/).,\'
0

:!1JK.l!'i = (."1 

C IY) 

(20) 

(21) 

It is ohservcd from T:tblc 8 that the /l.S0 values of iun 
associal.ion for allllaesc electrolytes arc positive. These positive 
t\S' valu.cs ·.may be ·alli'ihulcd to the· increasing number of 
degrees ci(fn:c:dom upon association mainly due lo the release 

~ ._:. ·, . ~ - . . ...... ;., .. ~. 

Victorct~ 

Qf solvent molecules 

. . 

lt(f" •~r(ME) + Jr •m(ME) = MX •z(ME) + 
· (n .+ ~~~ - z)ME (22) 

In otfler words, .the s~>lvation or ions is weakened as soon ·as 
lhe ion pair is f<lrmed·. 

The ASO values of the electrolytes are found to decrease in 
the following order: 1 

t 
Ph4AsPic. > KPic > Bu,iNBPh4 > KBPh4 

which indicates"that the degree of weakening of the ion solvation 
due to the fonnntion of ion pair also decreases in the same order. · 

·- .. : The.main. factors which goverq t~e)ao~ard entropy of ion· 
_ · asl!ociation of e.lectrolytes a.re (i) the size nnil· &hnpc of the ions, 

(ii) cfiilrgo·denslty on the ions, (iii) elcctrostrictioa1 of Ute 110lvcili 

. ·: 
molcea.iles uro~·pd. the ions, uqd (iv) peaJctmtion of the s6lvcaJ 
molecules inside the spuce ofthc ions, and the innucncc oftiiC.'IC · 
liti::tors is discussed in ·section 4.3. 

The variation of· ll.H0 from one sail to another is quite 
intere.<~ting. For PhcAsPic, jhe ll.fJO value is sufficiently positive. 
It is obvious, therefore, that, for'" this ·salt, the enthalpic tenn is 

· · cpunterbalanced by a favorable entropy change which comes 
from the short- nod long-range desolvution of both ions: 1be 
attribution· of flSO to desolvalion is also supported by the positive 

· en~alpies indicating lack of covalent bonds. · 

The ll.H0 value of KPic is very small. The enthalpic tenn for 
the ion as.o;ociation prOc:ess here is so small that il plays a 
negligible role in the association equilibrium, which.is mainly 

· dctcnnincd by the positive entropic tenn which comes from 
the dc.<~olvution of the cations. · 

It is especially noleworthy that the ll.H0 values for KBP!t,. 
and Du.,NDPb,. are negalivc. The electrostutic theories of ionic; 
nssodution,2" however, never give negntive vulucs for ll.lr. 
since the thcoreticnl cquntiun fur A//" contains I he [I + (d In 
/J/d In 7)1,Jtcrm; lhus, the experimental value of (d In D/d In 
'/')1, nmkes the thcorelicul ll.f/0 v:.lue positi'vc. dmlrary to the· 

· cxpectallon. . . 
The neg:.tivc values nf 411° cma he explained hy cousiLicring · 

lhe .pnrlicipnlinn uf spcdlic cnv:.lcnt iaitemclinn in lhe ·ion 
nssudalinn process. I Jere, in this case, tlic cov:tlcnl intc;r:tctilln 
snlltewlml works ht'l ween I he Inns; nnd hence. lhe hinding 
ci11haJpy hetwccn the ions is suflici~·nlly ncgalivc lu CCilllllCnsulc 
for I he pnsilive ·. t"llll!rihuliun frnm I he wenh·uiug nf inn 
sulvaliou. In this casl'. AG" of lht• iun assncinlinu should have 
a lnrge ncgalive vnluc Cit·l:.rge KA \"alucj nnd should depend on 
lhe kind of ions. uml lhis is found In he true here. 

The nnli-Cuulumhic pnrt of the Gihhs cnergy •. LlG*, has idsu 
hccn t":tlculutctl using lhc fbllnwing equntion·111: 

AG* = N11 W~. (23) 

· . J.ll 2 (2o ~) KA = (4.nN,.JIOOO) r exp =.:t.--,--: dr 
tl I" 1\1 (24) 

where the symbols lmve their usual ~ignificance. The quantity 
. 2qlr is lhe Coulombic part of the ii1tcrinnic mean force potential 

mad w; is its non-Coulumhic part. · · 

The procedure for the evaluation of the non-Coulombic part 
of lhc entropy und cnllmlpy (und ll.S* und ll./f*, respectively) 

_l.s tfie same as that used fur obtaining /l.S9 and /l./1°. 



Tetraphe~yJarsonium, Pi~te. an~ '.fetraPQeqylbonUe lpns 
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TABLE 9: Coefficients ·or the PolynQ.qdaf\ ~~ ~. ror the 
Non-Coulombic Contribution to the ASs~ation Process 

c.• 0 c: c~+29Usc: 
AG;,a.l~ AS'M.IS c; .AJr2911.1S 

dccrmlyre. JmoJ- 1 J K-1 mol-l J K-2mol-:'1. o%. Jmol-1 

KPic -3805.9 1.03 242.50 ·o.il23 3497.2 
KBPI14 -2712.7 -33.60 -267.27 0.487 -12729.8 
Bu~NBPI\j -41~.9 -23.97 -77.81 0.162 -7.Si3.2 
PI4Asl'ic -150 .. 3 8.92 134.w; o:390 -1655.5 

The l!.G* values at diffc;rent tempera~ure!l were fitted to the 
polynomial · 

. 2 
l:!,.G* = c~ t c,'t (298;1 5 - 7) + c2(29.8. J 5 - 7) (25) 

and the c~fficicnts of the fils aiong wilh ·.tltC d% values ·a·re 
given in Table 9. . 

