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a b s t r a c t

The enthalpies of solution of H2O and D2O in tetrahydrofuran (THF), 1,4-dioxane (DO) and acetone (AC)
were measured calorimetrically at 298.15 K. Standard (at the infinite dilution) enthalpies of solution,
along with D2O–H2O solute isotope effects on the quantity in question, were calculated. The enthalpies
of the solute dissolution were found to be positive by sign and decreasing in magnitude on going from DO
to AC and THF, whereas the corresponding solute isotope effects change in a consequence THF > AC > DO.
eywords:
cetone
etrahydrofuran
,4-Dioxane
rdinary and heavy water

It was concluded that the enthalpic D2O–H2O effects of water dissolution (solvation) are connected
with both the donor-accepting ability and structure-packing peculiarities of the aprotic dipolar solvents
compared.

© 2010 Elsevier B.V. All rights reserved.
nthalpies of solution and solvation
olute isotope effects

. Introduction

The dilute solution of water in an aprotic dipolar solvent is
f great interest. The point is that such a solvent is the dissolv-
ng medium, whose structure packing contains molecules that do
ot form strong hydrogen bonds (due to the absence of proton-
onating centers) but allows rather strong specific interactions (via
-bonding) with molecules of an electron-accepting protic solute,
hich in this case is water [1–4]. Besides, in such liquid systems the

ong range structure of water, which is so important to the prop-
rties of dilute aqueous solution, is no longer in existence, and the
nly species of any importance are monomers, dimers, etc. [3].

Over the last decade, we have seriously studied volumetric prop-
rties of binary solutions involving solvents such as acetonitrile
AN), hexamethylphosphoric triamide (HMPT), 1,4-dioxane (DO),
cetone (AC), nitromethane (NM), etc. and water isotopologue (H2O
r D2O) as a solute in a wide temperature range [1,2,5–9]. The
esults obtained clearly show that the H2O–D2O solute isotope sub-

titution is a fine tool for analyzing structure-packing alterations
including hydrogen-bonding effects) induced by the presence of
issolved water molecules. Meanwhile, some questions concerning
oth the energy-related state of water in the media considered and
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peculiarities of the solute interaction with solvation environment
still remain unanswered. Therefore in continuation of our work
related to studies of solutions of water in aprotic dipolar media, we
have now extended it to a number of such binary water-containing
systems, using an experimental approach based on a combination
of the solution calorimetry and H2O–D2O solute isotope substi-
tution methods. Replacement of H2O by D2O in the given case is
dictated by changing both the vibrational/translational motions
and donor-accepting ability of water molecules that brings about
the formation of deuterium bonds being stronger compared with
the similar protium bonds [1,10,11].

We report in this paper, the calorimetrically measured
enthalpies of solution of H2O and D2O in tetrahydrofuran (THF),
DO and AC at 298.15 K. The choice of these aprotic dipolar solvents
as the solvating media was made mainly for a reason of compara-
bility of their donor-accepting properties (namely, the Gutmann’s
donor, DNSbCl5 , and acceptor, AN, numbers for THF, DO and AC are
20.0, 14.8, 17.0 and 8.0, 10.8, 12.5, respectively [12]). Being the pre-
dominantly electron-donating media generally with low dielectric
constants [13], the chosen solvents, however, differ noticeably from
each other in structure-related properties. If THF (or oxolane) and

DO consist of cyclic molecules with one and two oxygen hetero-
atoms in the cycle, respectively, AC being the simplest ketone is
formed by means of molecules with an oxygen carbonyl-atom. On
the other hand, THF and AC are “loosely packed” liquids with the
similarly low heats of vaporization, �vapH◦ [14].

dx.doi.org/10.1016/j.tca.2010.07.017
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
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Table 1
Sources, purities, densities (�, g cm−1) and refractive indexes (nD) of solvents used at 298.15 K.

