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a b s t r a c t

Density measurements were carried out on dilute solutions of 1,3-dimethylpropyleneurea (DMPU) in
normal (H2O) and heavy (D2O) water in the aquamolality range from 0.04 to 1.0 at 278.15, 288.15,
298.15, 308.15, 313.15 and 318.15 K. The excess partial molar volumes of DMPU (V̄E,∞) and volume sec-
ond virial coefficients (vxx), calculated from the densities of the H/D isotopically distinguishable solutions,
are negative, which indicate that the solute has a predominantly structure-making effect on aqueous sur-

¯ E,∞

eywords:
,3-Dimethylpropyleneurea
ensity
artial and excess volumes
olvent isotope effects

roundings. With decreasing temperature and on going from H2O to D2O, values of V and vxx become
more negative, suggesting that the hydration sphere around a DMPU molecule is more structured in the
specified cases. Comparing the obtained results with earlier those for the analogues of DMPU such as
acyclic 1,1,3,3-tetramethylurea (TMU) and cyclic 1,3-dimethylpropyleneurea (DMEU) corroborates the
previously made conclusion that the DMPU molecule, being a stronger hydrated, has a more pronounced

n wa
eavy water
inary mixtures

ntermolecular interactions

structure-making effect o

. Introduction

1,3-Dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone
nown as an acronym DMPU (1,3-dimethylpropyleneurea)
epresents, similar to 1,3-dimethyl-2-imidazolidinone or
MEU (1,3-dimethylethyleneneurea), a cyclic derivative of
,1,3,3-tetramethylurea (TMU). In the DMPU molecule, two N,N′-
rans-sited (relative to >C O) methyl groups are replaced by a
ropylene group between nitrogen atoms (see Fig. 1). Herewith,
nlike the planar (within a ring) DMEU molecule [1], the middle
arbon atom of the DMPU one lies out the plane [2]. Liquid
MPU, being an ideally replacing solvent for the carcinogenic
examethylphosphoric triamide [3,4], has larger polarity with
molecular dipole moment � (in C m) of ca. 14.11 × 10−30 at

98.15 K [5] as compared to � ≈ 13.64 × 10−30 for DMEU [5]

nd � ≈ 11.57 × 10−30 for TMU [6,7]. At the same time the static
ielectric constant ε of DMPU, being almost half as much again ε
or TMU (36.12 [5] and 23.06 [6], respectively), is lesser than that
f DMEU (ε ≈ 37.60 [5]).1

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

1 The oxygen donor strength Ds and the Gutmann’s electron donor number DN for
MPU are estimated to be ca. 34 [8] and 42.8 [3], respectively (for TMU: DN ≈ 29.6

6]). Unfortunately, such data for DMEU are absent.

040-6031/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2010.11.002
ter (H2O or D2O) than the TMU or DMEU molecule.
© 2010 Elsevier B.V. All rights reserved.

Such differences in the molecular and physical properties of the
media compared must manifest oneself in the ability of DMPU,
DMEU and TMU molecules to be built differently into the initial
structure of water. Since TMU and DMEU are the predominantly
hydrophobic-hydrating or structure-making solutes and configura-
tion effects play a perceptible role during their hydration [9–17], we
would expect a similar behavior for DMPU dissolved in water, too,
although both “nonpolar” (cyclic and acyclic) and carbonyl groups
of the molecules under comparison interact in a fairly different
ways with the surrounding water molecules.

In view of this, we have focused here our attention on vol-
ume or packing changes induced by the pairwise interaction of
solute DMPU molecules in the aqueous medium. As was shown
earlier [11,15,16,18–20], if such changes are examined in H2O
and D2O simultaneously, the solvent H/D isotope effects in the
corresponding thermodynamic (volumetric) properties give indis-
pensable information for a better understanding of the matter in
question. Noteworthy is also that the partial molar volumes of the
solute at infinite dilution V̄∞ and the molal volume second virial
coefficients vxx for DMPU–DMPU interactions can be obtained using
the excess molar volumes VE of dilute aqueous (H2O or D2O) solu-

tions [11,16,19–21].

