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On the basis of density measurements, the determination of apparent and partial molar volumes of the
solutes in the title solutions have been carried out previously at and around room temperatures both in H2O
and D2O solutions as a function of composition. They showed minima at intermediate compositions, and a
number of other properties of these solutions also indicated radical structural changes and differences versus
composition. On this basis, we have chosen these solutions to analyze also the solvent partial molar volume
and its thermal expansibility, which were not involved in the earlier studies, to these structural changes and
differences. To obtain reliable thermal expansibility results, the density measurements were extended down
to low temperatures. High precision density measurements of the normal water solutions were carried out
in wide temperature [(274.15 to 308.15) K] and molality, m [(0.05 to 3 < 6) mol ·kg-1], ranges at closely
spaced temperature intervals. From the measured densities, both the solute and the solvent partial molar
volumes and their thermal expansibilities were calculated. The results are analyzed in terms of the cage
model of the hydrophobic effect, and they are correlated to the solvent excess enthalpy and entropy and to
their H2O + D2O isotope effects. Although all the title solutions show dominant “interstitial” solution character,
their structure is determined by a variety of structural equilibriums, depending mainly on the polar/apolar
balance of the “mixed” solute molecules, on their H-bond donor/acceptor ability, and on the solute/solvent
ratio.

Introduction

Due to their practical and theoretical significance, the structure
of the 1,3-dimethylurea (DMU), tetramethylurea (TMU), and
tetrabutylammonium bromide (TBuAmBr) aqueous solutions
attracts remarkable and continuing interest. The alkyl-ureas are
effective conformational perturbants; therefore, the study of the
structure of their solutions should contribute to an understanding
of the denaturation process.1,2 Solutions of the tetraalkylam-
monium halides are model systems studying hydrophobic
effects.3,4

In previous years, our laboratory has participated in a
comprehensive program to study their molecular structure and
the structural changes with temperature and composition using
various experimental techniques. This series of polar organic
molecules was chosen to compare the structural transformations
of the solvent in the course of hydration and hydration
interactions associated with the competition between the
contributions of the hydrophilic and (increasingly) hydrophobic
parts of these solute molecules.

Our previous thermodynamic investigations included vapor
pressure and H2O + D2O vapor pressure isotope effect (VPIE)
measurements on DMU,5,6 TMU,5,7 and TBuAmBr8 solutions
over wide temperature and composition ranges and apparent
(V2,Φ) and partial molar volume (Vj2) determinations of the
solutes (2) DMU,5,9 TMU,5,9 and TBuAmBr,8 at and around
room temperatures, both in H2O and D2O solutions. The
adiabatic compressibility (�) of the TMU10 and TBuAmBr11 in
normal water solutions has also been determined, combined with

positron annihilation measurements. The V2,Φ and Vj2 results
showed minima at intermediate compositions, m(Vj2,min), and the
extreme of the other determined properties of these solutions
also indicated radical structural differences and changes versus
composition.

To obtain further structural information on the title solutions,
we determined the solute (2) and solvent (1) partial molar
volumes (Vj2, Vj1) and their thermal expansibilities (Vj2,E, Vj1,E)
from high precision density measurements extended down to
low temperatures.

The large majority of the apparent and partial molar volume
investigations has been carried out at or around room temper-
atures as a function of the concentration, and thermal expansion
studies have not often been involved to elucidate structural
changes in aqueous solutions.

Hepler12 has demonstrated on the H2O/D2O behavior that the
(∂2V/∂T2)P derivative gives a basis for the distinction between
“structure making” and “structure breaking”, because though
the relation (∂CP/∂P)T ) -T(∂2V /∂T2)P, it is related to the heat
capacity (CP) of the water. On this basis, structure-breaking
solutes should have negative (∂2V/∂T2)P and structure-making
solutes positive (∂2V/∂T2)P derivatives. Apelblat and Manzurola
used this concept to analyze their (∂2V2,Φ/∂T2)P results, obtained
for NaCl,13 KCl,13 NaBr,14 and LiCl15 aqueous solutions. They
concluded that the behavior of the obtained -T(∂2V2,Φ/∂T2)P

results correspond to the moderately different structure-breaking
influences of these solutes on the solvent structure, although
new structural information here could not be deduced.

