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Abstract: Ultrasonic velocities (1) and densities (p) of Me,;NC10, Et;NClO,, Pry,NCIO,, BuyNCIO,
and BuNBPh, were measured at different salt concentrations in the range
(30-500)x10™* mol kg'l in binary mixtures of dimethylsulfoxide (DMSO) and methanol (MeOH)
containing 0, 20, 40, 50, 60, 80 and 100 mol% methanol at 298.15 K. The isentropic
compressibilities (K,) and apparent molal isentropic compressibilities (K, 4) of different salts in the
binary solvent mixtures were calculated from ultrasonic velocity and density values. The apparent

molal isentropic compressibilities ( K : ¢) of the salts were split into the contributions of individual

ions (K : ¢ ).. The ionic apparent molal isentropic compressibilities ( K : ¢ ). of BuyN* and Ph,B

are found to be positive which show strong solvophobic interactions in DMSO and in
DMSO+MeOH mixtures over the entire solvent composition range. The negative values of Me,;N*
and EtN* ions have show strong structural effects which arise due to solute-solvent interactions in
MeOH rich region of mixtures. The extent of solvation of tetraalkylammonium ions has been found
to be in the order Me,N* > Et;N* > PryN*> BuyN* in DMSO, MeOH and their binary mixtures.
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Introduction

Ultrasonic velocity has been found to be the most powerful tools in understanding the
solute-solvent interactions. Another useful property such as limiting apparent molal
isentropic compressibility is an important parameter which not only provides the magnitude
but also predicts the nature of the interactions on the basis of its values'. In the present work,
ultrasonic velocity studies have been carried out on tetraalkylammonium salts in binary
mixtures of dimethylsulfoxide (DMSO) and methanol (MeOH). Ion-solvent interactions
were extensively investigated in a number of mixed solvents using different techniques™’.
The aim of this work is to determine the solvation characteristic of BuyNCIO,, PryNCIOy,
Et,NCIO4 and Me,NClOy salts in the binary mixtures of DMSO and MeOH at 298.15 K.
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This is determined from the apparent molal isentropic compressibilities (K 5 which are
calculated from the isentropic compressibilities (K;) of the salts. The previous investigations
of the solvation of Me,N*, Et;N¥, Pr,N" and BuyN" ions are limited to 2-methoxyethanol,
water4, N,N-dimethylformamide, acetonitrile and n-butyronirile and their binary mixtures”.
Mixtures of DMSO+MeOH are therefore expected to be good solvents for a comparative
study of the solvation behaviour of tetraalkylammonium ions. Both these solvents differ in
dipole moment (MeOH = 1.71 D and DMSO = 3.90 D)(’. Preferential solvation of ions has
its application in hydrometallurgical purification of copper and silver’. Tetraalkylammonium
salts exclusively find an application as electrolytes in developing supercapacitors also
known as electrical double layer capacitors (EDLCs)®.

Experimental

Dimethylsulfoxide (DMSO) (Spectrochem) was dried over 4 A molecular sieves for 48 hours
and then distilled from calcium hydride using 2x15 cm vigreux column as reported’. A middle
cut was taken, which have boiling point 57 °C at 5 torr. Methanol (MeOH) (Hi-Media) was
stored over 4 A molecular sieves for 48 hours and then purified by fractional distillation'*"".
Methanol was dried over fused CaCl,and then fractionally distilled over sodium. The density
and ultrasonic velocity for purified solvents DMSO and MeOH were 1.09538 g cm™,
0.78663 g cm™, 1494.97 m s and 1102.0 m s™ respectively and are reported in Table 1.

