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a b s t r a c t

The enthalpies of solution of 1,1,3,3-tetramethylurea in H2O and D2O were measured at 278.15, 288.15,
298.15, 308.15, and 318.15 K. Standard enthalpies and heat capacities of solution (hydration), along
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with D2O–H2O solvent isotope effects on the quantities studied, were computed. The enthalpies of the
solute dissolution as well as corresponding solvent isotope effects were found to be negative in sign and
decreasing in magnitude with increasing temperature. It was confirmed that hydrophobic hydration is
the predominant type of the solute hydration and it is enhanced in D2O and weakened on going from
1,1,3,3-tetramethylurea to its cyclic derivative, 1,3-dimethyl-2-imidazolidinone.

© 2009 Published by Elsevier B.V.
nthalpies of solution

. Introduction

In a previous paper [1], we have determined the D2O–H2O
olvent isotope effects on the enthalpic and some other
hermodynamic characteristics of dissolution (hydration) of N,N′-
imethylethyleneurea or 1,3-dimethyl-2-imidazolidinone (here-

nafter, DMI) being a liquid-phase molecular cyclic analogue of
,1,3,3-tetramethylurea (TMU). The latter, as it is known, plays an

mportant role in biochemical process including the manufacture of
harmaceuticals as well as in other various synthetic organic trans-
ormations [2–4]. Besides, the interest in both TMU and DMI stems
rom the desire to study the structural transformations that they
ause in the dilute aqueous media [1,5]. The effect is largely associ-
ted with the competition between the contributions arising from
he hydrophobic and hydrophilic parts of a TMU or DMI molecule
n the course of hydration and to their joint action on the structure

f the surrounding (protiated or deuterated) solvent.

Up to now, very limited studies on the thermodynamic and
hysicochemical properties of H/D isotopically distinguishable
queous solutions of TMU have been carried out [5–11]. Here-
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ax: +7 4932 336237.

E-mail addresses: batov@isuct.ru, bdv@dsn.ru (D.V. Batov), evi@isc-ras.ru
E.V. Ivanov).
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040-6031/$ – see front matter © 2009 Published by Elsevier B.V.
oi:10.1016/j.tca.2009.10.018
with, to the best of our knowledge, the D2O–H2O solvent isotope
effect on the enthalpy of TMU hydration, ı�solH◦(=ı�hydrH◦),
has been estimated only by authors [11] at 298.15 K. They
report ı�solH◦(H2O → D2O) = −1.19 ± 0.11 kJ mol−1 (compared to
ı�solH◦ = −0.43 ± 0.11 kJ mol−1 for the CH3OH → CH3OD substitu-
tion in the solvating medium). As it has been mentioned earlier
[1,11–13], a combination of such two experimental methods as the
precise solution calorimetry and D2O–H2O solvent isotope sub-
stitution, due to the quantum nature of the isotope effects [14],
allows one to establish the role of hydrogen bonding and other
types of interparticle interactions (including hydrophobic hydra-
tion) in affecting structure that are manifested in the energy-related
thermodynamic (enthalpy and heat capacity) characteristics.

Thus, the principal objective of this work is to obtain new infor-
mation on the enthalpic changes caused by TMU dissolution in
ordinary and heavy water at temperatures from 278.15 to 318.15 K
(with a step of 10 K). In the present paper we report also detailed
results on the D2O–H2O solvent isotope effects (below IEs) on the
enthalpy as well as heat capacity of TMU hydration and discuss
them briefly, comparing with like effects obtained previously [1]
for a cyclic analogue of the solute in question.
2. Experimental

TMU (Merck, analytical grade) was initially purified using a dry-
ing by Å4 sieves under air-proof conditions for several days; then
the sample was twice distilled at reduced pressure (p ∼= 5 mmHg),

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:batov@isuct.ru
mailto:bdv@dsn.ru
mailto:evi@isc-ras.ru
dx.doi.org/10.1016/j.tca.2009.10.018
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s described previously [15,16]. In all experiments only the middle
raction of TMU was used. Gas chromatographic analysis showed
hat final purity of TMU was better than 99.9 mol%; herewith the
esidual water content, determined with a Karl-Fischer titration,
as below 0.01 wt.%. The density and refraction index of the solute
urified were 0.96204 g cm−3 and 1.44935, at 298.15 K (the reliable
ata reported in literature are 0.96192 g cm−3 and 1.4494 [16]),
espectively. Before and after experiments, the freshly prepared
ample of TMU was stored in a light-proof vacuum dessicator over
2O5. Water was distilled from an alkaline solution of KMnO4 and
hen redistilled in a quartz still to reach the electric conductivity
≈ 1.2 × 10−5 S m−1. Heavy water D2O (Izotop Co., St. Petersburg;
≈ 1.0 × 10−5 S m−1) with natural 18O-content was used as such.

ts deuterium content being 99.92 ± 0.02 at.% D was tested by mea-
uring its density and comparing the obtained value with that
f “reference” ([17], 100 at.% D) heavy water at various tempera-
ures.