At present, we are aware only two studies describing the results
of determination of V̄∞ with using the concentration-dependent
values of VE for solutions of DMPU in heavy [20] and normal
[22] water at some temperatures. However, it should be taken

dx.doi.org/10.1016/j.tca.2010.11.002
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:evi@isc-ras.ru
dx.doi.org/10.1016/j.tca.2010.11.002
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ig. 1. Molecular structure of 1,1,3,3-tetramethylurea (TMU), 1,3-
imethylethyleneurea (DMEU) and 1,3-dimethylpropyleneurea (DMPU).

nto account that the substitution of H2O by D2O in an aqueous
on-electrolyte solution results in a rather small change in VE

15,16,19,23–28]. Therefore, it is important to use a solute of the
ame quality and high purity in the preparation of H/D isotopi-
ally distinguishable aqueous solutions, and to carry out the density
easurements under the same conditions.
Thus, the principal objective of this work is to obtain new

nformation on the packing changes in H/D isotopically distinguish-
ble aqueous solutions of DMPU at 278.15, 288.15, 298.15, 308.15,
13.15, and 318.15 K and at p ∼ 0.1 MPa. In the present paper we
eport also detailed results on the D2O–H2O solvent isotope effects
hereinafter, IEs) on both V̄∞ and vxx evaluated with using the virial
xpansion of VE, discussing them in comparison with like effects
btained previously [15,16] for solutions of TMU and DMEU in H2O
nd D2O.

. Experimental

DMPU (C6H12N2O: CAS [7226-23-5]) was purchased from Fluka
ith purity better than 99.0% as checked by GLC and water (H2O)

ontent less than 0.03 wt.%. The solute specimen was addition-
lly purified using a thermally activated 0.3-nm molecular sieves
under N2-gas atmosphere) for two days with following vacuum
istillation at ca. 340 K and p ∼ 2 mmHg [29]. The distillate had
he refraction index being 1.4877 at 298.15 K (the data reported
n literature are 1.4874 [3], 1.4881 [5] and 1.4873 [22]). GLC-
nalysis showed that final purity of DMPU was ≥99.9%; the residual
ater content, determined with a Karl Fischer titration, was ca.

.005 wt.%. Before and after measurements, the DMPU sample was
tored in a light-proof vacuum dessicator over P2O5. Water of
atural isotope composition was twice distilled to reach the elec-
ric conductivity � ≈ 1.3 × 10−6 S cm−1. Heavy water (Izotop Co., St.
etersburg; � ≈ 1.0 × 10−6 S cm−1) with natural water 18O-content
nd deuterium content being 99.95 ± 0.02 at.% D was used as such;
he H2O content of heavy water was taken into account in the
alculation of the molar mass of D2O.

The isotopically distinguishable aqueous solutions of DMPU
ere prepared under air-free conditions by weighing with a pre-

ision of 0.1 mg. Their compositions were expressed in the form of
quamolality caqm ranging from ca. 0.04 to ca. 1.0 which correspond
o DMPU final mole fractions x2 up to ca. 1.8 × 10−2 (caqm is defined
y the number of moles of the solute per 55.51 moles of H2O or
2O). The use of aquamolality scale is necessary in order to allow

he proper comparison of the volumetric characteristics at finite
oncentrations in the presence of equal numbers of H2O and D2O
olecules [15,19]. The error in the caqm value was estimated to be

−5 −1
ess than 2 × 10 mol (55.51 Mw) where Mw is the molar mass
f normal or heavy water.

Densities of solutions �s were measured (at the above-
numerated six temperatures) using an Anton Paar DMA 4500
ibrating-tube hermetically sealed densimeter. The temperature of
a Acta 513 (2011) 26–32 27

the measuring cell was kept constant to ±0.005 K at the desired
temperature. The densimeter was calibrated with dry air and
freshly prepared normal water assumed to be those of the IAPWS
Formulation 1995 [30] just prior to each series of �s measurements,
which were made at least thrice for each solution. The reproducibil-
ity in �s was better than ±(1 × 10−5) g cm−3 and the uncertainty in
each of such values did not exceed ±(1.5 × 10−5) g cm−3.

3. Results

Experimental density � and cubic expansion coefficient ˛p val-
ues of pure DMPU at each of the temperatures employed are given
in Table 1 together with those found in the literature. As follows
from the table, our �(T) and ˛p(T) values, being systematically lower
for � and higher for ˛p (excepting T = 318.15 K) than those obtained
by Lemos and Maestre [22], are in sufficiently good agreement
with results reported by authors [3,5,20,31,32] in the temperature
range below 298.15 K. Noteworthy is also the fact of comparability
between results obtained by Székely and Jancsó [20] and ours at all
temperatures given in the table.