The values of llG*,llS*, and Ml* ui 298.l5.K are then easily 
o_htained from the following equations: 

(26) 

(27) 

.···. J. Phys.,~.B,:f..~i/~;Nq. SO,J99.9. -11231 

attached to the smaJJ~r boron atom e9mpared to the· biggL'• 
arsenic atom. · 
. Among KPic and KBP~ solultons, the former solution b 
more compressible than the later (Table 4) indicating that thL· 
loss of compressibility of the medium is iess in th.e presence ur 
KPic. In these two salts, K+ ion JJeing common, the anioJUI Ill\' 
evidently makinl the difference. Jn case of picrate ion, clec
troslriction will( be predominant, w~~ in the cas.c al 
tetraphenylbor.tte ion, nei.ther electroslridio11 nor penelr.diea is 
expected to affect compreSsibility of ~ IJlcdi!Jm. From llk: 

· ob$erved trend in the compressibility (~d al5o iil the apparen~ 
molar Adiabatic comprcssibiliiy), it appears that electfOSlrictive 
effect plays a major role here. IIi~ of picrate ion, mon: 
salven~ was associated with the ion cO~ to the tetraPbe
nylboratc ipn; hence on ~iatiqn, a grc4ter pumbci' of solvent 
molecuJe5 ~ relca.'ICd into the ~lie, thcrCby making the medium· 
more cmitprcs.~ible. This observation ai110 gels support from Ilk: 

. ~.:value of the association process. Grculer desolvati(lt) fur 
KPic solution helps make the systC!m q10rc compn:SKiblc. 

Among KPic and P~AsPic 110lutions, once 11gain the (onncr 
solution has· higher comprcs.o;ibility. The pluusible J'CUS(JD for 
this observation is similar to that· dCIICribed for lhe pair KPic 

·:··and ~BPh4 except that some amount of penetnllion is poliiJiblu 
l:!,.~H.J5 =·c~ · 

A.S;8.t5 = cr 
l:!,.H~x. 15 = c~ + 298.15cT · . (28) ·:··. 

· for tetrapbcnylarsonium ion. Bu~. the most striking observation 
is that thoup\KPic is more compreuiblc, PhcAsllic Nil" a·hi&;hcr 
ASO value· of the ion association.· A possible explanation for 
this might be that the solvent molecules which arc n:lcu.'!Cd from 

The non-Coul.ohmic p~rts _of the Gibbs ~riergy, AG"'l'JII.15• of 
all the sahs are found to be small (Table 9), 20% (KBPh.a), 26% 
(KPic), 29% (PIL&AsPi~). and 28% (Bu.o~NPil.!) in ·2-melho?'Y· 
ethanol. 'rfiis indicates that the Coulombic forces play a major 
role in the ass~iation processes. This is· further supported by 
the faif'ly higher values of the Coulom_bic parts of l!.S" and _AH0 

compared to their non-Coulombic co~ntcrparts. · 
4.3. Cmnprc...sihility Uehavior. The limiting apparent molar 

:uli:ahalic compressihilitics (l/1° ") of KPic, KBPh4, and Ph-&· : 
AsPic :are found tn he nc~;.:ative (~0" , values nt 29H.I5 K for ·· 
KJ>ic. KBPh-1. niul Ph4AsPic nrc- ...;,."lff4.:!2 x•ro--tu, -139AI x 
10 -Ill, :and ·-617 X w-u~ em~ mol-l dyt}-t,.rcspcctivcly). These 
negative t/J0 ~: vah£cs of ·ahe:~l.;:ci~o'lytell:c:an he inlerprcled .in 
.terms of losll of comprcsli.ibilily of the llolvcnl 2-melhoxycthunol 
due to the presence ·or these ~olules in solution. 

A cnmp:u:ison of rhc ip0 
.,._ 'v:tlues of these .rhree :;:airs cun 

uumvcl som~.: intcrcstiug :utll iutril:;atc aspects of electfllstrictiun 
of .the ~ulwnt molecules·· :around the small sized i11ns :and 
pl'nctratiun of thos~.: l·nulecules into the larger Inns ami their 
infhleiiCI! 1111 the ClllllJlrcssihility of the mcdi11111. 

For small ions with higher surliacc charge density c111 them, 
there will he loss· of cumpressihility in snlulion urising uut nf 
the clcctrostficiiiin of the solvent molecules around th<lSI! ion11. 
Electrostrictinn will. however, be negligible in the vicinity of 
larger ions-with low charge· dcnsily on their surface. Bul, _in 
these cuses also .the loss uf compressibility might he df..:crcd 
hy other fncturs; ont: effect that e:m play :m importmll rnl..: ft1r 
the hargc tctr.aph~.:nylhomte and tclnaphcnylarllonium ions is the 
pcnetmtion of the· :ml\·cnt molecules (ME) intu Jhl! spucc 
between the phenyl chains attached tu the borcin utom uf the 

·limncr or ar.;enic atom of rhc later ion. 'fliis obviously will c:ausc 
·c,;nsltiction of the solution volume!! rc1oulting·in a more cnmpact . 
and hence . icss cumprcllsible medium. The possibility of 
penetration .of the 2-methoxycthanol molecules into the ·tel-· 
ruphenyll>or.tte ions i; mther less due mainly to (i) the repulsive 
effect uf th~·negutivcly c:harged boron atom upon the :-meth
oxyctlmnol'n1pl!:!clilc:s (:ars..:nk is pu~thdy dt:~rgcd. in l"••ntmst.J. 
:mJ (ii~; the "·.Jess ~~vnilahlc lipace hct\\ ccn the phenyl ~ruups 

~7. ~:~ 
... . •· 

the tetraphenylarsonium · ion upon. association will n:muin 
trapped inside the tetniphenyl chains around th~: arsenic utom. 
These trapped solvent molecules urc, thus, free lo move wil~lin 
the tenitory of _the phenyl chains to increase I he enlropic lenn; 
but, since these remain inside the chains, lhc.~~e &tn: nlll 

