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a b s t r a c t

The enthalpies of solution of ordinary (H2O) and heavy (D2O) water in nitromethane (NM), acetonitrile
(ACN) and propylene carbonate (PC) were measured calorimetrically at 298.15 K. Standard (at the infinite
dilution) enthalpies of solution and solvation, along with D2O–H2O solute isotope effects on the quantities
in question, were calculated. The enthalpies of solution of water H/D isotopologues were found to be
positive by sign and substantially increasing in magnitude on going from ACN and PC to NM, whereas the
eywords:
cetonitrile
itromethane
ropylene carbonate
rdinary and heavy water

corresponding positive solute H/D isotope effect changes in a consequence: NM > ACN > PC. The qualitative
interrelations between the enthalpy–isotopic effect of dissolution (solvation) of water and the electron-
accepting/donating ability of aprotic dipolar solvent (within a series considered) were found.

© 2010 Elsevier B.V. All rights reserved.

(D2O), as a whole, does not differ appreciably [13].
nthalpies of solution and solvation
olute isotope effects

. Introduction

In previous report [1], we have studied the enthalpies of
olution, �solH∞, and solvation, �solvH◦, for ordinary (H2O) and
eavy (D2O) water in acetone (AC), tetrahydrofuran (THF) and 1,4-
ioxane (DO) being the predominantly electron-donating solvating
edia with low dielectric constants, as a whole. It have been shown

hat, in spite of appreciable differences in the structural proper-
ies of these solvents, there are obvious interrelations between the
sotope effects (IEs) �sol(v)H∞ (H2O → D2O) for water in AC, THF
nd DO and the Gutmann’s donor (DN) and acceptor (AN) numbers
or the pure aprotic dipolar media studied. Also, it is worth notic-
ng that D2O–H2O solute IEs on the enthalpy of water solvation
re generally equal to the IE on the energy of water–water hydro-
en bond, which amounts to −(1.0 ± 0.1) kJ mol−1 at 298.15 K [2–4].
his circumstance indicates the molecules of water isotopologues
re really capable of forming the rather strong hydrogen (H- or D-)

onds in the media considered.

In continuation of our thermochemical studies on the solvation
eculiarities of water H/D isotopologues in aprotic dipolar sol-
ents, we report in this paper the values of �solH∞ and �solvH◦

∗ Corresponding author. Tel.: +7 4932 351859/339983; fax: +7 4932 336237.
E-mail addresses: evi@isc-ras.ru, evi ihrras@mail.ru (E.V. Ivanov).

040-6031/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2010.09.013
for H2O and D2O in nitromethane (NM), acetonitrile (ACN) and
propylene carbonate (PC) at 298.15 K, with a view to gaining infor-
mation on the energy-related changes in the structural packing of
a solvent under the influence of a solute and interactions between
the latter and the former. Like solvents used in the first report
[1], the specified aprotic dipolar solvating media were chosen
primarily for a reason of comparability of their donor-accepting
properties. It is known that NM, ACN and PC, being the solvents
with noticeably differing structure-packing properties, are pre-
dominantly electron-accepting media having rather high dielectric
constants (ε) and molecular dipole moments (�) [4–6].1 Herewith
NM and ACN, forming the “close-to-ideal” (isodielectric) solvent
mixtures [10,11], are closely spaced as to parameters of intermolec-
ular interaction with a solute H2O or D2O, too [12]. As regards PC, its
interactions with water seem to be not much different from those
in pure water since the “interaction parameters” of PC and H2O
As it has been emphasized previously [1,4], the H2O–D2O solute
isotope substitution is a fine tool for analyzing structure-packing
alterations (including effects of hydrogen-bonding) induced by

1 Also, it should be noted that the solubility of NM in water isotopologues does not
exceed (in mole fractions, x2) ∼ 0.063 for H2O and ∼0.056 for D2O at 298.15 K [1,7]).
The miscibility gap for (PC + H2O) was found to extend from x2 = 0.318 to 0.960 at
the same temperature [8,9].
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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 purity a Water contentb � nD