As regards the literature data on density of pure D2O, we
have found the following results related to completely deuter-
ated (i.e., with 100 at.% D) heavy water, in g cm−3: 1.10582 [27],
1.10562 [33], 1.10565 [35], 1.10565 [36] at T = 278.15 K; 1.10595
[27], 1.10587 [33], 1.10586 [34], 1.10587 [35], 1.10591 [36] at
T = 288.15 K; 1.10451 [27], 1.10445 [33], 1.10445 [34], 1.10449 [35],
1.10450 [36] at T = 298.15 K; 1.10174 [27], 1.10173 [33], 1.10172
[34], 1.10175 [35], 1.10179 [36] at T = 308.15 K; 1.09996 [33], 1.
09999 [35] at T = 313.15 K; 1.09781 [27], 1.09794 [33], 1.09794 [34],
1.09799 [35], 1.09797 [36] at T = 318.15 K.

Densities for binary solutions of DMPU in H2O and D2O are sum-
marized in Tables A.1 and A.2 (see in Appendix A), together with the
smoothed V� values calculated using the third-power polynomial
expansion

�s = b0 + b1caqm + b2c2
aqm + b3c3

aqm (1)

and the formula expressing the volume of a binary solution Vs in
the aquamolality scale [34]

Vs(caqm) = 55.51Mw + Mcaqm

�s
= V

◦
w

(
≡ 55.51Mw

�w

)
+ V�caqm (2)

where M and �w are the molar mass of the solute (DMPU) and the
density the solvent (normal or heavy water), respectively. The bj
coefficients of Eq. (1) are given in Table 2.

In Table A.3 (see in Appendix A), the comparison of data on
�s(x2) from existing sources with ours at the same solute contents
is presented. We are inclined to believe that some scattering in the
quantities compared may be explained by differences in the qual-
ity of the solution components, and in details of the experimental
procedure as well.

According to inferences [19,21], the excess volume of the solu-
tion per 55.51 mol of water isotopologue VE

s (caqm) is given by the
expression

VE
s (caqm) = Vs(caqm) − V ◦

w − V̄∞caqm (3)

On the other hand, at rather low concentrations the excess vol-
ume defined in Eq. (3) can be expressed as a virial expansion in the
solute aquamolality [21,37]

VE
s (caqm) = vxxcaqm + vxxxc2

aqm + · · · (4)
Here, according to the McMillan–Mayer theory of solutions [38],
the coefficients vxx and vxxx being known also as the molal volumet-
ric second- and third-virial coefficients, represent the contribution
of pair- and triplet-solute aggregates to the excess volume, respec-
tively [19,20].
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Table 1
Densities � and cubic expansion coefficients ˛p for the pure DMPU at temperatures from 278.15 to 318.15 K.

T (K) � (g cm−3) 104 ˛p (K−1)a

This work Literature This work Literature

278.15 1.07618 1.074705b 0.777 ± 0.005 0.71 ± 0.02b

288.15 1.06781 1.066833b, 1.06785c 0.783 ± 0.005 0.74 ± 0.02b, 0.79 ± 0.05c

298.15 1.05946 1.059220b, 1.05939c, 1.0600d,
1.0596e, 1.05930f, 1.05953g

0.788 ± 0.005 0.76 ± 0.02b, 0.79 ± 0.05c,
0.79 ± 0.02f

308.15 1.05112 1.050707b, 1.0512e, 1.05094f 0.793 ± 0.005 0.79 ± 0.02b, 0.79 ± 0.02f

313.15 1.04695 1.04697c, 1.04676f 0.796 ± 0.005 0.79 ± 0.05c, 0.80 ± 0.02f

318.15 1.04278 1.042529b, 1.0428e, 1.04259f 0.798 ± 0.005 0.81 ± 0.02b, 0.80 ± 0.02f

a Calculated by differentiating the equation ln � = a0 + a1(T − T ′) + a2(T − T ′)2 relative to (T − T′) where T′ is the average-weighted temperature.
b Ref. [22].
c Ref. [20].
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From Eqs. (3) and (4) one obtains

s(caqm) − V
◦
w = V̄∞caqm + vxxc2

aqm + vxxxc3
aqm + · · · (5)