The reference electrolyte tetrabutylammonium tetraphenylborate (Bu,NBPh,) was
prepared by mixing aqueous solutions of tetrabutylammonium bromide (Bu,;NBr) and
sodium tetraphenylborate (NaBPh,) in 1:1 molar ratio. The aqueous solution of sodium
tetraphenylborate was filtered before mixing in order to remove some suspension present in
the solution. On mixing white precipitates formed was filtered and washed repeatedly with
distilled water to remove the last traces of sodium tetraphenylborate. The prepared salt was
purified by dissolving in minimum quantity of acetone and reprecipitated out by adding
excess of distilled water. The procedure was repeated twice. Finally the salt was filtered and
dried at 60 °C under vacuum over phosphorous pentoxide (P,0Os) for two days. The melting
point of salt was found to be 223-224 °C, which was in good agreement with the value
reported in literature'? (222-225 °C). Tetraalkylammonium perchlorates (R4NClO,) were
prepared by mixing aqueous solution of tetraalkylammonium hydroxide (R4,NOH, Himedia,
40%) and perchloric acid (HCIO,, Merck, 70%) in 1:1 molar ratio. On mixing white
precipitates were formed and filtered. The prepared salt was purified by dissolving in
minimum quantity of acetone and reprecipitated out by adding excess of distilled water. The
process was repeated twice. Finally the salts were filtered and dried at 60 °C under vacuum
over phosphorous pentoxide (P,Os) for two days.

Table 1. Permittivity (¢), density (p), ultrasonic velocity (1) and isentropic compressibility
(K,) for DMSO+MeOH mixtures at 298.15 K

mol% MeOH (¢) plg cm™ u/ms’" 10°K /bar”’
0 47.22 1.095389  1494.97 40.84
20 45.49 1.080889  1399.94 47.20
40 42.58 1.050099  1303.99 56.00
50 40.87 1.012234  1259.99 62.22
60 37.09 0.933201 1188.33 75.87
80 35.44 0.895513 1121.93 88.71

100 32.60 0.786637  1102.03 104.67
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A range of concentrations of the salts in DMSO, MeOH and DMSO+MeOH mixtures
were prepared by diluting stock solutions of appropriate concentrations. The mixtures were
prepared by mass using an A and D limited electronic balance (Japan, Model GR-202) with
precision of 0.01 mg and were kept in air tight stoppered glass bottles to avoid the
absorption of atmospheric moisture. The probable error in the molality was found to be less
than +1x10™* mol kg'. Before the measurement of any series of the solutions, the instrument
was calibrated with triple-distilled freshly degassed water and dry air at atmospheric
pressure. Ultrasonic velocity and density measurements of binary mixtures as well as of the
salt solutions were carried out using Anton Paar digital densimeter (model DSA 5000)
operated in the static mode and automatically thermostated within £0.001 K. The densities
and ultrasonic velocity had precision better than *1x10® g cm™ and *1x10° m s
respectively. The uncertainties in the solution density and ultrasonic velocity were found to
be better than +5x10° g cm™ and #5x10” m s™' respectively'.

Results and Discussion

Compressibility studies

Ultrasonic velocities (#) and densities (p) of Me,NCIO, Et,NclO,, Pr,NclO, BuyNclO, and
Bu/NBPh, were measured at different salt concentrations in the range
(30-500)x10™* mol kg'1 in binary mixtures of dimethylsulfoxide (DMSO) and methanol
(MeOH) containing 0, 20, 40, 50, 60, 80 and 100 mol% MeOH at 298.15 K. The isentropic
compressibilities (K;) of solutions were calculated from the relation

1
u’p
Using partial molal volume (V), the apparent molal isentropic compressibility (K, 4 of
the electrolytes were evaluated using the following relations

K, = ey

M 10°[p-
V¢ :__M )
Y mpp,
10°[K. - K
Ks,¢ :V¢Ks +M (3)
mp,

Where m and M are molality and molecular mass of the solute, K, and K, are the
isentropic compressibility of the solution and solvent mixtures and p, and p are the densities
of solvent and solution mixtures respectively. Figure 1 to 7 shows the plots of K s versus

m'?. The limiting apparent molal (K fﬁ)i isentropic compressibilities were obtained by

extrapolation of the linear plots of K sversus m'”? by the least square method using equation
1/2

KW, =K§¢+Asv¢m “)