Determining the second and higher order (temperature and/
or pressure) derivatives of the Gibbs energy, which controls
structural equilibria in aqueous solutions, apparently the most
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comprehensive study so far has been carried out by Koga
et al.16,17 From results obtained for 2-butoxyethanol and some
other polar organic solutions, they succeeded to distinguish up
to three regions with significantly different solute-solvent
interactions in the temperature-mole fraction fields. They
pointed out that the higher order the derivative, the more detailed
the information it contains, and the transitions between the
differing structural regions are accompanied by anomalies in
the third derivatives of the Gibbs energy.

Experimental Section

Materials. Laboratory distilled water was treated with basic
potassium permanganate and twice redistilled using an all-glass
apparatus. 1,3-Dimethylurea (Merck, analytical grade) was
recrystallized from ethanol and dried under vacuum at T ) (330
to 340) K to constant mass. Tetramethylurea (Merck, analytical
grade) was freshly distilled under vacuum. Stock (“mother”)
solutions were prepared gravimetrically. Due to the increasing
m(V2,min) compositions of the TBuAmBr, TMU, and DMU
series, the composition of their “mother” solutions was adjusted
to m ) (3, 4, and 6) mol ·kg-1, respectively, and 10 to 12
“daughter” solutions were diluted by mass. Prior to the density
measurements, the diluted samples were degassed by freezing-
pumping-thawing cycles to remove dissolved air to increase
accuracy and to prevent formation of bubbles in the sample cell
during measurement.

Density Measurements. Densities were measured using an
Anton-Paar vibrating tube densimeter of the type DMA 60/602
H. The calibration constant was determined daily using the
known densities of air and H2O. A detailed discussion regarding
the accuracy of the calibration and of the obtainable density
data is given in ref 18.

The temperature of the (external) sample cell was kept
constant at the different experimental temperatures to < ( 0.01
K. The density measurement of the solution samples was
repeated at least twice with renewed sample in the cell, in each
case with several (6 to 10) readings of the vibration frequency,
until the reproducibility of the densities of the individual samples
was within six-figure precision. The temperature of the sample
chamber was monitored with a thermistor, which has been
calibrated to T < ( 0.01 K uncertainty against a Pt resistance
thermometer coupled with a thermostatted Leeds and Northrup
G-1 Mueller bridge.

Results

Densities. The experimental density results (listed in the
Appendix) could be fitted to eq 1 within experimental uncertain-
ties, where Fm and Fo are the densities of solution and pure
solvent, respectively.

(Fm - Fo)/m ) P1 + P2m
1/2 + P3m + P4m

3/2 + P5m
2

(1)

To calculate Fo versus temperature, Kell’s equation19 was used.
Giving the Fm results in this form, instead of the usual (Fm -
Fo) form, has the advantage that it undergoes much smaller
relative changes versus molality. The parameters of the fits are
reported in Table 1, together with the standard deviations.

Apparent and Partial Molar Volumes. Apparent molar
volumes were calculated from the measured densities using eq
2.20

V2,Φ ) (M/F) - [103(F - F0)/(mFF0)] (2)

where M is the molar mass of the solute and F and F0 are the
densities of solution and pure solvent, respectively. In the

calculation for the molar mass of DMU, TMU, and TBuAmBr,
(88.109, 116.16, and 322.371) g ·mol-1 were used, respectively.

The V2,Φ(TBuAmBr) results could be fitted within experi-
mental uncertainty (e ( (0.1 to 0.2) cm3 ·mol-1) to an equation
of the form

V2,Φ ) A1 + A2m
1/2 + A3m

2 + A4m
3/2 + A5m

2 (3)

while for those of the V2,Φ(DMU) and V2,Φ(TMU) results, a four-
constant fit proved adequate.