Expt. Literature Expt. Literature

NM Aldrich ≥99.0 ≤0.005 1.13118 1.13117c, 1.13124d 1.3795 1.3796d

ACN Fluka ≥99.9 ≤0.003 0.77650 0.77645e, 0.776552f 1.3414 1.3416g

PC Merk ≥99.0 ≤0.003 1.19941 1.19942h, 1.19957i 1.4197 1.4195i

a In wt.%.
b After purification.
c Ref. [14].
d Ref. [15].
e Ref. [16].
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he presence of dissolved water molecules. The points is that the
eplacement of H2O by D2O is dictated by changing both the vibra-
ional/translational motions and donor-accepting ability of water

olecules that brings about the formation of deuterium bonds
eing stronger compared with the similar protium bonds [2,3].
herefore, substituting H2O with D2O in the cases considered here,
t is important to use the solutes of the same (high) quality and to
arry out the calorimetric measurements under the same condi-
ions.

. Experimental

Water was prepared as described previously [1]. Heavy water
Izotop Co., St. Petersburg; conductivity: 1.0 × 10−6 S cm−1) with
atural 18O-content and deuterium content being (99.95 ± 0.02)
t.% D was used as such. Characterization data for the solvents
re listed in Table 1. NM and ACN were initially treated with
.3-nm molecular sieves for several days and then fractionally dis-
illed in the presence of P2O5 under atmospheric pressure [21].
C (4-methyl-1,3-dioxolan-2-one) was dried at first over molec-
lar sieves (0.4-nm) for several days, too, and then fractionally
istilled at reduced pressure (∼2 mm Hg), according to procedure
22]. The middle fraction (of about 70%) of each solvent sample was
ept over molecular sieves (0.3/0.4-nm) and distilled immediately
efore use, discarding the first and last fractions. The water content
f these liquids (see Table 1) was determined with a Karl Fischer
itration. The purity of each solvent was checked by measuring the
ensity (�) and refractive index (nD) at 298.15 K, using the proce-
ure detailed in the paper [1]. Table 1 shows that our results are

n rather good agreement with values obtained from other sources.
ll the solvents were stored in dark glass bottles under air-tight
onditions.

The experimental enthalpies of solution of water isotopologues,
solHm (m is the solution molality), in the aprotic dipolar media

tudied were measured at (298.15 ± 0.005) K using an automated
soperibol (ampoule-type) calorimeter fitted with a 60 cm3 reaction
itanium vessel and electrical calibration (before each experiment).
he calorimeter setup and experimental procedure were described
n detail earlier [23].

. Results

The measurements showed that �solHm in the high dilution
egion do not depends (within the experimental error) on m rang-

ng up to 0.18 mol of H2O (D2O) per 1 kg of the solvent. Therefore,
he molar enthalpy of water dissolution at the infinite dilution,

solH∞, has been calculated as the average value |�solHm|av over
ve concentration-dependent measurements, according to the
rocedure [24]. The experimental data on �solH∞ for H2O and
D2O in the solvents in question are listed in Table 2 together
with the results reported by others. Also, the table contains
the �solvH◦(=�solH∞ − �vapH◦) values with the corresponding IEs
(here, �vapH◦ is the standard molar enthalpy of vaporization of
ordinary or heavy water).

As can be seen from data of Table 2, the literature values of
�solH∞ are in fairly good agreement with our own, excepting those
reported by Trampe and Eckert [26], and authors [25] for H2O in NM
as well. In the latter case, the enthalpic effect of solution of water
differs from ours by almost 3 kJ mol−1 (!). We believe that such an
appreciable distinction in �solH∞ may be due to both differences
in the quality of a solvent sample (procedures of its preparing and
testing are of prime importance) and in the experimental details. In
addition, as it was mentioned in Section 1, it is important to carry
out the calorimetric measurements under the same conditions for
all the systems under investigated.

In Table 3, the dielectric, donor–acceptor and some other inter-
action characteristics of the pure solvents are collected.