The experimental enthalpies of TMU dissolution, �solHm (m is
he solution molality), in H/D isotopically distinguishable aque-
us media were measured at 278.15, 288.15, 298.15, 308.15, and
18.15 K using an automated isoperibol (ampoule-type) calorime-
er fitted with a 70 cm3 titanium vessel and electrical calibration
before each experiment). The detection limit of the apparatus
s 10 �K. The temperature instability in the bath is 1 mK in the
emperature range from 278 to 333 K. Correction to the presence
f solute vapor in incompletely filled ampoules proved negligible
ecause of the low TMU volatility (Tb.p. of this solute is equal to
50.5 K [18]). The calorimeter setup and experimental procedure
ere detailed recently [19].

. Results

The calorimetric measurements showed that the �solHm values
n the high dilution region do not depend (within the experimen-
al error) on m those ranging between 0.013 and 0.045 moles of
MU per 1 kg of the solvent (ordinary or heavy water). Therefore,
he �solH◦ values (i.e., the molar enthalpies of TMU dissolution at
nfinite dilution) have been calculated as average values |�solHm|av

ver five concentration-depending measurements at each of tem-
eratures, according to the procedure described previously [13,20].
he experimental data on �solH◦ for TMU in H2O and D2O are listed
n Table 1.

The results, shown in the table for the protiated system at
98.15 K, were compared with those reported by others. The value
btained earlier by Rouw and Somsen [22], −24.53 ± 0.01 kJ mol−1,
s in satisfactory agreement with our own, while the value

−1
eported by Koga and co-workers [23], −22.07 ± 0.05 kJ mol ,
s significantly lower in magnitude than ours. A similar value,

solH◦ = −22.19 ± 0.05 kJ mol−1, for TMU in H2O has been obtained
ecently by one of us (E.V. Ivanov) with co-authors [11,24],

able 1
tandard enthalpies of solution (�solH◦ , kJ mol−1), of 1,1,3,3-tetramethylurea in
rdinary and heavy water at various temperatures (T, K).

T H2O + TMU D2O + TMU

103 × ma −�solH◦b 103 × ma −�solH◦b

278.15 17.1–36.2 29.24 ± 0.09 21.8–44.5 31.03 ± 0.07
288.15 15.8–25.7 27.05 ± 0.04 17.0–24.9 28.55 ± 0.08
298.15 21.7–28.3 24.86 ± 0.09 18.6–26.5 26.08 ± 0.05
308.15 18.2–32.3 22.66 ± 0.07 13.8–26.8 23.57 ± 0.06
318.15 14.8–29.7 20.47 ± 0.12 17.9–31.1 21.10 ± 0.07

a Concentration (molality) ranges in which the �solHm values for TMU were aver-
ged.
b Errors represent 95% confidence interval half-width [20,21].
ica Acta 500 (2010) 119–122

too.2 However, in the latter case, the D2O–H2O solvent IE on
�hydrH◦ being ca. −1.2 kJ mol−1 at 298.15 K (see Section 1) is
found to be very close to that presented in Table 1: ı�hydrH◦

(H2O → D2O) = −1.22 ± 0.10 kJ mol−1. In addition, the enthalpic
effects of TMU dissolution, �solH◦ (H2O) at 298.15 and 308.15 K,
reported by Ahluwalia and co-workers [25] are also systematically
less exothermic, differing from ours by ca. 0.9 ± 0.1 kJ mol−1, as a
whole.

We believe that such a significant scatter in the above-compared
data can be explained by the difference in both experimental details
and the quality of the preparation of TMU samples (from differ-
ent manufacturers). Our values (Table 1) appear to be of high
accuracy because the TMU sample virtually does not contain the
residual water and other impurities. Besides, it should be taken
into account that a “commercial” liquid TMU is decomposed partly
(due to oxidation), acquiring a slightly yellow tint, from sufficiently
long-duration storage.