By fitting the function Vs(caqm) − V
◦
w against caqm using the

ethod of least-squares, the V̄∞ and vxx values have been com-
uted and collected in Table 3. The given approach was successfully
pplied earlier to H/D isotopically distinguishable aqueous solu-
ions of DMEU, TMU (see Table 4) and 3-methylpyridine [19] as
ell as separately to solutions of polyols [21], alcohols and diols

39] in H2O and solutions of DMPU [20] in D2O. In the latter case,
he data (obtained at three temperatures only) are found to be sys-
ematically lower than ours (Table 3), namely, by ∼0.4 cm3 mol−1

or V̄∞ and by a third of total for vxx, on the average. Herewith,
ased on the F-test [40], statistical analysis showed that the con-
ribution of triplet-solute aggregates (term vxxx) to VE

s (caqm) in the
ase of aqueous DMPU should be taken into account, too, when the
xperimental data are described adequately by Eq. (5) (see Table 3).

. Discussion

The V̄∞ values in Table 4 reflect the solute–solvent interactions
11,19]; therefore, it can be expected to provide information on the
tructure-making or structure-breaking effects of DMPU on water.
owever, since the intrinsic volume of the non-hydrated solute
olecule is not known, it is not possible to obtain direct infor-
ation on the nature of such interactions. Here it is instructive

o compare the volume change undergone by both the water and
MPU molecules in the liquid phase due to the hydration process
f DMPU in H2O with that in D2O.

It can be seen from data of Table 4 that the V̄∞(in D2O) −
¯ ∞(in H2O) difference has the negative sign and amounts to

(0.63 ± 0.05) cm3 mol−1 at T = 278.15 K, whereas the molar vol-
me Vw for pure D2O is 0.098 cm3 mol−1 larger than Vw(H2O) at the
ame temperature [33]. This means that DMPU appears to occupy
larger volume in normal water than in heavy one, notwithstand-

ng that the intrinsic volume of the non-hydrated solute is the
ame in both cases. Hence the effect of a DMPU molecule on the
nitial structure of aqueous surroundings is more pronounced in

2O than in H2O, in harmony with the generally accepted view
hat at a given temperature the effect of both structure-making
nd structure-breaking solutes on heavy water is slightly greater
han the corresponding effect on normal water [25,41,42]. At the

ame time, although V̄∞ increases with rising temperature in both
H2O + DMPU) and (D2O + DMPU) solutions, the IE on this quan-
ity decreases sharply in magnitude as the temperature increases,
rossing a “hypothetical zero” at T = (324 ± 1) K (according to the
inear approximation).
A similar temperature-dependent behavior of ıV̄∞ (D2O–H2O)
was observed earlier for DMEU [15], TMU [16,18] and some
other predominantly hydrophobic-hydrated solutes such as
N,N-dimethylformamide [26], N,N-dimethylacetamide [27], and n-
tetraalkylammonium (Et4N+–Pen4N+) salts as well [43]. It should
be noted also that the specified volume-isotope changes in
infinitely dilute aqueous solutions of TMU and its cyclic derivatives
are directly connected with the corresponding enthalpy-isotope
those ı�solH∞ (D2O–H2O) [13–17] due to the structure-depend
nature of both thermodynamic (packing- and energy-related)
dissolution or hydration characteristics [44,45]. Unfortunately,
published data on �solH∞ for DMPU in D2O, which could con-
firm or reject the given assumption, are still lacking. However, as
it was shown recently by Korolev and co-authors [29], the neg-
ative and large (in magnitude) �solH∞ values accompanied by
a positive (∂�solH

∞/∂T)p slope for DMPU in H2O are indicative
(by analogy with aqueous DMEU and TMU [13,17]) of a predom-
inantly hydrophobic hydration of the solute. Herewith, if one takes
account of the fact that the standard molar enthalpies of vapor-
ization, �vapH ◦/kJ mol−1, change in a consequence [31,46]: DMPU
(∼67.2) > DMEU (∼60.1) > TMU (∼54.3) at 298.15 K, the molecules
of DMPU are to be hydrated stronger than those of DMEU or TMU.