The solute partial molar volumes, Vj2(DMU) and Vj2(TMU),
were calculated from the equation17

V2
¯ ) VΦ + m(∂VΦ

∂m )
P
) A1 + 3

2
A2m

1/2 + 2A3m +

5
2

A4m
3/2 (4)

and Vj2(TBuAmBr) from

V2
¯ ) VΦ + 1

2
m1/2( ∂VΦ

∂m1/2)
P
) A1 + 3

2
A2m

1/2 + 2A3m +

5
2

A4m
3/2 + 3A5m

2 (5)

The solvent partial molar volumes, Vj1(DMU) and Vj1(TMU),
were calculated from

V1
¯ )

MH2O

FH2O
+ m(∂VΦ

∂m )
P
)

MH2O

FH2O
+ 1

2
A2m

1/2 + A3m +

3
2

A4m
3/2 (6)

and for Vj1(TBuAmBr) from

V1
¯ )

MH2O

FH2O
- m3/2

2x55.508
(A2 + 2A3m

1/2 + 3A4m +

4A5m
3/2) (7)

The temperature and composition behavior of the Vj2 and Vj1

results are shown in Figures 1a,b, 2a,b and 3a,b.
Partial Molar Expansibilities. The Vj2 and Vj1 versus m results

were transposed (converted) to Vj vs T/K - 273.15 ones and
fitted to three-constant polynomials, except for the Vj1(TMU)
results, where four-constant fits were necessary. For the solvent,
we could calculate excess partial molar expansibilities, Vj1,E

E )
Vj1,E - V1,E* , because the accurate reference, V1,E* ) (∂VH2O

* /∂T)p,
could be obtained from Kell’s density data.19

The composition and temperature behavior of Vj2,E and Vj1,E
E

are shown in Figures 1c,d, 2c,d, and 3c,d.

Discussion

Solute Partial Molar Volumes, Vj 2. A widely accepted
interpretation of the composition and temperature behavior of
V2,Φ and Vj2 of polar organic solutes, given by Wen and Saito,3

was based on their measurements on the tetraalkylammonium
homologues (R4AmBr). The initial negative slopes and the
minimum values at intermediate compositions, m(Vj2,min), were
rationalized with an “interstitial” solution process, in which the
alkyl chains are hidden in a complete or partial solvent cage.
The minimum becomes more pronounced and shifts to lower
concentrations with increasing hydrophobic character of the
solute molecule and with decreasing temperature. The process
results in a structural rearrangement and stabilization of the
solvent clusters surrounding the hydrophobic (part of the)
molecule (hydrophobic hydration sphere).
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Similarly to the R4AmBr series, the m(Vj2,min) occurs at lower
molality with the increasing hydrophobic content of our solutes,
i.e., m(Vj2,min) ) (≈ 4.0, ≈ 2.5, and ≈ 0.8) mol ·kg-1 (at T )
298.15 K) for DMU, TMU, and TBuAmBr, respectively
(Figures 1a to 3a).

We conclude that below the m(Vj2,min) compositions (“water-
rich” region) “bulk” water and completely hydrated solute
species are at equilibrium, while above the m(Vj 2,min) com-
positions, completely and partially hydrated solute species
are at equilibrium. Accordingly, m(Vj 2,min) is the consequence
of the structural rearrangement of the solution where all the
solvent water becomes under the influence of the solute.

Solute Partial Molar Expansibility, Vj 2,E. Up to the m(Vj 2,min)
compositions of the different solutes, the magnitudes of the
Vj2,E results seem to be proportional to the sizes of the organic
(hydrophobic) parts of the molecules, i.e., (Vj 2,E)DMU e
(Vj 2,E)TMU e (Vj 2,E)TBuAmBr (Figures 1c to 3c).

Within a solution system, the magnitude of Vj2,E corresponds
to the caging effect; i.e., it increases with the difference of
Vj 2

∞ - Vj 2 (Vj 2
∞ ) Vj 2 at infinite dilution) and with decreasing

temperature. Consequently, it has its maximal value at the

composition of m(Vj 2,min), when all the solvent (bulk) water
becomes under the influence of the solute. Only the
Vj 2,E(DMU) results at T e 288.15 K and m e 2.5 mol · kg-1

represent exceptions, presumably due to a “substitutional”
(hydrophilic) hydration competition (details are discussed
later).

In contrast to the Vj 2,E behaviors in the “water-rich” region,
above the m(Vj 2,min) compositions neither the temperature
dependence nor the composition dependence of the Vj 2,E

results of the three solutions show similarity. The reason for
their significant difference should be related to their different
hydration species and to the different equilibria with increas-
ing compositions. Their rationalization will be attempted
through the solvent properties, Vj 1

E and Vj 1,E
E .

