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Interactions between certain ions and water, at low 
concentrations, have been studied in dimethylsulfoxi- 
de mainly by near-infrared and proton magnetic reso- 
nance spectroscopies. The equilibrium constant for 
the hvdration of the proton was found to be equal to 
0.47 by IR spectroscopy. Hydration constants were 
determined by proton NMR for Li+, Na’ and Cl- 
whilst ClO+-, CFW-, NEtJ+ and NBuc+ do nof ap- 
pear to bind water. The results are compared with 
those reported for two other dipolar aprotic solvents. 

Introduction 

Drastic changes are often noted when one compares 
the reactivity of ions, and particularly that of small 
anions. in hydrogen-bonded solvents such as water, 
and in dipolar aprotic (DPA) solvents such as dime- 
thylsuffoxide (DMSO). Such changes are related to 
differences in ionic solvation.’ In the case of binary 
mixtures of water with a DPA solvent, (such as aque- 
ous DMSO) selective solvation of ions* may take place 
and lead to widely different effects on equilibria and 
reaction rates, according to the ionic reaction and the 
DPA solvent considered. The understanding of such 
effects is important as it may help to compare the 
solvatir7g properties of water and the DPA solvent. 
Such understanding may also shed some light on the 
role of water as a solvent, as water structure in these 
mixed media is, depending on the DPA solvent involv- 
ed, either reduced or eliminated, although water is 
still an effective nucleophile. Furthermore, because 
the removal of water from DPA solventes is never 
complete, studies of the effect of residual water on 
the ion-solvent interactions are of practical interest. 

This paper reports the results of an investigation 
of the interactions in DMSO, between water and a 
few anions and cations including H+, in which con- 
ductivity, near-infrared and NMR spectroscopies were 
used. 

Experimental Section 

Baker reagent-grade DMSO was treated according 
to a method previously reported? The water content 
of the purified solvent as determined by Karl Fischer 
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titration was 1 x 10T2 M. Lithium and sodium per- 
chlorates, tetraethylammonium chloride and tetrabu- 
tylammonium perchlorate were respectively from 
Smith, Eastman Kodak and Coleman Matheson and 
Bell. The preparation of sodium trifluoromethanesul- 
fonate was given elsewhere’ and the tetraethylammo- 
nium salt was obtained in a similar manner. Trifluo- 
roacetic acid (Eastman Kodak) and trifluorometha- 
nesulfonic acid (3M) were used as received, titrations 
of the acids giving assays of 99.2 and 99.8% respec- 
tively. 

The conductivity bridge used was described before.3 
Near-infrared spectra were recorded with a Cary 14 
spectrophotometer using 5mm Hellma (1 lO/Ql) cells. 
NMR measurementes were carried out at 27’C with 
a JEOL spectrometer at 60MHz. Chemical shifts 
6 were measured with respect to solvent methyl pro- 
tons which are a suitable reference, but are reported 
relative to internal tetramethylsilane. 

Results and Discussion 

Conductivity data. The equivalent conductivities 
X of DMSO solutions of the two acids HCFsSOr 
(0.044M) and HCFX02 (0.1 1M) varied but little upon 
addition of water. For HCF3SOJ, a strong acid in 
DMSO,’ h increased from 29.06 to 29.21 ohm-’ cm’ 
mole-’ when the water concentration was varied from 
1.94 x 10-l to S.43 X lo-’ M. For HCFX02 a 
weak acid in DMS0,3 X increased from 2.493 to 2.556 
ohm-’ cm’ mole-’ for the same change in water con- 
centration. If water acts as a base in DMSO (S), the 
following equilibria will account for the reaction tak- 
ing place: SH’ +H20,-H,0+ +S [l] or HA + 
HzO*H,O+ + A-, according to the strength of the 
acid HA considered. The present results indicate 
either that the equivalent conductivities AH+,+ and 
XSH+ are nearly identical or that the equilibrium con- 
stant of reaction [l] is low. At any rate the varia- 
tions of )L were too small to be interpreted further. 

Near-infrared data. Absorption measurements in 
the near-infrared region were used to calculated the 
free water concentration in aqueous DMSO solutions 
of HCF3SO3, and hence, to attain the equilibrium 
constant of reaction [ 11. Determinations were made 
at 1.945~ which corresponds to the combination band 
(v~+vI) of water. At this wavelength, the absorban- 
ce varies linearly with the water concentration, the 
molar absorbance coefficient E being 2.18 f 0.04 
cm-’ mole-’ litre. Known amounts of water were 
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added to DMSO solutions of the strong acid HCF$Os. 
From the measured absorbance and E, the free water 
concentration was calculated and by difference the 
H,O+ concentration was obtained. The SH+ concen- 
tration was then deduced from the total acid and HsO+ 
concentrations. The calculated equilibrium constant 

D-&O+1 
K = [SH+][H20] 

corresponding to equation [ I] 

is given in Table I together with the experimental 
data. 