4. Discussion

As it follows from the data of Table 2, the endothermic effects
of dissolution of water H/D isotopologues are arranged (in magni-
tude) in ascending order for the solvents studied as ACN ≤ PC < NM;
the negative by sign �solvH◦ values undergo the directly opposite
changes, pointing to weakening the solvation of a water (H2O or
D2O) molecule in the specified series of aprotic dipolar solvents,
on the whole. Herewith, if �sol(v)H∞ (H2O) for ACN and PC dif-
fer from each other by (0.33 ± 0.08) kJ mol−1, going to D2O, these
enthalpy characteristics for both solvents in question become com-
parable within the experimental error. Noteworthy is also that the
discussed �solH∞ quantities (Table 2) are markedly higher than
those determined previously [1] for water H/D isotopologues in
THF, AC and DO that are the predominantly electron-donating sol-
vents with low ε. When examined �solH∞ or �solvH◦ (Table 2)
in terms of variation of the “interaction parameters” presented
in Table 3, no definite correlations can be found (perhaps, except
for the dependences of �solH∞ from the Ohtaki’s structuredness
parameter Sp [31] depicted in Fig. 1 and donor–acceptor numbers
as well) although it is evident that the individuality of the struc-
ture (details of a molecule) of both solvents and dissolved water
H/D isotopologues is generally reflected in the order of changing
the enthalpy effects considered. In the previous case [1], the similar
situation took place, too.
Meanwhile, considering the data of Tables 2 and 3 jointly, one
may do the conclusion that there are qualitative interrelations
between IEs on �sol(v)H∞ and donor/acceptor numbers for the pure
solvating media studied. Namely, the ı�solH∞ (H2O → D2O) value
increases with both decreasing DN and increasing AN in a con-
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Table 2
Standard molar enthalpies of solution, �solH∞/(kJ mol−1), and solvation, �solvH◦/(kJ mol−1)a, of ordinary and heavy water in nitromethane (NM), acetonitrile (ACN) and
propylene carbonate (PC) at 298.15 K.

Solvent Solute H2O Solute D2O Isotope effect (D2O–H2O)

Molalities (m)b �solH∞ −�solvH◦ Molalities (m)b �solH∞ −�solvH◦ ı�solH∞ −ı�solvH◦∞

NM 0.112 − 0.183

12.82 ± 0.02 31.19 ± 0.02

0.149 − 0.170

13.85 ± 0.03 31.54 ± 0.03 1.03 ± 0.04 0.35 ± 0.04
10.04 ± 0.10c 33.97 ± 0.10c

14.00 ± 0.30d 30.01 ± 0.30d

12.63 ± 0.03e 31.38 ± 0.03e 13.47 ± 0.04e 31.92 ± 0.04e 0.84 ± 0.05e 0.54 ± 0.05e

ACN 0.116 − 0.131

7.92 ± 0.05 36.09 ± 0.05

0.146 − 0.165

8.63 ± 0.06 36.76 ± 0.06 0.71 ± 0.08 0.67 ± 0.08
7.91 ± 0.10c 36.10 ± 0.10c

7.44 ± 0.17d 36.57 ± 0.17d

7.80 ± 0.02f* 36.21 ± 0.02f 8.58 ± 0.03f* 36.81 ± 0.03f 0.78 ± 0.04f 0.60 ± 0.04f

8.26 ± 0.01g* 35.75 ± 0.01g

7.91 ± 0.05h 36.10 ± 0.05h

PC 0.072 − 0.110 8.25 ± 0.06 35.76 ± 0.06 0.143 − 0.178 8.60 ± 0.05 36.79 ± 0.05 0.35 ± 0.08 1.03 ± 0.08
8.19 ± 0.05h 35.82 ± 0.05h