SolWent Excess Partial Molar Volumes, Vj 1
E. Additional

structural information might be expected first of all from the
Vj 1

E (and Vj 1,E
E ) results, which neither in our earlier investiga-

tions nor by others were considered. To analyze the temper-
ature and concentration behavior of Vj 1

E (and Vj 1,E
E ) of the title

solutions, we prefere to correlate these to the solvent excess

Table 1. Least-Squares Parameters of Equation 1a

P1 P2 P3 P4 P5

T/K - 273.15 g · cm-3 ·kg ·mol-1 g · cm-3 ·kg3/2 ·mol-3/2 g · cm-3 ·kg2 ·mol-2 g · cm-3 ·kg5/2 ·mol-5/2 g · cm-3 ·kg3 ·mol-3 SD

Dimethylurea
1 8.914 ·10-3 1.305 ·10-3 -4.300 ·10-4 -1.061 ·10-4 - 3.0 ·10-5

2 8.609 ·10-3 1.675 ·10-3 -6.989 ·10-4 -4.031 ·10-4 - 3.0 ·10-5

3 8.251 ·10-3 2.416 ·10-3 -1.130 ·10-3 1.066 ·10-4 - 3.0 ·10-5

4 8.394 ·10-3 2.036 ·10-3 -1.079 ·10-3 6.380 ·10-5 - 3.0 ·10-5

5 8.548 ·10-3 1.365 ·10-3 -5.492 ·10-4 -5.607 ·10-5 - 4.0 ·10-5

6 8.593 ·10-3 1.136 ·10-3 -4.495 ·10-4 -6.670 ·10-5 - 3.0 ·10-5

7 8.568 ·10-3 1.099 ·10-3 -4.677 ·10-4 -5.668 ·10-5 - 3.0 ·10-5

8 8.518 ·10-3 9.470 ·10-4 -3.329 ·10-4 -8.735 ·10-5 - 4.0 ·10-5

9 8.438 ·10-3 9.401 ·10-4 -3.413 ·10-4 -8.374 ·10-5 - 4.0 ·10-5

10 8.386 ·10-3 9.325 ·10-4 -3.486 ·10-4 -8.011 ·10-5 - 4.0 ·10-5

15 8.366 ·10-3 3.779 ·10-4 -7.885 ·10-5 -1.204 ·10-4 - 3.0 ·10-5

25 8.019 ·10-3 2.062 ·10-4 -9.911 ·10-5 -9.624 ·10-5 - 3.0 ·10-5

35 7.611 ·10-3 3.472 ·10-4 -3.098 ·10-4 -3.564 ·10-5 - 3.0 ·10-5

Tetramethylurea
1 2.065 ·10-3 1.906 ·10-3 6.223 ·10-4 -4.803 ·10-4 - 4.0 ·10-5

2 1.693 ·10-3 2.461 ·10-3 1.933 ·10-4 -3.743 ·10-4 - 2.0 ·10-5

3 1.825 ·10-3 1.790 ·10-3 7.216 ·10-4 -5.057 ·10-4 - 4.0 ·10-5

4 1.551 ·10-3 2.059 ·10-3 5.814 ·10-4 -4.833 ·10-4 - 4.0 ·10-5

5 1.572 ·10-3 1.915 ·10-3 5.560 ·10-4 -4.527 ·10-4 - 4.0 ·10-5

6 1.387 ·10-3 2.122 ·10-3 3.500 ·10-4 -3.914 ·10-4 - 3.0 ·10-5

7 1.232 ·10-3 2.318 ·10-3 1.622 ·10-4 -3.410 ·10-4 - 3.0 ·10-5

8 1.103 ·10-3 2.314 ·10-3 1.762 ·10-4 -3.444 ·10-4 - 3.0 ·10-5

9 1.138 ·10-3 2.004 ·10-3 4.235 ·10-4 -4.110 ·10-4 - 5.0 ·10-5

10 1.082 ·10-3 1.901 ·10-3 4.540 ·10-4 -4.073 ·10-4 - 4.0 ·10-5

15 5.647 ·10-4 1.975 ·10-3 3.405 ·10-4 -3.652 ·10-4 - 4.0 ·10-5

25 3.321 ·10-4 8.944 ·10-4 8.633 ·10-4 -4.357 ·10-4 - 4.0 ·10-5

35 -3.745 ·10-4 1.041 ·10-3 5.285 ·10-4 -3.115 ·10-4 - 3.0 ·10-5

Tetrabutylammonium bromide
3 2.799 ·10-2 -4.017 ·10-3 1.591 ·10-2 -1.475 ·10-2 2.596 ·10-3 4.0 ·10-5