The following interesting item is that the V̄∞ value in both
solvents compared is smaller than the molar volume of pure liq-
uid DMPU (see Table 3). This difference (V̄∞ − V), referred to as
the excess partial molar volume of the solute V̄E,∞, increases in
magnitude when the protiated system is replaced by deuterated
one but becomes decreasingly negative when the temperature
is rising (see Fig. 2). It means that the mean molar expansibil-
ity of pure DMPU, Ep = (∂V/∂T)p = 0.0954 ± 0.0010 cm3 mol−1 K−1, is
smaller than the limiting partial molar expansibilities Ē∞

p for this
solute in H2O and D2O that have been found to be 0.1078 ± 0.0011
and 0.1215 ± 0.0002 cm3 mol−1 K−1, respectively. Perhaps the most
noteworthy in Fig. 2 is the fact that the V̄E,∞ values for DMPU are
smallest in magnitude, compared to those for DMEU and TMU, in
both H2O and D2O; herewith, as seen in the figure, the considered
quantities are differently varying with temperature. It is interest-
ing also that the values of ıV̄E,∞ (D2O–H2O) for DMPU are virtually
comparable with those for TMU and amounts to about half of the
corresponding IE for DMEU over all the temperature range studied
(see in Fig. 3).

It should be noted here that a negative sign at the V̄E,∞ value
is characteristic for systems where both H(D)-bonding and some

other (dipole–dipole and/or van der Waals) interactions between
solute and solvent molecules are involved, marking V̄∞ lower than
V [47]. Taking account of the fact that a hydrophobic hydration and
solute–solvent hydrogen bonding are the steric-dependent effects,
the revealed volume-isotope changes upon dissolution of DMPU
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Fig. 2. The temperature dependences of the excess limiting partial molar volumes
(V̄E,∞) in normal (solid symbols) and heavy (open symbols) water for DMPU (�, �),
DMEU (�, ©) and TMU (�, �). The dashed lines limit the half-width of the confidence
interval for quantities considered.

(Table 3 and Figs. 2 and 3) are directly related to both structural
peculiarities of this solute and differences in the interaction prop-
erties of H2O and D2O, including the more pronounced ability of
heavy water molecules to form hydrogen-bonded aggregates with
a solute molecule [18,48,49]. As we mentioned above (in Section
1), it manifests oneself in the ability of DMPU, DMEU and TMU
molecules to be built differently into the initial structure of each
of solvents compared. So, a free C–N rotation in C–N(CH3)2 groups
is feasible in a TMU molecule, but such a rotation is not allowed
in the DMEU and DMPU molecules because of a cyclization [50].
On the other hand, a DMEU molecule has a planar ring [1] whereas
in the case of a DMPU molecule the middle carbon atom (within a
ring) lies out of the plane [2]. This suggests that the steric incom-
patibility effects may be bigger in the case of hydration of the DMPU
and seemingly TMU molecules.

Indeed, considering the distinction between V̄∞ and the van der
Waals volume Vvdw of the solute molecules,2 we have found that
the “decyclization” of a hydrated DMEU molecule, to form TMU, and
the introduction of a CH2 group into its ring, to form DMPU, result in
the same structure-packing effect: the “excluded space” becomes
more by ca. 3.6 cm3 mol−1 in normal water and by ca. 4.1 cm3 mol−1

in heavy water than that one would expect from the comparison of
the Vvdw quantities for these solutes. A similar conclusion was made
recently by Székely and Jancsó [20] at comparing the volume effects
induced by hydration the DMEU and DMPU in the D2O medium.

As can be seen from Table 3, the sign of vxx is negative for both
(H2O + DMPU) and (D2O + DMPU) solutions; however, its absolute
values are systematically larger in the latter case. According to rela-
tionship between vxx and the overlap of hydration co-spheres of
the solute pairs discussed thoroughly by Würzburger et al. [21],
the negative sign at vxx and ıvxx(D2O–H2O) shows that the water

molecules, occupying larger volumes in the co-sphere than in the
bulk, are more structured in the former case. It corroborates the
above findings that the solute considered has a structure-making
effect on the aqueous surroundings. Herewith, comparing data of

2 Calculated using the approach [51], the Vvdw values are equal ca. 69.8, 63.3 and
72.9 cm3 mol−1 for TMU, DMEU and DMPU, respectively. Data on V̄∞ at 298.15 K was
taken from Table 3 and Refs. [15,16].
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Table 3
The molar volumes (V) of DMPU and its partial molar volumes at infinite dilution (V̄∞) in H2O and D2O as well as the volume-related second and third virial coefficients (vxx

and vxxx) for solutions compared, with their 95%-confidence interval half-widths (±
), at different temperatures (T, K).