8.08 ± 0.08i* 35.93 ± 0.08i

a The values of �vapH◦ (298.15 K) are presented below, in Table 3.
b Units: mole of water (H2O or D2O) per 1 kg of solvent.
c Ref. [25] (hereinafter, the asterisk labels the value calculated with using the experimental enthalpies of mixing).
d Ref. [26].
e Ref. [27].
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equence PC, ACN, and NM, and vice versa, when the question is
ow the ı�solvH◦ (H2O → D2O) changes in magnitude. This seems
o indicate a dominating effect of donor–acceptor interactions,
ncluding hydrogen-bonding, on the process of water solvation
n the media studied. Also, the observed sequence of changes in
Es (Table 2) seems to suggest that the intermolecular interac-
ions under discussion are the weakest in water – NM “solvate
omplexes” and the strongest in water – PC those because the
eplacement of H2O by D2O in the given cases is dictated by changes
n the hydrogen-bonding between the interacting like or unlike

olecules [1–4,12,28]. Herewith in the latter case (where water as a
olute in PC), the ı�solvH◦ quantity is about −1 kJ mol−1 that is close
o the difference in the strength of the hydrogen bonds between
2O and H2O in the pure state [2,3,34]. This fact is fairly surpris-

ng because the same inference was made earlier [1] in respect of
ffects of water solvation in DO and AC being the aprotic dipolar

olvents with other donor–acceptor nature (see in Section 1 also).

It was mentioned previously [1] that a positive sign at �solH∞

uggests that the water–solvent interaction is weaker than the
nteraction between H2O or D2O molecules in the own aque-

able 3
ielectric constants (ε), dipole moments (�), enthalpies of vaporization (�vapH◦), Gutman

Sp) of water H/D isotopologues and aprotic dipolar solvents under study at 298.15 K.

Property H2O D2O

ε 78.3c, 78.4d,e 78.2c

1030� (C m) 6.12e, 6.14g 6.21g

�vapH◦ (kJ mol−1) 44.01c, 44.0e 45.39c

DNa 18.0h ≤18.0g

AN 54.8h ≥54.8g

Sp
b 19.3 20.7

a The units of the Gutmann’s donor number (DNSbCl5 ), according to the original definit
id not convert these units in SI.
b Dimensionless parameter identical with the intermolecular interaction energy (S
vapH◦ − (DA + VDW) where DA and VDW are energies of the donor–acceptor and some ot
c Ref. [2].
d Ref. [5].
e Ref. [6].
f Ref. [32].
g Ref. [4].
h Ref. [33].
ous medium. Indeed, taking into account that �vapH◦ = −�condH◦

(where �condH◦ is the standard enthalpy of solute condensation),
the sign and magnitude of �solH∞ are determined by the difference
between solute–solvent and solute–solute interactions, because
the solvation of a solute can be identified with the condensation
of 1 mol of its gaseous molecules in an infinitely large amount of
a solvent [1,35]. Hence the main contributions in (ı)�solH∞ are
two enthalpic effects connected with the energy expenditure at
creating the solvation cavity in a solvent (a positive contribution)
and the heat evolution at associating the ordinary or heavy water
with a surrounding solvent generally through hydrogen-bonding
and non-specific interactions (a negative contribution).

Seen in this context, the comparability of results for PC and ACN
(Table 2) points to a certain similarity in the character of interaction
between molecules of water and surrounding solvent. According
to results [13,36], the volumes and isentropic compressibilities of

pure water and water dissolved in both PC and ACN do not differ
appreciably, whereas the ε, Sp and �vapH◦ values of the latter sol-
vent are substantially different from those of water and PC (Table 3).
Taking it into account, along with the observed parity between

n’s donor (DN) and acceptor (AN) numbers and Ohtaki’s structuredness parameter

NM ACN PC

36.7d, 35.87e 36.0d, 35.94f 65.0d, 64.92f

11.9e, 11.88e 11.5e, 11.78f 16.6e, 16.48f

38.3e 33.2e 42.8e

2.7h 14.1h 15.1h

20.5h 18.9h 18.3h

24.0 12.2 12.4

ion being the agreed-upon one now, are in kcal mol−1. Hence, for convenience, we

TR/kJ mol−1) due to the “three-dimensional molecular ordering” in the liquid:
her (of Van der Waals type) interaction energies [31].
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he enthalpy-isotope effects of water solvation in PC (see Table 2)
nd hydrogen-bonding in the pure water, one can agree with the
ssumption [13] about a similarity of water–water and PC–water
nteractions, in terms of “the extent of hydrogen-bond complexing”
or “strong dipole–dipole correlations”).