4 2.765 ·10-2 -4.497 ·10-3 1.870 ·10-2 -1.938 ·10-2 4.755 ·10-3 1.3 ·10-4

5 2.724 ·10-2 -3.617 ·10-3 1.702 ·10-2 -1.827 ·10-2 4.527 ·10-3 1.2 ·10-4

6 2.681 ·10-2 -2.589 ·10-3 1.508 ·10-2 -1.701 ·10-2 4.267 ·10-3 1.2 ·10-4

7 2.636 ·10-2 -1.799 ·10-3 1.359 ·10-2 -1.601 ·10-2 4.062 ·10-3 1.3 ·10-4

8 2.608 ·10-2 -1.501 ·10-3 1.258 ·10-2 -1.513 ·10-2 3.842 ·10-3 1.1 ·10-4

9 2.599 ·10-2 -1.937 ·10-3 1.286 ·10-2 -1.524 ·10-2 3.876 ·10-3 1.2 ·10-4

10 2.567 ·10-2 -1.043 ·10-3 1.103 ·10-2 -1.404 ·10-2 3.628 ·10-3 1.2 ·10-4

15 2.577 ·10-2 -7.780 ·10-3 2.284 ·10-2 -2.298 ·10-2 6.041 ·10-3 5.0 ·10-5

20 2.466 ·10-2 -7.068 ·10-3 2.020 ·10-2 -2.085 ·10-2 5.579 ·10-3 4.0 ·10-5

25 2.317 ·10-2 -4.540 ·10-3 1.477 ·10-2 -1.680 ·10-2 4.635 ·10-3 4.0 ·10-5

30 2.200 ·10-2 -3.461 ·10-3 1.226 ·10-2 -1.492 ·10-2 4.223 ·10-3 4.0 ·10-5

35 2.124 ·10-2 -2.532 ·10-3 8.949 ·10-3 -1.214 ·10-2 3.557 ·10-3 4.0 ·10-5

a FH2O/(g · cm-3) (T/K - 273.15):19 0.999902 (1); 0.999943 (2); 0.999967 (3); 0.999975 (4); 0.999967 (5); 0.999943 (6); 0.999905 (7); 0.999850 (8);
0.999784 (9); 0.999703 (10); 0.999103 (15); 0.998207 (20); 0.997048 (25); 0.99565 (30); 0.994035 (35).
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enthalpy (∆H1
E) and entropy (T∆S1

E), obtained from H2O +
D2O vapor pressure isotope effect studies.5-8

The most significant difference among the Vj 1
E behaviors

of the three solutions seems to be that while Vj 1
E(DMU) and

Vj 1
E(TMU) show an expected minima with increasing com-

position, Vj 1
E(TBuAmBr) shows a maxima (Figures 1b to 3b).

Similarly to the Vj 2 results, for the space-economy of the
interstitial solution process, one should expect an increasingly
negative Vj 1

E trend with increasing hydrophobicity of the
solutes. Only the Vj 1

E(DMU) and Vj 1
E(TMU) results correspond

to this expectation, showing up to -1.0 (∼6 %) and -1.5
(∼10 %) cm3 ·mol-1 deviations from VH2O* , while the positive
Vj1

E(TBuAmBr) result indicates a different solution mechanism.

A reasonable rationalization of the different solution
mechanism seems to be that the small CH3 groups can be
incorporated into the tetrahedral associated (“icelike”) void
solvent structure, without its significant reorganization or
rearrangement. The structural enhancement (“structure-mak-
ing”) effect with the DMU and TMU solutions therefore
arises mainly from the stabilization (lifetime enhancement)
of the “original” tetrahedral structuredness of the solvent
water.