.. sufficiently compressible under applied prc.<~surc. . 
It may thus be concluded that .all these; clectrolyles rcmuin 

strongly ussociutcd in 2-mclhoxyclhanol to form ion pairll mul 
the solvation of the ions is weakened m; soilll us the iun puir iH 
formed. The results· indicate thut"the Coulnmhic lilrccs play a· 
mujor role in the association procesll. F.lectrustriclion is llllllld 
to he important for potassium and picru~e ions while pcnctmtiun 
of the solvent molecules occur.; inside tha space bclween th~: 
ulkyl or aryl chains attached 10 the nitrogen or arsenic atum of 
the tclrahutylammonium· or tctmphcnybar.;tmium inn. For t..:t
raphenylbornte ion, on the other hand, neither elcctrostrictinn 
mir pcnetr.ttion is I~JUnd to ·be npemtivc. 
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Thermodynamics of Ionic Association of Tetraphenylphosphonium, Tetraphenylarsonium, 
and Some Common Cations in 2-Methoxyethamd Using Conductometry and FT-Raman 
Spectroscopy 

Pitchai J, Victor, Prakash K. Muhuri, Bijan Das,* and Dilip K. Hazra* 
Department ofChemistry, North Bengal University, Darjeeling 734 430, India 

Received: December 9, 1999; In Final Form: March 13, 2000 

Precise measurements on electrical conductances and Fourier Transform (FT) Raman spectra of solutions of 
tetraphenylarsonium chloride (P}4AsCl), tetraphenylphosphonium chloride (PhtPCl), tetraphenylphosphonium 
bromide (Pi4PBr), lithium tetrafluoroborate (LiBF4), and sodium tetrafluoroborate (NaBF4) in 2-methoxyethanol 
(ME) at temperatures 288.15 =:: T/K =:: 308.15 are reported. The conductance data were analyzed by the 1978 
Fuoss conductance-concentration equation. Thermodymimics of the association processes were also studied, 
and the Coulombic forces are found to play a major role in the association processes. The Raman spectra 
suggest the presence of "spectroscopically free" CI-, Br·-, and BF4- ions in solution, thus substantiating the 
moderate ion-pair formation constants for these electrolytes obtained. from conductometric measurements. 
The observed processes were interpreted by an Eigen multistep mechanism. Raman spectra also indicate that 
the cations get attached to the ME molecules through the ethereal oxygen atom rather ~an through the alcoholic 
oxygen of the solvent molecules. 

1. Introduction 

In recent years, 2-methoxyethanol (ME)-commonly known 
as methyl cellosolve-has drawn much attention as a solvent 
medium for various electrochemical investigations, as well as 
for various industrial processes. 1•2 It has unique solvating 

· properties associated with its quasiaprotic character.3 As it is a 
monomethyl ether of ethylene glycol, it is very likely to show 
physicochemical properties midway between protic and aprotic 
solvents. Hence, it is of much interest to study the behavior of 
electrolytes in such a solvent medium. 

Recently, we have initiated a comprehensive program to study 
the solvation and· assoeiatiori behavior of 1 :I electrolytes in 
different nonaqueous solvents from the measurements of various 
transport, thermodynamic, and spectroscopic properties.4- 6 In 
this paper, an attempt is made to unravel the nature of various 
types of interactions prevailing in solutions of tetraphenylar
sonium chloride (P}4AsCl), tetraphenylphosphonium chloride 
(PI4PC1), tetraphenylphosphonium bromide (Pb4PBr), lithium 
tetrafluoroborate (LiBF4), and sodium tetrafluoroborate (NaBf4) 
in 2-methoxyethanol from precise conductivity and Fourier 
Transform (FT) Raman spectral measurements. 

2. Experimen~_l_ ~ection 

2.1 Materials. 2-Methoxyethanol (ME, G. R.E Merck) was 
dried with potassium carbonate and distilled twice in an all glass 
distillation set immediately before use, and the middle fraction 
was collected. The purified o:olvent had a density of 0.96002 g 
cm-3, a coefficient of viscosity .of 1.5414 mPa·s, and a specific 
conductance ofca. 1.01 x 10-6 S cm-1 at 298.15 K. These 
values are in good agreement with the ·literature data.7 

Tetraphenylarsonium chloride, Ph4AsCl (Fluka) was recrys
tallized from absolute ethanol solution by dry ether and dried 
in a vacuum. s 

* To whom correspondence. should be addressed. 

Tetraphenylphosphonium chloride, Pl4Cl, and tetraphe
nylphosphonium bromide, PhtPBr (Fluka, puriss grade) were 
dissolved in absolute ethanol, reprecipitated by the addition of 
dry ether, and vacuum-dried at 373 K.8 

Lithium tetrafluoroborate, LiBF4, and sodium tetrafluorobo
rate, NaBF4 (Fluka, purum grade) were dtied under vacuum at 
high temperatures for 48 h and were used without further · 
purification. 

2.2. Apparatus and Procedures. Conductance measurements 
were carried out on a pye-Unicam PW 9509 conductivity meter 
at a frequency of 2000 Hz using a dip-type cell of cell constant 
l.l4 cm-1 and having an accuracy ofO.l %. Measurements were 
made in an oil bath maintained within ±0.005; K of the desired 
temperature. The details of the experimental procedure have 
been described earlier. 3•9 Solutions were prepared by mass for 
the conductance runs, the molalities being converted to molari
ties by the use of densities measured with an Ostwald-Sprengel 
type pycnometer of about 25 cm3 capacity. Several independent 
solutions were prepared, and runs were performed to ensure 
the reproducibility of the results. Due correction was made for 
the specific conductance of the solvent at all temperatures. 

FT Raman spectra were excited at 1064 nm using a Nd: Y AG 
laser and a Brucker IFS 66V optical bench with an FRA 106 
Raman module attached to it. Laser power was set at 200 mW, 
and 256 (averaged) scans were accumulated with a resolution 
of 2 cm-1• The spectra were recorded by the Regional 
Sophisticated Instrumentation Centre, Indian Institute of Tech
nology, Madras. 

