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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. 
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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 
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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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