In contrast to the interstitial solution mechanism of the
smaller alkyl groups, the caging of the large C4H9 alkyl chains
requires significant structural reorganization of the solvent,

Figure 1. Solute and solvent excess partial molar volumes (Vj2, Vj1
E) and their expansibilities (Vj2,E, Vj1,E

E ) in 1,3-dimethylurea solutions. Results: 9, 278.15 K;
b, 283.15 K; 2, 288.15 K; 1, 298.15 K; and (, 308.15 K. Lines for Vj2 and Vj1

E from eqs 4 and 6, respectively. Lines for Vj2,E and Vj1,E
E are arbitrary ones, only

to show tendencies.
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becoming a “clathrate-hydrate-like” arrangement with in-
creasing composition.

The Vj 1
E(TBuAmBr) results show maxima at m ) ≈ 0.9

mol · kg-1 composition, and the isotherms intersect at m )
≈ 1.7 mol · kg-1, indicating two significant structural rear-
rangements of the solution at these compositions (Figure 3b).
Correlating these extreme to those of the solvent excess
enthalpy and entropy,8 a quite reliable analysis of the solution
structure in the three composition region can be established.

a. m (0 to ∼ 0.9) mol ·kg-1. Up to m ) ≈ 0.9 mol ·kg-1 ()
m(Vj2,min)) composition, bulk water and fully hydrated solute
molecules are in equilibrium. At m ) ≈ 0.9 mol ·kg-1

composition the hydration process is completed, corresponding

to a hydration number (n) of ≈ 60. Because the hydrated water
is tetra- and/or polyhedral hydrogen bonded, it is less dense
than the pure water, and since the caging process is stronger at
lower temperatures, Vj1

E increases with decreasing temperature.

b. m (0.9 to ∼ 1.7) mol ·kg-1. In this composition range
the hydration spheres overlap (interact), and a new equilib-
rium takes place between fully and partially hydrated solute
species. At m ) ≈ 1.7 mol · kg-1, the hydration spheres will
be “shared” between the neighboring solute molecules, and
the solution structure, in time average, should resemble that
of the “host-guest” arrangement of the solid TBuAmBr
clathrate hydrate.21 The stoichiometry of its polyhedral
clathrate hydrate corresponds to 1:33 solute/solvent ratio, i.e.,

Figure 2. Solute and solvent excess partial molar volumes (Vj2, Vj1
E) and their expansibilities (Vj2,E, Vj1,E

E ) in tetramethylurea solutions. Results: 9, 278.15 K;
b, 283.15 K; 2, 288.15 K; 1, 298.15 K; and (, 308.15 K. Lines for Vj2 and Vj1

E from eqs 4 and 6, respectively. Lines for Vj2,E and Vj1,E
E are arbitrary ones, only

to show tendencies.
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to 1.7 mol · kg-1. The solvent excess partial molar entropy
and enthalpy here is the most negative.8

The intersection point of the Vj1
E isotherms should correspond

to the uniform solute-solvent structural arrangement, without
any equilibrium among different species.

c. m > 1.7 mol ·kg-1. Above m ) ≈ 1.7 mol ·kg-1, there is
not sufficient water molecules for the complete (intact) “host”
clathrate network, and the structural integrity of the network is
disrupted. Here the concentration of the nonbonded solvent
species is rapidly increasing, i.e., Vj1

E is decreasing. (The high
energy of the H-bonds arises from their cooperativity.22)

The concentration behavior of Vj1
E(TBuAmBr) supports our

earlier conclusion, based on the H2O + D2O vapor pressure
study,8 that the “clathrate-hydrate-like” solute-solvent arrange-
ment is the consequence of the hydrophobic interaction;

consequently, at high dilution (hydrophobic hydration), some
different structure dominates. It is also worth pointing out that
with the TBuAmBr solution the adiabatic compressibility (�)
isotherms intersect at m ) ≈ 0.7 mol ·kg-1, i.e., corresponding
to the m(Vj2,min) composition. Following Endo’s hypothesis,23

the �-intersections of polar organic compounds have often been
related to clathrate-hydrate-like solute-solvent arrangements;24,25

however, according to our interpretation, it seems to be only a
general consequence of the interstitial solution (caging) process.