Table I. Near infrared determination of the equilibrium 
constant for SH++H>O,-H,O+. 

C nawo, (M) CHP (M) A (1.945v) K 

0.587 0.056 0.048 0.53 
0.111 0.098 0.41 
0.167 0.145 0.46 
0.278 0.241 0.49 

0.879 0.111 0.082 0.53 
0.222 0.169 0.54 
0.333 0.273 0.41 

1.015 0.111 0.079 0.51 
0.222 0.168 0.47 
0.333 0.181 0.49 
0.444 0.33 1 0.52 
0.556 0.422 0.49 

The mean value of the concentration constant K is 
0.47 f 0.06. This result is in good agreement with 
the value 0.45 obtained by Kolthoff and Reddy’ using 
2,6-dinitro-4-chlorophenol as indicator in 4.4 x 10w4M 
HCl. Although these authors took HCl to be a strong 
acid, the error thus made is small as KXCI = 10-2.0 3z5 
and the acid concentration is low. It appears there- 
fore that HJO+ is a fairly strong acid in DMSO 
(KH~OA = 10+“.3) and Hz0 a weak base. However, it 
is difficult to come, from these results, to any con- 
clusion regarding the relative basicity of DMSO and 
bulk water. 

NMR data. When water is added to a DMSO scil- 
ution of a strong acid, there is a single proton reso- 
nance lint, which indicates a fast exchange between 
the protons of SH+; Hz0 and HJO+ and the signal 
moves to high field. For example, a 0.561M HCF3S03 
solution containing 0.024M Hz0 has a 6 value which 
decreases from 14.10 ppm to 8.34 ppm for 0.525M 
HzO. Attempts were made to calculate the equili- 
brium constant K of reaction [ 11 as well as EH~o+ 

from such expez8ymFtal results and the fast exchange 
I 1 

relation 6 = i 
C Ci 

where Ci is thi proton concentration of the species 
SH+, Hz0 and H30+ and Si the corresponding speci- 
fic chemical shifts. &I,+ was obtained by extrapola- 
tion and found to be 14.50 ppm? &p is equal to 
3.38 ppm at infinite dilution and varies but very lit- 
tle with the water concentration, this implies that 
hydrogen-bonding to DMSO dominates the interaction 

(4) I.M. Kolthoff and T.B. Reddy, Inorg. Chem., I, 189 (1962). 
(5) J.A. Bolzan and A.J. Arvia, Elecfrochim. Acta, 15. 39 (1970). 

rather than hydrogen-bonded self-association. How- 
ever, it was found impossible to calculate both K and 
6 Ham+. Taking then K = 0.5 from the near infrared 
results, the value obtained for &,o+ was not constant 
but varied somewhat around 13 ppm. It would the- 
refore appear that the NMR method is not applicable, 
either because our experimental results are not ac- 
curate enough to account for the small contribution 
of the HJO+ protons or that the implicit assumptions 
that &I<+ and &J30+ are independent of the medium 
composition, are erroneous. 

However, the proton NMR method could be used 
to study the hydration of salt electrolytes in DMSO. 
The salts studied were LiClO.+, NaClO.,, NaCF3SO3, 
NEtXl, NBu4C104 and NEtXF$OJ in the O-1M con- 
centration range. For different concentration of each 
salt, 6 was determined as a function of water concen- 
tration between 0.02 and 0.5 M. In each case, the va- 
riations of 6 were usually less than 0.03 ppm and 6 
could be extrapolated to zero water concentra- 
tion. The extrapolated values S were plotted in Fi- 
gure 1 as a function of the salt concentration. To 
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Figure 1. Variation of chemical shift of water protons with 
salt concentration. 

interprete the results in terms of single ion hydration 
constants K for reactions such as I* +HIO%I* . HzO, 
an assumption is needed. The curves of Figure 1 pro- 
vides this tssumption as they can be simply explain- 
cd by supposing that hydration of any of the large 
ions NEt’, NBu++, C104- or CF$03- is negligible 
compared to hydration of the small ions Li+, Na-’ 
and Cl-. This assumption is borne out by the results 
reported for two other DPA solvents.6r7 Then the 
hydration constants K for Na+, Li+ and Cl- can be 
calculated respectively from the curves, for NaCF3- 
SO3 and NaCIOr, which are nearly identical and for 
LiC104 and NEt.JZl. The equation used, 6&,0 = 
K . C(&&,O) / 1 +K C, where C is the salt con- 
centration And 61 the specific chemical shift of water 
in I* . HzO, is valid for low water concentrations 
and weak association and is derived from mass ba- 
lance and the fast exchange relations. The equation 

(6) D.R. Cogley, J.N. Butler, and E. Grunwald, \. Phys. Chew., 
75, 1477 (1971). 