T Va V̄∞ a vxx
b vxxx

c 	 d

H2O + DMPU
278.15 119.101 116.62 ± 0.03 −3.16 ± 0.09 0.89 ± 0.07 0.00321
288.15 120.035 117.68 ± 0.03 −2.71 ± 0.08 0.69 ± 0.06 0.00252
298.15 120.981 118.75 ± 0.03 −2.36 ± 0.07 0.54 ± 0.06 0.00228
308.15 121.941 119.83 ± 0.03 −2.17 ± 0.10 0.46 ± 0.08 0.00322
313.15 122.426 120.39 ± 0.04 −2.09 ± 0.11 0.42 ± 0.08 0.00328
318.15 122.916 120.93 ± 0.03 −1.99 ± 0.10 0.38 ± 0.08 0.00321
D2O + DMPU
278.15 119.101 115.99 ± 0.04 −3.29 ± 0.11 1.00 ± 0.08 0.00308
288.15 120.035 117.18 ± 0.03 −2.78 ± 0.08 0.83 ± 0.05 0.00249
298.15 120.981 118.39 ± 0.03 −2.42 ± 0.08 0.69 ± 0.06 0.00252
308.15 121.941 119.61 ± 0.02 −2.21 ± 0.07 0.60 ± 0.05 0.00235
313.15 122.426 120.23 ± 0.02 −2.12 ± 0.07 0.58 ± 0.05 0.00235
318.15 122.916 120.85 ± 0.03 −2.04 ± 0.09 0.54 ± 0.06 0.00292

heavy
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m
m
h
m
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t
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t
o
(
w
t
t
i
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t
e
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c
d
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b
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t
t
a

and (D2O + DMPU) solutions are rather significant, exceeding the
corresponding values for aqueous TMU [16] twice and more.
Herewith, unlike data on ıvxx(D2O–H2O), the IEs on vxxx are not
ignorable. But such a surprisingly different behaviors of vxxx is not
yet subject to a reasonable explanation.

T
T
t

a In cm3 mol−1.
b In cm3 (55.51 Mw) mol−2, where 55.51 Mw is the mass of 55.51 mol of normal or
c In cm3 (55.51 Mw)2 mol−3 (see also Footnote b).
d Standard deviation of the fit, in cm3 (55.51 Mw)−1 (see also Footnote b).

ables 3 and 4, one can conclude that the DMPU molecule has a
ore pronounced structure-making effect than TMU and DMEU
olecules in each of water isotopologues considered. On the one

and, this is not unexpected since the DMPU molecule contains one
ore CH2 group than the DMEU molecule. On the other hand, the

iven fact is arguable because the TMU molecule exhibits as a whole
he higher hydrophobicity compared to that of the DMPU molecule
20].

At the same time, as we mentioned already above, the change in
he enthalpy of solute hydration, �hydrH ◦, caused by a substitution
f DMEU or TMU for DMPU points to the pronounced strengthening
by 9–14 kJ mol−1) of the solute hydration [13,17,29], correlating
ith data on vxx (Tables 3 and 4). Since the energy spent to destroy

he “net” solute structure increases appreciably on going from TMU
o DMEU and further to DMPU, it is clear that such a difference
n �hydrH ◦ is defined not only by the solute hydrophobicity, but
lso by the nature of its association with the surrounding aqueous
edium through hydrogen-bonding, and dipole–dipole interac-

ions as well. Indeed, this solute order is in harmony with that
xpected from the magnitudes of the electron density on the car-
onyl oxygen and the dipole moment of a molecule (see in Section
).

Also, in harmony with the above observation, the results of
mall-angle neutron scattering (SANS) experiments [9,11,20] indi-
ate that the pairwise solute–solute interactions in H/D isotopically
istinguishable aqueous solutions of DMPU are less attractive than

n the similar solutions of DMEU and, especially, TMU. It seems to
e quite logical if one takes account of the fact that the effects of

ydrophobic interaction (occurring between solute molecules in
he concentration-depend solution range) and hydrophobic hydra-
ion (relating to solute–solvent and solvent–solvent interactions in
he infinite- or high-diluted solution) are substantially distinguish-
ble in nature [48,52].

able 4
he volume-related second virial coefficients (vxx , cm3 (55.51 Mw) mol−2) for H/D isotop
emperatures.