4. Discussion

As can be seen from data of Table 1, the dissolution of TMU in the
H/D isotopologues of water is accompanied by a considerable heat
evolution over the whole temperature range studied. With temper-
ature rise, this process becomes decreasingly exothermic. Suffice
it to say that the difference in �solH◦ for (D2O + TMU) reaches ca.
7.5 kJ mol−1, unlike ca. 4.5 kJ mol−1 for (D2O + DMI) [1], on going
from 288.15 to 318.15 K. Herewith the �solH◦ values decrease in
magnitude (i.e., the TMU dissolution becomes less exothermic)
when H2O replaces D2O, too. A change in the isotope composition
of the aqueous medium has a rather slight influence on �solH◦,
varying this temperature-dependent quantity not more than 6%
at 278.15 K and 3% at 318.15 K when the solvent molecules are
deuterated. However, taking into account that the uncertainty in
the �solH◦ determination is not more than 0.6%, it will be a good
plan to carry out the subsequent discussion of the IEs in ques-
tion.

According to inferences [26–29], the large and negative
�solH◦(T) values accompanied by a positive slope (∂�solH◦/∂T)p are
indicative of a predominantly hydrophobic hydration of the solute.
That is, although the interaction of the carbonyl group with the sol-
vent (H2O or D2O) proves to be significant [30], at low compositions
of aqueous TMU its hydrophobic character (around CH3 groups)
dominates [5,31]. Since the changes in �solH◦(T) observed on going
from one solvent (H2O) to another (D2O) are numerically equal to
those in �hydrH◦(T) upon H2O → D2O isotope substitution [1,29],
the more negative �solH◦(T) and more positive (∂�solH◦/∂T)p quan-
tities for the deuterium-substituted solvent (Fig. 1) indicate that,
like the previous situation with DMI [1], this type of TMU hydration
is enhanced in D2O.

One can see from Fig. 1 that the sign of IE on �hydrH◦(T) is
inverted near by 340 K. At higher temperatures, this IE should be
increasingly positive. The temperature at the inversion point for
TMU is the higher by 6(±4) K than that estimated recently for DMI
[1]. It is not surprising due to the more significant isotopic dif-
ference in �solH◦ between (H2O + TMU) and (D2O + TMU) over the
whole temperature range studied. We believe that the revealed sign
inversion is mainly caused by the isotopic distinction in the rate
of thermal predestruction of the water structure. It is well known

[9,14,29,31–33] that heavy water is more structured than ordinary
water and thus the properties of solutions in D2O are more sen-
sitive to the solvent-related changes under influence of the solute
and temperature. As the latter increases, the structural differences

2 Here, it should be noted that if the authors [23] have used TMU (ACROS, ≥99 wt%)
as such, in the work [24] this solute (Fluka, ≥99 wt%) was vacuum-distilled.
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Fig. 1. D2O–H2O solvent isotope effects on the enthalpy of dissolution (hydration)
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molecules of TMU cyclic analogue (DMI) are responsible for the
higher hydrogen-bond-accepting ability.

However, to derive more detailed conclusions, additional exper-
imental and theoretical studies should be performed.
f TMU (1) and DMI (2) [1] in the aqueous medium as a function of temperature.
he dotted lines are limited by the “hypothetic line of zero-axis isotope effect”. (The
alf-width of the confidence interval for quantities compared are ±0.1 kJ mol−1.)

etween H2O and D2O become less pronounced and the rising pos-
tive enthalpy-isotope contribution caused by a faster (compared
o H2O) destruction of the spatial hydrogen-bond network of heavy
ater results in weakening the negative enthalpy-isotope effects of

MU hydrophobic hydration, and TMU–water specific interaction
s well.

The given conclusion is consistent with the fact that in dilute
queous solutions of TMU the solute–solute hydrophobic interac-
ion increases with increasing temperature [34]. In this connection,
t is interesting too that the second osmotic virial coefficient
btained from the recent small-angle neutron scattering (SANS)
xperiments in (D2O + DMI) solutions [5] is temperature inde-
endent. In author’s opinion, such behavior may suggest that
he attractive interaction between DMI molecules is not of the
ydrophobic type.