The dielectric constants of 2-methoxyethanol at different 
temperatures were taken from the literature. 10 

3. Results 

3.1. Conductance. The measured molar conductances (A) 
of electrolyte solutions as a function of molar concentration (e) 
at 288.15, 293.15, 298.15, and 308.15 K are given in Table l. 

10.1021/jp9943225 CCC: $19.00 © 2000 American Chemical Society 
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TABLE 1: Molar Conductivities of Electrolytes in 2-Mcthoxyethanoi.at 288.15, 293.15, 298.15, and 308.15 K 

T= 288.15 K T= 293.15 K T= 298.15K T= 308.15 K 

c x IO~/mo1 dm-·1 AI S cm2 mol-1 c x 104t'mo1 dm 3 AI S cm2 mol 1 . c;: x 104/mo1 dm 3 AIS cm2 mo1-1 c x 104/mo1 dfn-3 AIS cm2 mo!-1 

6.5187 
7.5372 
8.5558 
9.5743 

10.5929 
11.0003 
12.0188 
13.0374 
14.0559 

23.54 4.2025 
5.1756 
6.0530 
7.0618 
8.0034 
9.0123 

Pl4AsCI 
26.87 4.0000 

5.0625 
6.2413 
7.0195 
8.0620 
9.4899 

29.52 
29.0! 
28.52 
28.22 
27.84 
27.38 
27.05 
26.73 
26.40 

3.8416 
5.0176 
5.9524 
7.0602 
8.0015 
9.0101 

34.47 
33.87 
33.44 
32.96 
32.60 
32.23 
31.87 
31.55 
31.22 

. 23.21 
22.91 
22.65 
22.39 
22.27' 
22.01 
21.79 
21.56 

10.0211 
11.0299 
12.0388 

26.44 
26.08 
25.73 
-25.39 
25.07 
24.74 
24.46 
24.18 

10.4250 
11.4675 
12.4405 

10.0187 
11.0273 
12.0359 

Pi4PCI 
5.0625 
6.0784 
7.0071 
8.0201 
9.0332 

10.0463 
11.0594 
12.0724 
13.5076 

24.35 
23.97 
23.64 
23.33 
23.01 
22.70 
22.44 
22.17 
21.81 

3.4596 
4.6447 
6.0520. 
6.9999 
8.0208 
9.1145 

10.0624 
11.0103 
12.0639 

27.54 
26.95 
26.36 
25.98 
25.62 
25.24 
24.94 
24.65 
24.34 

5.2900 
6.8270 
7.815L 
8.8033 
9.7914 

10.7795 
11.7676 
12.7557 
13.7439 

29.09 
28.48 
28.12 
27.79 
27.50 
27.23 
26.95 
26.67 
26.44 

3.0276 
3.6100 
5.0842 
6.5459 
7.5628 
8.5161 
9.5329 

10.5497 
11.5030 

35.00 
34.63 
33.81 
33.09 
32.65 
32.26 
31.87 
31.49 
31.18 

Pl4PBr 
2.1408 
3.1743 
4.2077 
5.2412 
6.2747 
7.3082 
8.4155 
9.4490 

10.4824 

4.4944 
5.5697 
6.0540 
7.0226 
8.0720 
9.0406 

10.0092 
11.0586 
12.0272 

1.0250 
2.0505 
3.0785 
4.0222 
5.0475 
6.0727 
7.0980 
8.0444 
9.0697 

10.2527 

29.14 
28.38 
27.74 
27.17 
26.69 
26.20 
25.73 
25.35 
24.92 

30.22 
. 29.58 

29.30 
28.80 
28.29 
27.84 
27.42 
26.98 
26.59 

30.94 
29.92 
29.17 
28.59 
28.00 
27.53 
27.06 
26.60 
26.25 
25.77 

4.6656 
5.6644 
6.5487 
7.5053 
8.5354 
9.5656 

10.5221 
10.5522 
12.5088 

4.2436 
5.0271 
6.0261 
7.0231 
8.0581. 
9.0192 

10.0542 
11.0153 
12.0502 

i.0250 
2.0505 
3.0758 
4.0222 
5.0475 
6.0727 
7.0980 
8.0444 
9.0697 

10.2527 

29.76 
29.22 
28.79 
28.36 
27.93 
27.51 
27.16 
26.77 
26.43 

33.10 
32.58 
31.97 
31.43 
30.89 
30.44 
29.97 
29.54 
29.13 

32.62 
31.58 
30.79 
30.16 
29.54 
29.04 
28.55 
28.05 
27.67 
27.20 

The conductance data were analyzed by the 1978 Fuoss 
conductance-concentration equation. 11.12 For a given set of 
conductivity VJ.ll\leS (Cj. Aj; j = I, ... , n), three adjustable 
parameters, the limiting molar conductivity (1\.0), association 
constant (KA). and the cosphere diameter (R), are derived from 
the following set of equations: 

A= p(/\.0(1 + Rx) +ELl 

p = I - a.( I - y) . 

r= I- KAcr'Y 
-In f = '{3k/2(1 + kR) 

{3 = i!Dk8T 

KA = KR/(1 -a.)= KR(l +Kg) 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

where the sy~bols have their usual significance. The computa
tions were p~rformed on a computer using the program as 
suggested by f.uoss. The initial A 0 values for the iteration 