System 278.15 K 288.15 K 298

H2O + DMEU −1.79 ± 0.20 −1.61 ± 0.19 −1.
D2O + DMEU −2.28 ± 0.13 −2.07 ± 0.15 −1.
H2O → D2O −0.49 ± 0.24 −0.46 ± 0.24 −0.
H2O + TMU −2.26 ± 0.05 −1.80 ± 0.05 −1.
D2O + TMU −2.32 ± 0.04 −1.85 ± 0.04 −1.
H2O → D2O −0.06 ± 0.07 −0.05 ± 0.06 −0.

a Ref. [11].
water.

Finally, Table 3 shows that the volume-related triplet contribu-
tions to the solute–solute interactions (vxxx) in both (H2O + DMPU)
Fig. 3. The temperature dependences of the H/D solvent isotope effects on the excess
limiting partial molar volume (V̄E,∞) for aqueous DMPU (�), DMEU (�) and TMU
(�). The values of half-width of the confidence interval for the volume property in
question do not exceed ±0.13 cm3 mol−1 at worst (Table 3) in the present work and
Refs. [15,16].

ically distinguishable aqueous solutions of DMEU [15] and TMU [16] at different

.15 K 308.15 K 318.15 K

38 ± 0.18 −1.20 ± 0.17 −0.94 ± 0.16
70 ± 0.19(−0.77 ± 0.05)a −1.54 ± 0.16 −1.23 ± 0.07
32 ± 0.26 −0.34 ± 0.23 −0.29 ± 0.18
51 ± 0.03 −1.21 ± 0.03 −0.88 ± 0.05
56 ± 0.03(−1.22 ± 0.08)a −1.27 ± 0.05 −0.97 ± 0.03
05 ± 0.04 −0.06 ± 0.06 −0.09 ± 0.06
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Table A.1
Experimental densities �s of DMPU solutions in normal water (H2O) and smoothed apparent molar volumes V� of the solute at the studied aquamolalities caqm and
temperatures T.a

caqm T = 278.15 K T = 288.15 K T = 298.15 K T = 308.15 K T = 313.15 K T = 318.15 K

�s V� �s V� �s V� �s V� �s V� �s V�

0.00000 0.999965b – 0.999101b – 0.997047b – 0.994035b – 0.992219b – 0.990216b –
0.03864 1.00041 116.47 0.99951 117.57 0.99743 118.65 0.99438 119.73 0.99255 120.31 0.99054 120.85
0.07586 1.00085 116.36 0.99991 117.47 0.99779 118.57 0.99472 119.65 0.99288 120.24 0.99086 120.77
0.1037 1.00118 116.28 1.00021 117.40 0.99807 118.50 0.99498 119.59 0.99312 120.18 0.99109 120.72
0.1575 1.00183 116.12 1.00080 117.27 0.99861 118.39 0.99548 119.48 0.99360 120.07 0.99155 120.62
0.2215 1.00260 115.95 1.00151 117.11 0.99926 118.25 0.99608 119.36 0.99418 119.95 0.99211 120.49
0.2812 1.00334 115.79 1.00217 116.97 0.99987 118.13 0.99664 119.24 0.99472 119.84 0.99263 120.40
0.4070 1.00490 115.47 1.00360 116.69 1.00117 117.88 0.99784 119.01 0.99587 119.61 0.99374 120.18
0.5303 1.00646 115.18 1.00501 116.44 1.00246 117.65 0.99904 118.79 0.99702 119.41 0.99485 119.98
0.6771 1.00832 114.88 1.00670 116.16 1.00401 117.39 1.00047 118.56 0.99839 119.17 0.99617 119.75
0.8298 1.01025 114.60 1.00846 115.90 1.00562 117.15 1.00196 118.33 0.99983 118.95 0.99756 119.53
0.9878 1.01223 114.36 1.01027 115.67 1.00728 116.93 1.00350 118.12 1.00131 118.74 0.99899 119.32

a Units: �s, g cm−3; V� , cm3 mol−1; caqm, mol (Mw 55.51 mol)−1 where Mw is the molar mass of normal (protiated) water.
b Taken from Ref. [30].