Also, it is noteworthy that the IEs on �hydrH◦ for both TMU
nd DMI (see Fig. 1) are roughly equal to the IE on the energy of
ater–water hydrogen bond, which amounts to −1.0 ± 0.1 kJ mol−1

t 298.15 K [14,35]. This indicates that the molecules of both solutes
ompared are capable of forming the sufficiently strong hydro-
en (H- or D-) bonds in aqueous media. Herewith, allowing for
he reliable literature data on the vaporization enthalpy being ca.
3.36 kJ mol−1 (for TMU) [18] and 60.1 ± 0.5 kJ mol−1 (for DMI) [36]
t 298.15 K, the cyclization of a TMU molecule results in weakening
ts structure-making effect and hydration, as a whole. At the same

ime the fact that �hydrH◦(DMI) ≈ �hydrH◦(TMU) in both H2O and
2O may serve as the corroboration of the conclusion [11,37] that

he more polar molecules of cyclic analogue are responsible for the
igher hydrogen-bond-accepting ability.
ica Acta 500 (2010) 119–122 121

The results given in Table 1 made it possible to calculate the
standard heat capacities of TMU dissolution, �solc

◦
p, in the H/D

isotopically distinguishable aqueous media. For this purpose, the
temperature dependences of �solH◦ were approximated by the
equation [1,27]:

�solH
◦
(T) = �solH

◦
(�) + �solc

◦
p�

(
T

�
− 1

)
.

Here, �solH◦(T) and T (current temperature, K) are variables,
�solH◦(�) and �solc

◦
p are the enthalpy and heat capacity parameters

belonging to a reference temperature � (K), respectively. The form
of the equation assumes that the value of �solc

◦
p does not depend

on temperature.
The results of approximation by the above equation show that

�solc
◦
p(T) values being 219 ± 5 J mol−1 K−1 (compared to 218 ± 13

[25]) and 248 ± 5 J mol−1 K−1 for (H2O + TMU) and (D2O + TMU),
respectively, are positive and large as observed usually for
hydrophobic-hydrated solutes [26–28,38,39] and become more
positive at replacement of H2O with D2O. Previously [1], the corre-
sponding values for DMI in ordinary and heavy water was found to
be ca. 127 and 157 J mol−1 K−1. Since �solc

◦
p reflects the structural

changes in the solvent and intensity of the solvent–solute interac-
tions [1,40], it can be corroborated that the effect of hydrophobic
hydration is more pronounced in the deuterated aqueous medium.
Herewith the acyclic form of the solute (urea methyl-substituted
derivative) is the more hydrophobic one, as it has been emphasized
recently by Jancsó and co-workers [5,41], and in our previous works
[11–13,37] as well. Also, it is noteworthy the fact that the positive
IEs on �solc

◦
p(T) for both systems compared (see above) were found

to be equal in magnitude being ca. 30 J mol−1 K−1.
Finally, taking into account the literature value of heat capacity

for a pure liquid TMU (c∗
p ≈ 235 J mol−1 K−1 at 298.15 K [18])3, we

have estimated the standard or limiting partial molar heat capaci-
ties of the specified solute in H2O and D2O, c̄

◦
p(≡ c̄∞

p ) = c∗
p + �solc

◦
p,

which proved to be ca. 454 J mol−1 K−1 and 483 J mol−1 K−1, respec-
tively, at 298.15 K. For comparison, the values of c̄∞

p reported by
Phillip et al. [6] are ca. 435 J mol−1 K−1 and 458 J mol−1 K−1 for
(H2O + TMU) and (D2O + TMU), respectively, allowing for the fact
that c∗

p ≈ 235 J mol−1 K−1, at 298.15 K.

5. Summary

Thus, one can conclude that in highly dilute aqueous (H2O or
D2O) solutions of TMU hydrophobic hydration is the predomi-
nant type of the solute hydration and it is enhanced in heavy
(deuterated) water. Herewith, due to distinction in the rate of
thermal predestruction of H2O and D2O structures, the negative-
to-positive sign inversion of the solvent isotope effect on �hydrH◦

at T = 340(±3) K is observed. The intramolecular cyclization of TMU,
to form DMI, result in weakening of its structure-making effect and
hydration, as a whole. Also, it is noteworthy that the D2O–H2O sol-
vent isotope effect on �hydrH◦ (298.15 K) for both TMU and DMI
is roughly equal to isotope effect on the energy of water–water
hydrogen bonds being ca. −1.0 kJ mol−1. This indicates that, firstly,
the solutes compared are capable of forming the strong hydrogen
bonds with aqueous surroundings and, secondly, the more polar
3 This value has been calculated using the linear temperature dependence of c∗
p

with reference to T = 298.15 K.
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