Solvent Source Initial puritya Water contenta,b � nD

Expt. Literature Expt. Literature [14]

THF Fluka ≥99.9 ≤0.006 0.88203 0.882056c, 0.88208d 1.4048 1.4050
DO Merck ≥99.5 ≤0.006 1.02812 1.028337c, 1.02797e 1.4202 1.4203
AC Fluka ≥99.9 ≤0.004 0.78465 0.78455f, 0.784701g 1.3563 1.3560

a In wt%.
b After purification.
c Ref. [3].
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d Ref. [19].
e Ref. [20].
f Ref. [21].
g Ref. [22].

To the best of our knowledge, at present there exist some calori-
etrically obtained data on the standard enthalpies of solution,
solH∞, and solvation, �solvH◦, for ordinary water in the com-

ared solvents at T = 298.15 K [1,15–18]. Herewith we are aware
nly one study [17] describing the results of determination of
solH∞ (�solvH◦) for heavy water in DO. However, it should be

aken into account that, substituting H2O by D2O in the cases in
uestion, it is important to use the solutes of the same (high) qual-

ty and to carry out the calorimetric measurements under the same
onditions.

. Experimental

Water was distilled from an alkaline solution of KMnO4 and
hen redistilled in a quartz still to reach the electric conductivity
≈ 1.3 × 10−6 S cm−1. Heavy water D2O (Izotop Co., St. Petersburg;
≈ 1.0 × 10−6 S cm−1) with natural 18O-content and deuterium
ontent being (99.95 ± 0.02) at.% D was used as such.

Characterization data for solvents under study are listed in
able 1. DO and THF were kept several days over KOH, refluxed for
4 h, fractionally distilled over metal sodium under an atmosphere
ressure (at the presence of gaseous N2), and the middle fraction
ollected and treated with 0.3-nm molecular sieves for several days.
C was simply distilled under dried nitrogen, and the middle frac-

ion of distillate was kept over molecular sieves (0.3-nm) for several
ays too. Each solvent sample was distilled immediately before use.
he first and the last fraction were discarded. The water content
f these liquids (see Table 1) was determined with a Karl Fischer

itration. Purity of each solvent was checked by measuring the den-
ity and refractive index at 298.15 K. Densities (�) were measured
sing a vibrating-tube densimeter DMA 4500 with an accuracy of
(1.5 × 10−5) g cm−3. Refractive indexes (nD) were measured with
Pulfrich refractometer (PR 2). The accuracy of nD measured is

able 2
tandard molar enthalpies of solution, �solH∞ (kJ mol−1), and solvation, �solvH◦ (kJ mol
98.15 K.

Solvent Solute H2O Solute D2O

�solH∞ −�solvH◦ �solH∞

THF 4.28 ± 0.04 39.73 ± 0.04 4.84 ± 0.02
4.36 ± 0.03b 39.65 ± 0.03b

DO 6.09 ± 0.04 37.92 ± 0.04 6.47 ± 0.02
6.08 ± 0.17b 37.93 ± 0.17b

6.29 ± 0.02c 37.72 ± 0.02c 6.62 ± 0.02

AC 4.33 ± 0.05 39.68 ± 0.05 4.76 ± 0.04
4.39 ± 0.05d 39.62 ± 0.05d

a Standard enthalpies of H2O and D2O vaporization, �vapH◦ (298.15 K), are 44.007 and
b Ref. [16].
c Ref. [17].
d Ref. [18].
on the order of ±0.0001. Table 1 shows that our results are in
good agreement with values obtained from the literature sources.
All the solvents were stored in dark glass bottles under air-tight
conditions.

The experimental enthalpies of solution of water isotopologues,
�solHm (m is the solution molality), in the aprotic dipolar media
studied were measured at (298.15 ± 0.005) K using an automated
isoperibol (ampoule-type) calorimeter fitted with a 60 cm3 reaction
titanium vessel and electrical calibration (before each experiment).
The detection limit of the apparatus is 10 �K. Correction to the
presence of solute vapor in incompletely filled ampoules was taken
into account at calculations. The relative random error of measure-
ments did not exceed 0.5%. The calorimeter setup and experimental
procedure were detailed previously [23].