(7) M.K. Chantooni, Jr., and I.M. Kolthoff, 1. Amer. Chcnt. SW., 
89, 1582 (1967). 
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is solved6,8 for K and & by plotting 6-&&C as a 
function of 6&,0. Straight lines are obtained, the 
slopes .give-K ana the intercepts KC&-8~~01. Results 
are summarized in Table II. The projected study of 
the hydration of F- ran into difficulties because it 
has not been possible as yet to prepare DMSO solu- 
tions containing less than 1 mole of Hz0 per mole 
of F-. Nevertheless, high values of &-8~~02 1.2 ppm 
are indicated. Some attack of NR4+, or DMSO, by 
F- also takes place at low water concentration, sug- 
gesting that poorly hydrated F- is a powerful nucleo- 
phile. 

Table II. Ionic hydration constants from NMR data. 

Ion Salt K &-&+ ppm 

Li+ 

Na+ 

Cl- 

LiClO, 2.2rt0.5 0.55 
NaClO, 1.2kO.5 0.22 
NaCKSO, 1.1eo.5 0.21 
NEtXl 2.7kO.4 0.55 

Table 111. Ionic hydration constants K(mole-' . kg) and K, 
in DPA solvents. 

Ion DMSO 
K K, 

Acetcmitrile * 
K K, 

Propylene 
carbonate b 

K K, 

H+ 
Li+ 
Na+ 
K’ 
Cl- 

0.4 16. very large very large (?) 
2.1 85. 
1.1 45. 

z.6 13. 6.5 7.8 

1:3 
8.4 1.4 1.7 
4.2 0.4 0.5 

2.4 98. 11. 35. 6.2 7.5 

“ref. 6.7; b ref. 6. 

The values of hydration constants K, on the molal 
scale, are compared in Table III with K values for 
Li+, Na+, K+ and Cl- in acetonitrile6*’ and propylene 
carbonate.” 

The hydration constant K, in its definition, includes 
(HzO), the water concentration, which does not reflect 
the interactions of water with the DPA solvent. These 
interactions should be taken in account, as they vary 
with the DPA solvent and thus make comparisons of 
K values less meaningful. With this in mind, the 
water concentration was replaced by the water acti- 
vity a, = p/p0 as deduced from water vapour pres- 
sure data (p(mm Hg)) at low water concentration 

(8) F.I.C. Rossotti and H.R. Rossotti. -The Determination of Sta- 
bility Constants., McGraw Hill Co., New York. (1961), p. 275. 

(9) R. Domain, unpublished results. 
(10) V. de Lansberg, Bull. Sot. Chim. Beiges, 49, 59 (1940). 

(mole . kg-‘) at 30°C. The following values were 
used: DMS0,9 p = 0.66, (HzO) = 0.85, acetonitrile,” 
p = 12.4 (H20) = 1.25 and propylene carbonate9 
p = 5.61, (HzO) = 0.212. The values of the hydra- 
tion constants K, = (I+- . HzO) ! (I+)a,” are given 
in Table III. 

Comparison of K, values in the three DPA solvents 
brings to light several interesting points. First, the 
affinity of H+ towards HZ0 does not follow that of 
Li’, Na+ and K+ which increases with the solvent 
basicity. Second, since the replacement of one DPA 
solvent molecule by one water molecule in the metal 
or Cl- ions solvation shell varies but little (less than 
2 kcal mol-‘) with the solvent, it would appear that 
the solvation energies of each ion, Li+, Na+ and Cl-, 
in the three DPA solvents, are not very different. 
This is confirmed, at least in the case of Cl-, by the 
correspondingly small enthalpies and free energies of 
transfer.‘*” Third, as already noted in the case of 
propylene carbonate, the small hydration constants 
for Cl-, indicate that there is no strong preference of 
Cl- for water at low concentration. This sharply 
contrasts with the fact that bulk water solvates Cl- 
much more strongly than DPA solvents.‘,” The strong 
solvation of Cl- by bulk water is therefore due to 
interactions which involve more than the first water 
molecule and are related to structural factors. Recent 
results of Kebarle et al.l2 on gas phase solvation of 
halide ions by acetonitrile and water molecules, in- 
terestingly, show that solvation by water is only favo- 
red for large numbers of solvating molecules. Chlor- 
ine-35 NMR studiesI also suggest that Cl- does not 
preferentially solvate water in both acetonitrile and 
DMSO. It would seem that selective solvation of 
singly charged ions by water in DPA solvents may 
be, if at all, restricted to that of the small anions 
OH- and F- and cation Ht. This agrees with the 
results of Kebarle on the gas phase hydration of 
ions. 

Note added in prool. Our recent 100 MHz pmr spectra lead to 
smaller ond more linear variations of chemical shifts lhan reported 
here. Somewhat lower hydration constants are obtained without extra- 
polations. Water vapour pressure measurements are being carried out 
to provide an independent method of etudv. 
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