As seen in Table 2, the H(D)-bonding interaction in the infinitely
ilute solutions of water H/D isotopologues in ACN and NM is
ossible too, corroborating the data of spectroscopic [25,37,38]
nd thermodynamic [12,28,39] studies. But, it appears to be the
ess pronounced, in comparison with solutions of H2O (D2O)
n PC, due to differences in the proton-accepting and dielectric
roperties of aprotic dipolar media in question. Ideally, in the
ACN + water) and (NM + water) systems being isodielectric those
see above), solute–solvent interactions should be of similar nature
nd extent; however, such interactions as well as a water solva-
ion on the whole are comparatively stronger in ACN (see Table 2
nd [12,25,36] as well) because its DN is the substantially higher
hereas the value of Sp parameter is half as large. In accord with

esults [25], the energy difference between H-bonding interactions
f water with ACN and NM amounts to ca. 1 kJ mol−1 in magnitude.

Perhaps the most interesting here is the (NM + water) system,
hose the data on enthalpy-isotope effects (Table 2), along with

b initio calculations [38] and IR-spectra [40], indicate that the
olute isotopologues are weakly hydrogen-bonded with this sol-
ent. Steric effects can account for the weakening solvation of
ater in NM because of the structure nature of the molecule con-

aining two nitro-oxygen atoms. In opinion of Bonner and Choi
40], if one does not wish to believe that hydrogen bonding in a
water–oxygenated solvent” complex can be so weak, there is a

ossible alternative explanation. It is possible that the attraction
etween water and NM is purely dipolar in nature and that because
f the similar geometry of the H–O–H and O–N–O bonds (with pro-
ons being positive in water and nitrogen being positive in CH3NO2)
he water molecule assumes a position so that three oppositely

[
[

[
[
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charged atoms of each of the molecules are adjacent to one another
in the form of two superimposed V’s. H-bonding in the usual sense
is thus problematic. This is a question worth answering in future.

Thus, proceeding from the results of the present calorimetric
study, one can presume that the hydrogen-bonding between water
H/D isotopologues and aprotic dipolar solvents under investiga-
tion are strengthen in a series NM < ACN < PC, on the background
of solute–solvent interactions in total. Interestingly, the same
conclusions was made earlier by authors [41] on the basis of
calorimetrically obtained data on the intermolecular interactions
(donor-accepting and hydrogen-bonding) between the solvents
studied and methanol. However, to understand this similarity
in the interaction behavior clearly, further detailed studies are
needed.

References

[1] E.V. Ivanov, V.I. Smirnov, Thermochim. Acta (2010) (doi:1010.16/j.tca.
2010.07.017).

[2] I.B. Rabinovich, Influence of Isotopy on the Physicochemical Properties of Liq-
uids, Consultants Bureau, New York, 1970.

[3] G. Jancsó, in: A. Vértes, S. Nagy, Z. Klencsár (Eds.), Handbook of Nuclear Chem-
istry, vol. 2, Kluwer Academic Publishers, Norwell, 2003, pp. 85–116.

[4] V.K. Abrosimov, E.V. Ivanov, in: A.M. Kutepov (Ed.), Water: Structure, State, and
Solvation, Recent Advances, Nauka, Moscow, 2003, pp. 277–346 (in Russian).

[5] R. Schmid, J. Solut. Chem. 12 (1983) 135–152.
[6] Y. Marcus, Ion Solvation, Wiley, New York, 1985, pp. 133–138.
[7] V.P. Sazonov, K.N. Marsh, G.T. Hefter, J. Phys. Chem. Ref. Data 29 (2000)

1165–1355 (IUPAC-NIST Solubility Data Series).
[8] S.Y. Lam, R.L. Benoit, Can. J. Chem. 52 (1974) 718–722.
[9] L. Dei, S. Grassi, J. Phys. Chem. B 110 (2006) 12191–12197.
10] E.I. Brown, F. Smith, Austr. J. Chem. 15 (1962) 9–12.
11] A. D’Aprano, A. Capalbi, M. Iammarino, V. Mauro, A. Princi, B. Sesta, J. Solut.