3. Results

The calorimetric measurements showed that the �solHm values
in the high dilution region do not depend (within the experimen-
tal error) on m those ranging between 0.08 and 0.21 mol of H2O
and between 0.04 per 0.17 mol of D2O per 1 kg of the solvent.
Therefore, the �solH∞ values (i.e., the molar enthalpies of water
dissolution at infinite dilution) have been calculated as average val-
ues |�solHm|av over five concentration-dependent measurements,
according to the procedure described previously [23,24]. The exper-
imental data on �solH∞ for H2O and D2O in the aprotic dipolar
solvents in question are listed in Table 2 together with the results
existing in literature.
As can be seen from data of Table 2, the �solH∞ values for solute
water at 298.15 K are in very good agreement with our own, except-
ing quantities for H2O and D2O in DO reported by Duer and Bertrand
[17]. Their enthalpic effects of water dissolution are more endother-
mic, differing from ours by ca. 0.2 kJ mol−1. However, in the given

−1)a, of ordinary and heavy water in tetrahydrofuran, 1,4-dioxane and acetone at

Isotope effect (D2O–H2O)−

−�solvH◦ ı�solH∞ −ı�solvH◦

40.55 ± 0.02 0.56 ± 0.05 0.82 ± 0.05

38.92 ± 0.02 0.38 ± 0.05 1.00 ± 0.05

c 38.77 ± 0.02c 0.33 ± 0.03c 1.05 ± 0.03c

40.63 ± 0.04 0.43 ± 0.06 0.95 ± 0.06

45.392 kJ mol−1, respectively [1,10].



1 ochimica Acta 511 (2010) 194–197

c
�

4

s
s
r
d
i
c
u

t
e
f
s
s
(
f

t
b
I
i
m
s
t
m
s
t
c
a
w
a

e
i
i
A
a
i
m
t
t
T
w
b
o
i
s
t

f
l
m
o
i
t
t
W
t
a
t

Fig. 1. The correlation between D2O–H2O solute isotope effects on the standard
molar enthalpy of water dissolution in the aprotic dipolar solvents compared and
96 E.V. Ivanov, V.I. Smirnov / Therm

ase, the D2O–H2O solute isotope effects (hereinafter, IEs or ı) on
solH∞ are found to be close to each other (Table 2).

. Discussion

As it have been mentioned in Section 1, the calorimetry mea-
urements are helpful in developing the present knowledge of
olvation of water molecules and their interactions with the sur-
oundings. This is particularly true when enthalpic effects of
issolution and solvation are combined with the correspond-

ng D2O–H2O solute IEs because the latters are dominated by
hanges in the hydrogen-bonding between interacting like or
nlike molecules.

According to the data in Table 2, the dissolution of water iso-
opologues in all the aprotic dipolar media in question is the
ndothermic process that becomes more pronounced on going
rom AC and THF to DO. Herewith the positive (in sign) D2O–H2O
olute IEs on the quantity considered undergo changes in a con-
equence THF > AC > DO. Such a behavior of �solH∞ and ı�solH∞

H2O → D2O) values gives us the certain information about the dif-
erent strengths in the solute–solvent interactions.

A positive sign at the �solH∞ (=�solvH◦ − �vapH◦) value suggests
hat the solute–solvent interaction is weaker than the interaction
etween molecules in their own liquid medium of H2O or D2O.
ndeed, taking into account that �vapH◦ = �condH◦ (where �condH◦

s the standard enthalpy of solute condensation), the sign and
agnitude of �solH∞ are determined by the difference between

olute–solvent and solute–solute interactions, because the solva-
ion of a solute can be identified with the condensation of one

ole of its gaseous molecules in an infinitely large amount of a
olvent [16,25]. Hence the main contributions in (ı)�solH∞ are
wo enthalpic effects connected with the energy expenditure at
reating the solvation cavity in a solvent (a positive contribution)
nd the heat evolution at associating the ordinary or heavy water
ith a surrounding solvent generally through hydrogen-bonding

nd non-specific interactions (a negative contribution).
Considering in this light the above-noticed interaction prop-