When the ultrasonic waves are incident on the solution, the molecules get perturbed.
Since the medium has some elasticity and hence perturbed molecules regain their
equilibrium positions. When a solute is added to a solvent, its molecules attract certain
solvent molecules towards them. This phenomenon is known as compression. Every solvent
has a limit for compression and is known as limiting compressibility.
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Figure 1. Plots of Ks@, vs m” in DMSO at 298.15.K, ¢-Bu;NBPh,;, m-Bu;NCIO,,
A -Pr,NCIO,, 0-Et'NCIO,, -Me,NCIO,
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Figure 2. Plots of Ks¢, vs m” in 20 mol% MeOH in DMSO at 298.15.K, ¢-Bu,;NBPh,,
m-Bu,NCIO,, A-Pr,NCIO,, o-Et*NCIO,, e-Me,NCIO,
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Figure 3. Plots of Ksg, vs m"? in 40 mol% MeOH in DMSO at 298.15.K, ¢-Bu,;NBPh,,
m-Bu,NCIO,, A-Pr;NCIO,, o-Et'NCIO,, -Me,NCIO,
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Figure 4. Plots of Ks¢, vs m™ in 50 mol% MeOH in DMSO at 298.15.K, ¢-Bu,NBPh,,
m-Bu,NCIO,, A-Pr,NCIO,, o-Et'NCIO,, -Me,NCIO,
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Figure 5. Plots of Ks¢, vs. m"” in 60 mol% MeOH in DMSO at 298.15.K, ¢-Bu,NBPh,, m-
Bu,NCIO,, A-Pr,NCIO,, o-Et*NCIO,, -Me,NCIO,
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Figure 6. Plots of Ks¢, vs. m"” in 80 mol% MeOH in DMSO at 298.15.K, ¢-Bu,NBPh,, m-
Bu,NCIO,, A-Pr,NCIO,, 0-Et*NCIO,, -Me,NCIO,
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Figure 7. Plots of Ks@, vs. m"” in Methanol at 298.15.K, ¢-Bu,NBPh,, m-Bu;NCIO,,
A -Pr,NCIO,, 0-Et'NCIO,, -Me,NCIO,
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Figure 8. Plots of Ks¢, vs. mol% MeOH in DMSO at 298.15.K, ¢-Bu,;NBPh,, m-Bu,NCIO,,
A -Pr,NCIO,, 0-Et*NCIO,, e-Me,NCIO,
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Table 2 shows K:,(/j values for various salts. The plot of limiting apparent molal

isentropic compressibilities K f’¢ for Me,NCIO,, EtNCIO,, PryNCIO; Bu,NCIO4 and

Bu,;NBPh, vs. mol% MeOH at 298.15 K is shown in Figure 8. Since the plots are not curved
in any case, this indicates the non-formation of ion-pairs of the salts. The linearity of the
plots in most of the cases show that all the electrolytes are not associated in DMSO+MeOH

mixture over the salt concentrations studied. The K :’¢ values for BuyNBPh, and Bu;NCIO,
were positive and decrease in magnitude with an increase in mole fraction of MeOH. The
negative K f’ 4 values after 50 mol% MeOH for Pr,NCIO,4 Et,NCIO, and Me,NCIO, indicate
strong solvation effects in DMSO+MeOH binary mixtures.

Table 2. Limiting apparent molal isentropic compressibility ( K f’ ») of some salts in solvent
mixtures of DMSO+MeOH at 298.15 K

10% (K :»¢) /cm’ mol ™! bar!

mol % MeOH
salts 0 20 40 50 60 80 100
Bu,NBPh, ifggi 8822 7341  67.09 6000 44.13 4388

Bu,NCIO, 115.6 69.87  50.45 33.38 3032 20.75 16.85
Pr,NCIO, 87.07 52.80 3445 18.45 -1.804 -10.61 -15.49
Et, NCIO, 57.74 39.72  23.26 6.40 -19.90 -26.02 -33.37
Me, NCIO,4 49.22 32.53  19.55 3.08 -32.33 -56.15 -65.17

Maximum uncertainty in these values is +2.6x10™ m®> mol” bar?!

Limiting ionic apparent molal isentropic compressibilities
The K 50 o values are additive'* and can be directly split into the contributions of individual

ions to obtain structural or solvation effects. The K » values for the salt from Table 2 were

split into the contributions of the individual ions. Millero split the partial molar volume of
electrolyte into ionic components using BusAsBPh, as a reference electrolyte'”. Gill and
coworkers suggested a model’, in which use of the reference electrolyte BuyNBPh, was

recommended to split K/ » values into its ionic contributions (K N »)s With the help of

following equations
K{o(Bu,N") _y2(Bu,N") _(5.00)°
Ks(Ph,B™)  rX(Ph,B) (535)°
K'4(Bu,NBPh,)= K7 ,(Bu,N")+ K?,(Ph,B") 6)

Where r, refers to the crystallographic radius of the ions. Using equations (5) and (6),

®

K 50 o values for BuyNBPh, were split into the ionic contribution for BuyN* and Ph,B” ions.