Chem. 24 (1995) 227–240.
12] E.V. Ivanov, J. Chem. Thermodyn. 42 (2010) 1458–1464.
13] S.K. Kushare, D.H. Dagade, K.J. Patil, J. Chem. Thermodyn. 40 (2008) 78–83.
14] K. Nakanishi, H. Shirai, Bull. Chem. Soc. Jpn. 43 (1970) 1634–1642.
15] J.F. Goetzee, T.-H. Chang, Pure Appl. Chem. 58 (1986) 1541–1545.
16] A.J. Easteal, L.A. Woolf, J. Chem. Thermodyn. 20 (1988) 693–696.
17] M. Sakurai, J. Chem. Eng. Data 37 (1992) 358–362.
18] G. Moumouzias, D. Ponopoulos, G. Ritzoulis, J. Chem. Eng. Data 36 (1991) 20–23.
19] M.R.J. Dack, Austr. J. Chem. 28 (1975) 1643–1648.
20] R. Francesconi, F. Comelli, J. Chem. Eng. Data 41 (1996) 1397–1400.
21] J.A. Riddick, W.B. Bunger, T.K. Sakano, Organic Solvents Physical Properties and

Method of Purification, 4th ed., Wiley-Interscience, New York, 1986.
22] J. Barthel, H.J. Gores, G. Schmeer, Ber. Bunsen-Ges. Phys. Chem. 83 (1979)

911–920.
23] E.V. Ivanov, V.K. Abrosimov, V.I. Smirnov, J. Chem. Thermodyn. 39 (2007)

1614–1619.
24] E.V. Ivanov, V.K. Abrosimov, V.I. Smirnov, Thermochim. Acta 463 (2007) 27–31.
25] J.R. Holmes, D. Kivelson, W.C. Drinkard, J. Am. Chem. Soc. 84 (1962) 4677–4686.
26] D.M. Trampe, C.A. Eckert, J. Chem. Eng. Data 36 (1991) 112–118.
27] D.V. Batov, Russ. J. Gen. Chem. 68 (1998) 190–199.
28] M. Nakamura, K. Tamura, S. Murakami, Thermochim. Acta 253 (1995) 127–136.
29] R.H. Stokes, J. Chem. Thermodyn. 19 (1987) 977–983.
30] V.P. Korolev, D.V. Batov, G.A. Krestov, Zh. Obshch. Khim. 61 (1991) 1921–1927

(in Russian).
31] H. Ohtaki, J. Solut. Chem. 21 (1992) 39–47.
32] H. Othtaki, S.-i. Ishiguro, in: G. Mamantov, A.I. Popov (Eds.), Chemistry of Non-

aqueous Solutions: Current Progress, VCH Publ., New York, 1994, pp. 179–226.
33] V. Gutmann, The Donor–Acceptor Approach to Molecular Interactions, Plenum

Press, New York, 1978.
34] A. Ben-Naim, Solvation Thermodynamics, Pergamon Press, New York, 1987.
35] E.V. Ivanov, Russ. J. Phys. Chem. 78 (2004) 1225–1229.
36] S.K. Kushare, R.R. Kolhapurkar, D.H. Dagade, K.J. Patil, J. Chem. Eng. Data 51

(2006) 1617–1623.
38] S. Hayaki, H. Sato, S. Sakaki, J. Mol. Liq. 147 (2009) 9–12.
39] E.V. Ivanov, V.K. Abrosimov, E.Yu. Lebedeva, Russ. Chem. Bull. Int. Ed. 52 (2003)

1326–1332.
40] O.D. Bonner, Y.S. Choi, J. Phys. Chem. 78 (1974) 1723–1727.
41] H. Piekarski, A. Pietrzak, D. Waliszewski, J. Mol. Liq. 121 (2005) 41–45.


	Water as a solute in aprotic dipolar solvents. 2. D2O–H2O solute isotope effects on the enthalpy of water dissolution in n...
	Introduction
	Experimental
	Results
	Discussion
	References