Table A.2
Experimental densities �s of DMPU solutions in heavy water (D2O) and smoothed apparent molar volumes V� of the solute at the studied aquamolalities caqm and temperatures
T.a

caqm T = 278.15 K T = 288.15 K T = 298.15 K T = 308.15 K T = 313.15 K T = 318.15 K

�s V� �s V� �s V� �s V� �s V� �s V�

0.00000 1.10559b – 1.10585b – 1.10443b – 1.10172b – 1.09993b – 1.09792b –
0.05395 1.10560 115.80 1.10578 117.02 1.10430 118.26 1.10153 119.49 1.09972 120.09 1.09769 120.73
0.07516 1.10561 115.73 1.10576 116.96 1.10425 118.21 1.10147 119.44 1.09964 120.05 1.09760 120.69
0.1092 1.10563 115.63 1.10573 116.87 1.10418 118.13 1.10136 119.37 1.09952 119.98 1.09747 120.62
0.1478 1.10566 115.52 1.10571 116.78 1.10411 118.05 1.10125 119.30 1.09939 119.91 1.09732 120.55
0.1994 1.10572 115.37 1.10569 116.65 1.10403 117.94 1.10111 119.20 1.09923 119.81 1.09713 120.46
0.2964 1.10585 115.10 1.10568 116.43 1.10390 117.74 1.10088 119.02 1.09896 119.64 1.09682 120.29
0.4525 1.10617 114.71 1.10576 116.10 1.10377 117.44 1.10059 118.75 1.09860 119.38 1.09639 120.04
0.5906 1.10653 114.39 1.10589 115.83 1.10373 117.21 1.10040 118.53 1.09834 119.17 1.09607 119.83
0.7016 1.10685 114.17 1.10603 115.65 1.10373 117.04 1.10028 118.37 1.09817 119.02 1.09585 119.68
0.8471 1.10731 113.92 1.10625 115.43 1.10376 116.84 1.10016 118.19 1.09799 118.84 1.09561 119.51

116.70

olar m
at.%

5

D
b
L
b
e
l
b
w
D
i

T
C

0.9670 1.10769 113.74 1.10644 115.29 1.10381

a Units: �s, g cm−3; V� , cm3 mol−1; caqm, mol (Mw 55.51 mol)−1 where Mw is the m
b Other data on � (g cm−3) for heavy water with the deuterium content being 100

. Concluding remarks

Thus, we have corroborated the previous findings [20] that the
MPU molecule has a more pronounced structure-making effect,
eing hydrated as a whole stronger, than DMEU or TMU molecules.
ike the latter cases, the hydration (of a predominantly hydropho-
ic type) is enhanced in heavy water. Herewith the values of the
xcess limiting partial molar volume or volumetric effect of disso-

ution [44] for DMPU in both normal and heavy water are found to
e smallest in magnitude, compared to those for DMEU and TMU,
hereas the D2O–H2O solvent isotope effects in this quantity for
MPU and TMU are virtually comparable with each other, amount-

ng to about half of the corresponding isotope effect for DMEU. It

able A.3
omparison of our densities �s (g cm−3) with those from other sources for solutions of DM

x2, m.f. H2O + DMPU

This work Ref. [22]a Deviation

0.0025 0.99843 0.99842 0.00001
0.0050 0.99985 0.99985 0.00000
0.0075 1.00130 1.00131 −0.00001
0.0100 1.00278 1.00280 −0.00002
0.0125 1.00428 1.00430 −0.00002
0.0150 1.00578 1.00579 −0.00001
0.0175 1.00729 1.00727 0.00002

a Calculated with using the coefficients of equation (Redlich–Kister type) reported by a
b Estimated using Eq. (1) and parameters of Table 2.
c D2O: 99.82 at.% deuterium content.
d In parenthesis, a deviation corrected to 99.95 at.% D is presented using the Kell’s refer
1.10009 118.06 1.09786 118.72 1.09543 119.39

ass of heavy (deuterated) water.
D are presented in Section 3.

may be seen primarily as the result of a different abilities of the
compared molecules to be built into the initial structure of water
with forming hydrogen and other bonds. Also, it is estimated that
the volume-related triplet contributions to the solute–solute inter-
actions in dilute aqueous solutions of DMPU are rather significant,
exceeding the similar values for aqueous TMU twice and more.
However, to understand this behavior clearly, further detailed stud-
ies are needed.
Appendix A.

See Appendix Tables A.1–A.3.

PU in H2O and D2O at 298.15 K.

D2O + DMPU

This workb Ref. [20]c Deviationd

1.10413 1.10394 0.00019 (0.00005)
1.10392 1.10373 0.00019 (0.00005)
1.10379 1.10360 0.00019 (0.00005)
1.10373 1.10353 0.00020 (0.00006)
1.10373 1.10354 0.00019 (0.00005)
1.10376 1.10356 0.00020 (0.00006)
– – – –

uthors.

ence data [33].
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