By using these values, (K ;). for Pr,N*, E4uN"and Me,;N" were calculated on the basis of
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additive principle and are reported in Table 3. The negative values of (K¢ ¢)1 for PryN",

EuN" and MeyN* are generally obtained after 50 mol% MeOH due to stronger solvation
effects (ion-solvent interactions) while positive values of PhyB”, Bu,N" are obtained due to
special interactions (hydrophobic or dispersive interactions). The special interaction of
Ph,B~ with DMSO was also reported by Joana and Dorota'®. The plot of limiting ionic

apparent molal isentropic compressibilities (K ? ) ), for PhyB", BuyN", Pr,N*, Et;N" and Me,N*

Sy
vs. mol% MeOH at 298.15 K is shown in Figure 9. The extent of interactions between a small
cation and the free electron pair of oxygen is found to be greater in MeOH than in DMSO
resulting in more solvation and consequently, lower mobilities in MeOH solutions. The charge
dipole interactions predominates as the size of cation increases which results increases the
distance of close approach of cation and solvent molecule.

Table 3. Limiting ionic apparent molal isentropic compressibility (K : p )+ for some ions in
DMSO+MeOH mixtures at 298.15 K
107 (K ;) /cm’mol ' bar
mol % MeOH
Ions 0 20 40 50 60 80 100

Bu,N* 71.23(71)° 39.64 3299 30.15 2696 19.83 19.7
Ph,B’ 87.26(87)" 48.57 4041 3693  33.03 24.29 24.15

ClO4 44.36 30.22 1745 3227 3354 00916 -2.87
Pr,N* 42.07(46)° 2257 1699 1522  -515 -11.52 -12.62
Et,N* 13.37 9498 5802 3.172  -23.25 -26.93 -30.5
Me,N* 4.854 2308  2.092  -0.147 -35.68 -54.06 -62.30

Maximum uncertainty in these values is +2.6x10 cm’® mol”" bar” "(Reference [14])
95
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Figure 9. Plots of (K:W)JI versus mol% of methanol im DMSO+MeOH mixtures at
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After 50 mol% MeOH, (K’ ¢)1 values become more negative with increase in MeOH

Sy

composition suggesting that the extent of solvation increases with an increase in MeOH
composition. Thus it appears that as the size of cations becomes small, the availability of a
free electron pair in the MeOH molecule determines solvation effects to a great extent. The
larger perchlorate ion is not affected by the acid properties of the solvent, but, if at all, its
solvation sheath is determined by the larger dipole moment of DMSO compared to MeOH.
Thus from the results it would appear that acid-base properties of the solvent molecules
measures the degree of solvation of large ions.

Conclusion

The tetraalkylammonium ions do not appear to interact strongly with pure DMSO. All
tetraalkylammonium salts appear to be completely dissociated in the experimental
concentration range. This provides a clue that their ions neither promote nor break the structure
of DMSO. This may be due to a simple reason that there is no hydrogen-bonded structure

present in the pure solvent. The negative (K7 ,), values for Me,;N", Et;N" and Pr,N" indicate

strong ion-solvent interactions and hence, preferential solvation in MeOH-rich region of the
DMSO+MeOH binary mixtures. The positive values for Bu,N* and Ph,B" indicate some
special type of interactions with the solvent molecules, possibly solvophobic, which decrease

with the increase of MeOH composition in the binary mixtures. The negative (K ¢)i values

for Me,N*, EiN* and PryN* increase with increase in MeOH composition suggest that their
extent of solvation also increases. Since both the solvents differ considerably in their basicity
and dipole moment, so a comparative solvation of the ions has been observed at different
solvent composition range. The solvation of the tetraalkylammonium ions follows the order
MeN*> EyN*> PryN* > BuyN" in DMSO+MeOH binary mixtures at all compositions.
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