2.0991 
3.1825 
4.1982 
5.2816 
6.2973 
7.3130 
8.3965 
9.4122 

10.4956 

4.1616 
5.0544 
6.0067 
7.0322 
8.0577 
9.0100 
9.9623 

11.0611 
12.0134 

5.6644 
6.5832 
7.5237 
8.5817 
9.5222 

10.5802 
11.5207 
12.5787 
13.5191 

34.36 
33.46 
32.71 
32.04 
31.47 
30.95 

. 3D.4! 
29.95 
29.48 

35.30 
34.71 
34.14 
33.56 
33.02 
32.56 
32.10 
31.63 
31.20 

31.53 
31.10 
30.70 
30.28 
29.93 
29.54 
29.21 
28.85 
28.56 

2.1377 
3.1437 
4.2125 
5.2185 

. 6.2873 
7.3562 
8.3622 
9.4310 

10.4370-

4.1616 
5.0667 
6.0213 
7.0493 
8.0039 
9.0319 

10.0599 
11.0145 
12.0425 

2.0437 
3.0655 
4.0088 
5·.0306 
6.0525 
7.0743 
8.0175 
-9.0394 

10.2184 

40.70 
39.74 
38.86 
38.14 
37.41 
36.79 
36.24 
35.67 
35.17 

40.34 
39.72 
39.13 
38.51 
38.01 
37.48 
37.02 
36.58 
36.14 

38.47 
37.58 
36.88 
36.24 
35.61 
35.04 
34.58 
34.07 
33.54 

procedure were obtained from Shedlovsky extrapolation 13 of 
the data. Input for the program is the set (cj, 1\.i; j = 1, ... , n), 
n, D, t], T, the initial value of 1\.0, and an instruction to cover a 
preselected range of R values. · 

In practice, calculations are made by finding the values of 
1\.0 and a. which minimize the standard deviation, a, 

for a sequence of R values and then plotting a against R; the 
best-fit R corresponds to the minimum in a versus R curve. 
However, since a rough scan using unit increment of R values 
from 4 to 20 .gave no significant minima in the a(%) versus R 
curves, the R value was assumed to be R = a + d, where a is 
the sum of the ionic crystallographic radii and d is given by12 

d = 1.183(M/ p0) 
113 (8) 

where M is the molecular weight of the solvent and po its 
density. · 
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TABLE 2: Conductance Parameters of Electrolytes in TABLE 3: Raman Frequencies in cm-t a 

2-Methoxyethanol at 288.15, 293.15, 298.15, and 308.15 K 
ME Pl4AsCI P)l.J>Br . __ LiBF4 NaBF4 

electrolyte TIK _1;.~/S cm2 mol- 1 KA/dm3 mof·l RJAO a% 238.1(m} 253.8(m) 
Pi4AsCI 288.15 28.33 ±O.o7 254±6 10.91 0.08 376.8(m) 375.3(w) 

293.15 31.08 ± 0.06 246±6 10.91 0.10 425.8(m) 427.7(w) 
298.15 33.98 ± 0.10 233±9 10.92 0.16 541.5(m) 542.7(w) 
308.15 39.26 ±0.07 186 ± 5 10.93 0.10 766.4(m) 770.2(w) 

28.78 ± 0.07 274±7 10.81 0.11 834.7(s) 833.1(m) 832.9(s) 833.7(s) 834.5(s) Ph,J'CI 288.15 891.4(m) 894.6(w) 892.2(w) 892.6(m) 889.5(m) 293.15 31.47 ± 0.07 257 ±7 10.81 0.13 
298.15 34.03 ±0.05 213 ±4 10.82 0.06 1019.4(w) 1001.9(vs) 1001.3(s) 

308.15 39.41 ± 0.07 208±5 10.83 0.12 1074.6(w) 1023.6(m) 1027.3(m) 1065.4(m). 1069.0(w) 
1457.0(s) sh 1455.8(s) 1457.9(s) 1454.1(s) 

Ph,J'Br 288.15 32.48 ± 0.07 336± 9 10.97 0.17 1470.6(s) 1463.5(s) 1470.0(s) sh sh 
293.15 35.36 ± 0.10 340 ±9 10.97 0.12 1580.6(s) 1586.6(s) 
298.15 38.25 ± 0.08 317 ± 8 10.98 0.16 2829.7(vs) 2828.4(s) 2829.1(m) 2835.5(vs) 2832.8(vs) 
308.15 45.31 ± 0.09 297 ± 8 10.99 0.15 2890.3(m) 2896.5(m) 2891.0(m) 2895.1(m) 2892.1(m) 

LiBF4 288.15 36.26 ± 0.12 388 ± 12 7.70 0.13 2942.4(s) 2937.0(s) 2923.1(s) 2943.5(s) 2944.8(s) 
293.15 39.21 ± 0.11 350±9 7.70 0.12 3063.0(vs) · 3065.8(s) 
298.15 41.52 ± 0.13 313 ± 10 7.71 0.14 a sh'= shoulder, vi = weak, m = medium, s = strong, vs = very 
308.15 46.86 ±0.09 224±6 7.72 0.10 strong. 

NaBF4 288.15 33.07 ± 0.06 280±7 8.26 0.18 
293.15 34.93 ±0.07 276±7 8.26 0.19 · TABLE 4: Coefficients of the Polynomial, Eq 9 
298.15 37.66 ± 0.10 253 ± 8 8.27 0.11 electrolyte ao a1 a2 a% 
308.15 42.54 ± 0.09 228 ± 8 8.28 0.17 

Pi4AsCl 33.93 -0.5481 -0.0015 0.066 

The values of A 0, KA, and R obtained by this procedure are P~PCl 34.07 -0.5302 -0.0003 0.055 
P~PBr 38.32 -0.6390 0.0058 0.089 

reported in Table 2. LiBF4 41.67 -0.5236 -0.0010 0.162 
3.2. FT Raman Spectra. The Raman spectra of pure NaBF4 37.49 -0.4792 0.0029 0.209 

2-methoxyethanol and of the soluti.ons of PMsCl, Pb.tPBr, 
LiBF4, and NaBF4 in 2-methoxyethanol in the range 3500- The single-ion conductivities at different temperatures were 
100 cm-1 are presented in Figures I to 5. The principal bands calculated from the reference electrolyte Bu4NBP~. 14 The 
observed are listed in Table 3. single-ion conductivities A.~ along with the Walden products 

4. Discussion 
A.~7]0 are reported in Table 5. 

The single-ion conductivities were also fitted to the following 
4.1. Limiting Molar Conductance and Association Con- polynomial equation: 

stant. Table 2 shows that for all salts, the limiting molar 
conductances A 0 increase as the temperature increases. The A 0 ,t~ = bo + b1(298.15- n + bi298.15- n2 (10) 
values were fitted to the following poiynomial: 

0 2 (9) 
The coefficients of the fits, along with the a% values,_ are 

A = a0 + ~1.(298.15 -:: n ::1- a2(298.15 - n recorded in Table 6. 