rties of solvents and enthalpy effects of solution of water
sotopologues (see Table 2) jointly, one may conclude that there
s an obvious interrelation between values of DNSbCl5 for the pure
C, THF and DO and ı�solH∞ (H2O → D2O) for the water in these
protic dipolar media. As can seen in Fig. 1, such interrelation
s a close-to-linear function that can be regarded as an argu-

ent in favor of the belief that the energy-related changes due
o solute–solvent and solvent–solvent interactions are manifested
o a larger extent in the infinitely dilute solution of water in THF.
he given conclusion is in agreement with the results of some
orks devoted to studying the compared water-containing media

y both thermodynamic [3,26,27] and spectroscopic [28] meth-
ds. Hence, observed from the data of Table 2, the tendency to an
ncrease in the endothermicity of dissolution of water within the
eries THF ≤ AC < DO can be explained generally by a decrease in
he proton-donor capacity or acidity of the solvent (see Fig. 1).

Most interesting, however, is the fact that the �solH∞ values
or H2O and D2O in AC and THF are materially equal (within the
imits of experimental accuracy, in Table 2) although the solute

olecules interact in a different way with surrounding molecules
f solvents compared. We are inclined to believe that this situation
s most likely due to mutual imposing the several enthalpic effects
hat first of all are caused by weakening the steric hindrances for

he solute–solvent interactions through H-bonding (and van der

aals contacts as well). One can suggest that the “parent” struc-
ure matrix of AC should be best suited for incorporating into them
H2O and, especially, D2O molecule, reducing the energy expendi-

ure at creating of the solvation cavities and revealing the presence
Gutmann’s donor numbers peculiar to the dissolving medium at 298.15 K: (©) our
data; (�) value taken from Ref. [17]. (The values of half-width of confidence inter-
val for the enthalpy-isotope characteristics under consideration are presented in
Table 2.)

of additional steric incompatibilities when the specified solutes are
solvated by the cycloetheres studied.

In conclusion, it should be noted that the �solH∞ and ı�solH∞

(H2O → D2O) values do not provide a complete information on the
energy changes in the solvent structure induced by the solvation of
water molecules. To compare the solvation enthalpic effects of two
isotopically distinguishable solutes in question, the energy spent
to destroy the structure packing of each of them (i.e., the �vapH◦

values) must be taken into account. The analysis of data in Table 2,
referring to the enthalpy–solvation characteristics leads us to the
following. Firstly, it is clear that water isotopologues in THF and
AC are solvated the stronger than in DO, emphasizing a correctness
of the above-made findings. Secondly, in all the cases considered,
the change in �solvH◦ caused by a deuteration of water molecules
points to strengthening of the solute solvation that can be consid-
ered as a corroboration of the presence of “specific” interactions
between the solute and solvent molecules. Thirdly, noteworthy is
that the D2O–H2O solute IEs on �solvH◦ as a whole are roughly
equal to the IE on the energy of water–water hydrogen bond, which
amounts to −(1.0 ± 0.1) kJ mol−1 at 298.15 K [10,29]. This indicates
the molecules of water isotopologues are really capable of form-
ing the rather strong hydrogen (H- or D-) bonds in aprotic dipolar
media in question. Finally, referring to the data of Table 2, it is seen
that D2O–H2O solute IEs on �solvH◦ for solutions of water in DO
and AC are close to each other, exceeding the similar value for the
system (THF + water) in magnitude. It is interesting that, unlike
the above-mentioned distribution of ı�solH∞ (H2O → D2O), the
enthalpy–isotope characteristic of water solvation changes gener-
ally as a function of the electron-accepting ability of a solvent.

According to conclusions [30], such an unusual solvation behav-
ior for water in DO may be explained by formation of different
hydrogen-bonded (cluster-like) structures in the two H/D isotopi-
cally distinguishable systems compared, but the surprisingly close
to each other values of ı�solvH◦ (H2O → D2O) for water in DO and
AC is not yet subject to a reasonable explanation. Unfortunately,
the available data do not allow an analysis of this phenomenon in
more details.
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