All these electrolytes are found to be moderately associated 
The coefficients of these fits are given in Table 4, together with (cf. KA values from Table 2) in 2-methoxyethanol at all the 
the standard percentage errors (a%). temperatures investigated. These electrolyte solutions, in general, 

~ ~ ~ ~ ~ ~ ~ ~ .~ ~ ~ 

Wavenumber cm-1 

750 500 250 

Figure 1. )~T Raman spectrum of 2-methoxyethanol. 
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!A-'· : _ Figure 2. Ff Raman spectrum of Pi4AsCI in 2-methoxyethanol. 
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Figure 3. Ff Raman spectrum of Ph.J>Br in 2-methoxyethanol. 

TABLE 5: Limiting Ionic Conductances· (J.::Js cm2 Moi-l) 
and Ionic Walden ·Products (J.~S cml Mol-1 Pa S) in 

. 2-Methoxyethailol at 288.15, 2 3.15, 298.15, and 308.15 K 

288.15 K 293.15 K 298.15 K 308.15 K 

ion ..1.0 
± A~7]o ..1.0 

± ..1.~7]o ..1.0 
± ..1.~7]o ..1.0 

± A~7]o 
Ph4As+ 9.83 0.019 10.21 O.Ql8 11.16 0.017 13.85 0.017 
p~p+ 10.28 0.020 10.60 O.Ql8 11.21 0.017 14.00 O.Ql8 
ci- 18.50 0.036 20.87 0.036 22.82 0.035 25.41 0.032 
Br- 22.20 0.043 24.76 0.043 27.04 0.042 31.31 0.039 

TABLE 6:. Coefficients of the Polynomial, Eq 10 

ion bo b, b2 a% 

P~As+ 11.11 -0.2026 0.00721 0.204 
p~p+ 11.25 -0.1847 0.00898 0.158 
ci- 22.82 .-0.3455 -0.00866 0.002 
Br- 27.07 . -0.4544 -0.00313 0.059 

show a small iiegative temperature dependence of KA, which is 
a quite normal behavior for molecular ions with nonelectrostatic 
contributions to the interionic potential; this behavior is also 

known to occur for acetate and fluoroacetate salts in dimethyl 
sulfoxide15 and tetraalkylammonium salts in acetonitrile16 and 
methanol. 17 

4.2. Thermodynamics of Ion-Pair Formation. The standard 
Gibbs energy changes for the ion association process, ll.cP, cap 
be calculated from the association constants using the equation: 

(11) 

To evaluate the standard enthalpy change, 11/{o), and the standard 
entropy change, !:JS!, we fitted the D.(JO values to a polynomial 
of T of the type: 

D.d' = c0 + c1(298.15 -1) + c2(298.15- 1)2 (12) 

The coefficients of the fits are compiled in Table 7, together 
with the a% values of the fits. 

The D.IJO, and D.~ values of the ion association process can 
then be evaluated from the temperature dependence of D.OO 



--;(: 

5354 J. Phys. Chem. B, Vol. 104, No. 22,- 2000 Victor et al. 

3500 3250 3000 2750 zsoo 2250 2000 1150 1500 1250 \000 150 500 250 

Wavenumber cm"1 

Figure 4. FI' Raman spectrum of LiBF~ in 2-methoxyethanol. 
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Figure S. FI' Raman spectrum o·f NaBF4 in 2-methoxyethanol. 

TABLE 7: Coefficients of the Polynomial, Eq 12, and 
Thermodynamic Standard Data of the Association 

co Cl co+ 298.15cl 

~~9p~' ~S!,98.1S/ 102 cz/ ~9F~' electrolyte Jmo J K-rmol- 1 J K-2 mol- 1 a% Jmo 

P~AsCl -13504.9 6.38 178.80 0.025 -11602.7 
P~Cl -13387.1 8.11 -190.62 0.316 -10969.1 
Pi4PBr -14318.2 31.14 48.99 0.131 -5033.8 
LiBF4 -14241.4 -I 1.88 -80.44 0.009 -17783.4 
NaBF4 -13754.7 19.26 43.38 0.121 -8012.3 

values as follows: 

rf =- ~[d(~d/1)] 
~ i dT p (13) 

i:J.sl = -( d~G
0

) 
dT I' 

(14) 

The standard values of the thermodynamic parameters at 
298.15 K-c;1n, therefore, be expressed as: · .. · 

~~98.15 = cl . 

(IS) 

(16) 

(17) 

It is observed from Table 7 that the ~s<J values of ion 
association for all these electrolytes (LiBF4 being an exception) 
are positive. These positive D.s<J values may be attributed to 
the increasing number of degrees of freedom upon association 
mainly due to the release of solvent molecules as shown below 

~ ·n(ME) + Jl·m(ME) = MX·z(ME) + (n + m - z)ME 
(18) 

In other words, the solvation of the individual ions is 
weakened as soon as these ion pairs are formed. A decrease in 
the entropy for LiBF4 solution, on the other hand, suggests that 
the ion pairs that are form~d organize the solvent molecules in 
their vicinity better than the ions . 
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TABLE 8: Coeffic.;ients of the Polynomial, Eq 21, for the 
Non-Coulombic Contribution to the Association Process 

c~ 
. 

c~ + 298.15c7 cl 
~G;~R.Il . ~~9R.tsf 102 c*l ~H;9R.Il 

electrolyte J mol- J K-1 mol- 1 J K-2m~J-I a% J mol-

Ph~ AsCI -2616.2 -41.29 11!2.33 0.094 -14926.1! 
Ph~PCI -2496.5 -39.49 -182.95 1.571! -14270.4 
Ph4PBr -3437.0 -16.47 56.72 0.531 -!B47.5 
LiBF4 -3255.2 -59.38 87.96 0.037 -20959.3 
NaBF~ -2776.3 -28.15 50.90 0.578 -11199.0 

It is especially noteworthy that the /).Jfl values for all the 
electrolytes are negative. The electrostatic· theories of ionic 
association, 18 however, never give negative values for f).}fJ, 
because the theoretical equation for M-Jf1 contains the [I + (d 
In Did In 7)]p term; thus the experimental value of (d In Did In 
nr makes the theoretical /),}[0 value positive, contrary to the 
expectation. 

The negative values of /),}[0 can be explained by considering 
the participation of specific covalent interaction in the ion 

~( \ association process. Here in this case, the covalent interaction 
-~ somewhat works between the ions and hence, the binding 

enthalpy between the ions is sufficiently negative to compensate 
for the positive contribution from the weake]ling of ion 
solvation. In this case, /).(Ill of the ion association should have 
a large negative value (a large KA value) and should depend on 
the kind of ions and this is found to be true here. 

The non-Coulombic contribution to the Gibbs energy, f).G*, 
was calculated from the following equation: 15 

f).G* = N W": . A ± (19) 

(20) 

where the symbols have their usual mea~ing. The quantity 2qlr 
a_ is the Coulombic part of the interionic mean force potential, 
·• and W~ is its non-Coulombic part. 

The procedure for the evaluation of the non-Coulombic 
contribution to the entropy and· enthalpy (f).S* and f).H* 
respectively) is similar to that used for obtaining /).Sfl and f).FfJ. 

The f).G* values at different temperatures were fitted to the 
polynornial 

f).G* = c~ + cr(298; 15 - T) + c;(298. I 5 - T)2 (21) 

and the coefficients of the fits along with the a% values are 
given in Table 8. 

The values of f).G*, f).S*, and f).H* at 298.15 K are then easily 
obtained from the following equations: 

(22) 

(23) 

L}.H;_98.15 = c~ + 298.15c7 (24) 

The non-Coulombic parts of the Gibbs energy, f).G;98.15, of 
all the salts were found to be small (Table 8): 19% (Ph4AsCI), 
19% (Ph4PCI), 24% (Ph4PBr), 23% (LiBF4), and 20% (NaBF4) 
in 2-methoxyethanol. This indicates that the Coulombic forces 
play a major:.role in the association processes. This is further 
supported by the fairly high values of the Coulombic parts of 
~5"1 and ~F-fl'in comparison with their non-Coulombic coun
terparts. 
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4.3. Raman Spectral Behavior. Partial band assignments for 
the pure solvent as well as of the electrolyte solutions were 
made and are discussed accordingly. From Figures I through 
5, we see that 2-methoxyethanol (ME) shows v.(C-0) in the 
range 800-900 cm- 1 and Vs(O-H) in the range 100-1100 
cm- 1• The CH3-Q symmetric and asymmetric bending vibra
tions of ME appear as a closely spaced doublet at 1457 and 
1471 cm- 1, respectively. The solvent also exhibits its s'tretching 
modes in the wavenumber range 2800-2950 cm-1• It can be 
seen from Table 3 that the spectra of the salt solutions show 
several remarkable changes from that of pure solvent. For LiBF4 

solution, three new bands of medium intensity appear in the 
range 375-550 cm-1• These· bands may be assigned to the 
vibration primarily involving the lithium ion. Similar types of 
bands in this frequency range have also been observed,in 1,2-
dimethoxyethane solutions.5 Sodium ion in NaBF4 also exhibits 
similar bands, however, with very low intensity. 

Phosphorus and arsenic atoms present in tetraphenylphos
phonium and tetraphenylarsonium ions, respectively, show 
Raman peaks at 254 and 238 cm- 1, respectively, in this lower 
frequency range. 

From the spectra, we see that LiBF4 and NaBF4 solutions of 
2-methoxyethanol show new bands with maxima around 700 
cm- 1• The strong bands at 1587 cm- 1 for P~PBr and at 1581. 
cm-1 for PMsCl solutions are also observed in their Raman 
spectra. The appearance of these new bands for these salts have 
been assigned to the "spectroscopically free" anion x- (X = 
BF4, Cl, Br) in 2-methoxyethanol, that is, to the solvent
separated ion pair M+sx (Sis the solvent molecule) and/or to 
the solvent-separated dimer M+sx-... M+sx-. spectroscopically 
indistinguishahle from each other. 

The above observations can be interpreted in terms of the 
following cigen multistep mechanism: 

if + x- = M+sx- = MX 

2M+sx- = ifsr ... ifsx-

2MX= (MXh 

(25) 

(26) 

(27) 

Thus, for these electrolytes, one would expect the presence 
of an equilibrium between the solvent-separated and contact ion 
pairs as represented by eq 25, which is strongly shifted toward 
the left due to the presence of "spectroscopically free" anions. 
The equilibrium represented by eq 26 for forming the solvent
separated dimer may also exist since M+sx- and .M+sx-.. M+sx
are indistinguishable from each other by Raman spectra. 
However, no contact quadrupole is expected to form through 
eq 27 for the electrolytes for the reasons just mentioned above. 
This also supports the moderate association of these salts, as 
manifested by the conductivity study. 

The complexation of 2-methoxyethanol with the cations was 
manifested by the shifts of the Raman band of the symmetric 
C-O stretching mode as well as by that of the symmetric O-H 
mode of pure solvent. The Vs(C-0) band of 2-methoxyethanol 
in salt solutions shifts slighty from the corresponding peak in 
pure 2-methoxyethanol. This indicates the coordination of the 
lithium, sodium, tetraphenylphosphonium, and tetraphenylar
sonium ions to the oxygen atom of 2-methoxyethanol molecules.· 
But the shifts are too small to draw any definitive conclusion 
as to which of the two oxygen atoms in 2-methoxyethanol 
molecules get coordinated to the cations. This is, however, nicely 
demonstrated by the sizable shifts of v.(O~H) bands in the 
electrolyte solutions compared to the solvent v.(O-H) peak. 
The v8(0-H) peak appears at 1074:?~m- 1 in pure 2-methoxy-
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ethanol, and those in all the salt solutions shift to the shorter 
wavenumber region. The probability of complexation of the 
cations with 2-methoxyethanol molecules through the -OCH3 
group (with higher electron density on the oxygen atom arising 
due to the electron-repelling inductive effect of the CH3 group 
compared to the alcoholic oxygen atom) makes the -OH moiety 
rather fr~e. and in. this case, the band shifts to the shorter 
wavenumber region. In the case of linkage through the -OH 
group, the reverse trend should have been observed. The red
shift of the Vs(O-H) band in solutions amply indicated the 
complexation through the ethereal oxygen atom. 

In the higher wavenumber region, the pure solvent shows 
three peaks at 2829.7, 2890.3, and 2942.4 cm-1• The peak at 
2829.7 cm-1 may be assigned to the C-0-C symmetric 
stretching, and that at 2942.4 cm- 1 has been assigned to the 
C-0-H symmetric stretching of 2-methoxyethanol. The peak 
of medium intensity at 2890.3 cm- 1 appears due to the 
intramolecular hydrogen bonding of alCoholic hydrogen with 
the ethereal oxygen ato'm. For the alkali metal salts, it is 
observed that all these three peaks appear at higher wavenum
bers in the spectra. As a result of coordination of alkali metal 
ions with the lone pair of electrons on the ethereal oxygen atom, 
the lone pairs get shifted to the alkali cations, thus increasing 
the stretching frequency of the C-0-C mode in salt solutions. 
Due to this displacement of the lone pairs toward the alkali 
metal ions, the intramolecular hydrogen bonding will be weaker 
which results in a shift of both C-0-H symmetric stretching 
mode and O-H-"-0 band to longer wavenumbers. The shifting 
of the C-0-C and 0-H---0 bands are found to be in the 
order LiBF4 > NaBF4. This may be ascribed to the greater 
displacement of the ethereal oxygen lone pair toward the lithium 
·ion, with higher surface charge density compared to the sodium 
ion. The anomaious order in shifting qf the C-O-H bands 
might possibly be due to the greater interaction of sodium ion 
with 2-methoxyethanol molecules, as demonstrated conducto
metrically. 

For Ph.tPBr and Pb0sCI solutions, the C-O-c and C-Q-H 
bands of pure 2-methoxyethanol shift toward the shorter 
wavenumbers, whereas the· 0-::H---0 band exhibits a blue shift 
Both the larger tetraphenylphosphonium and tetraphenylarso
nium ions c::oordinate with the ethereal oxygen atom, though 
the strength of coordination is sufficiently weaker compared to 
the alkali metal ions because of larger size and smaller charge 
density of these cations. Thus; the C-0-C and C-0-H bands 
of pure 2-methoxyethanol do not shift to the higher wavenumber 
regions as do the alkali metal ions in these cases. A possible 
explanation may be that though the electron pairs of the ethereal 
oxygen atom coordinate ~ith these cations (extent of displace
ment of lone pairs is small enough compared to the alkali 
cations), but their bulky sizes hinder the C-0-C and C-O-H 
stretching Vibrations, resulting in red shifts for these bands in 
salt solutions. The shift of'the O-H---0 bands to the longer 
wavenumbers may be ascribed to the loosening of the inlramo
lecular hyd~ogen bonding ·arising out of this coordination. 

The four P-Ph a-bonds are sp3 hybridized. The phenyl 
groups show strong peaks in the 3060 cm- 1 region. As the 
phosphorus atom has a positive charge, the vacant 3d orbitals 
are compact and shaped to participate in bonding as acceptors 
of electrons, the ethereal oxygen atom lone pairs being the 
donors. The d-orbitals in phosphorus are usually diffuse. But 
when phosphorus consists of a positive charge and its ligands 
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are electronegative, its five vacant d-orbitals are compact and 
shaped to accept electrons-in this case from ethereal oxygen 
atom lone pairs. In the case of tetraphenylarsonium ions, due 
to the larger size of the arsenic atom, it will be less compact 
compared to tetraphenylphosphonium ion, and so coordination 
through lone pairs will be easier in this case. This is manifested 
by the spectral shifts. As arsenic atom appears to be more 
metallic in nature compared to phosphorus, the tetraphenylar
sonium ion pulls the ethereal oxygen lone pair more effectively 
toward it, causing greater loosening of the intramolecular 
hydrogen bonding; thus, the shift of the O-H---0 bands will 
be higher with tetraphenylaisonium ion than with tetraphe- · 
nylphosphonium ion. For the other bands, that is, C-0-C and 
C-0-H vibrations, th.e red shifts are found to be in the order: 
tetraphenylphosphonium ion > tetrapnenylarsonium ion. Thus, 
lower shifting with tetraphenylarsonium ion may be due to the 
greatl!r size of the tetraphenylarsonium ion, which makes free 
movement of C-O-C and C.:_O-H bands quite restricted. 

It may thus be concluded that all these electrolytes remain 
strongly associated in 2-methoxyethanol to form ion pairs, and 
the solvation of the ions is weakened as soon as the ion pair is 
formed. The results indicate that the Coulombic forces play a 
major role in the association process. All these electrolytes are 
found to exist in ME solution as solvent-separated ion pairs 
and/or solvent-separated dimers, thus exhibiting a very intense 1 

peak for the "spectroscopically free" anion. Moreover. the 
chelation ·of ME with the cations is taking place through the 
lone pairs of electrons on the ethereal oxygen atom. 
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