SolWent Excess Partial Molar Expansibility, Vj 1,E
E . It is

expected that Vj1,E
E contains more structural information than Vj1

E,
being a higher-order derivative of the free energy.16 On the other
hand, Vj1

E should reflect the spatial structural changes of the
solvent, while through the relation (∂Cp/∂P)T,m )-T(∂2Vj1/∂T2)P,m

the sign of (∂Vj1,E
E /∂T)P,m [) (∂2Vj1/∂T2)P,m] should characterize

Figure 3. Solute and solvent excess partial molar volumes (Vj2, Vj1
E) and their expansibilities (Vj2,E, Vj1,E

E ) in tetrabutylammonium bromide solutions. Results:
9, 278.15 K; b, 283.15 K; 2, 288.15 K; 1, 298.15 K; and (, 308.15 K. Lines for Vj2 and Vj1

E from eqs 5 and 7, respectively. Lines for Vj2,E and Vj1,E
E are

arbitrary ones, only to show tendencies.
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the “structure-making/breaking” influence of the solute, and its
size should reflect the stability of the structure.16

The basic difference among the three Vj 1,E
E results (Figures

1d to 3d) seems to be that those of the DMU and TMU
undergo radical changes in the water-rich composition region
(i.e., below m(Vj 2,min), reflected by the intersections), while
Vj 1,E

E (TBuAmBr) monotonously increases up to m ) ≈ 1.7
mol · kg-1 composition. This behavior of Vj 1,E

E (TBuAmBr) is
in accordance with our earlier conclusion (from excess
solvent enthalpy8) that shearing the hydration spheres
between the neighboring solutes is energetically favorable;
i.e., it further increases the stability of the hydrogen bonded
“host” network. (The excess solvent enthalpy at ≈ 1.7
mol · kg-1 is the most negative,8 while ∂Vj 1,E

E /∂T is large and
positive.)

The polar-apolar character of the DMU molecule is well
balanced, and therefore its structural effect on water highly
depends on concentration and temperature. Due to its
symmetry, 1,3-DMU has two H-bond donor and two acceptor
sites, therefore it is capable of “substitutional” participation
in the hydrogen-bonded water clusters. According to its ∂Vj1,E

E /
∂T behavior (Figure 1d), below ≈ 2.5 mol · kg-1 composition
it is hydrophilic, while above ≈ 2.5 mol · kg-1 its hydrophobic
character dominates; however, due to their competitions, both
effects are very weak (small ∂Vj 1,E

E /∂T values). With the H2O
+ D2O solvent excess enthalpy and entropy,6 an extreme has
also been observed at the composition of ≈ 2 mol · kg-1.

In contrast to the 1,3-DMU molecule, TMU is not capable
of “substitutional” solution, having only H-bond acceptor
capability on its carbonyl group. Although the interaction of
the carbonyl group with the solvent proves to be significant,26

at low compositions (m e ∼1 mol · kg-1) the hydrophobic
character of the TMU dominates, and ∂Vj 1,E

E /∂T is positive
(Figure 2d). At ≈ 1 mol · kg-1, the intersection of the Vj 1,E

E

isotherms indicates a structural rearrangement, which has also
been observed by Bezzabotnov et al.27 in their small-angle
neutron scattering study on the TMU solution. From the sizes
of the detected particles, they concluded that contact TMU
pairs appear above ≈ 0.7 mol · kg-1 composition, where two
TMU molecules are coupled through water molecules. With
TMU solution m(Vj 2,min) ) ≈ 1.7 mol · kg-1, above that
composition one expects stronger interaction (overlapping)
of the hydrated species. Nevertheless, the interaction here
results in a unique behavior of the solution, which is reflected
besides the anomalous Vj 1,E

E isotherms; by a maximum of the
heat of mixing at ∼ 4 molality,28 by the unique behavior of
positron annihilation10 and also by an azeotropic vapor
pressure maxima over the (∼2 to 4) molality range.7 A slight
vapor pressure maxima appears already at ∼ 320 K and
increases up to 50 % above the Raoult’s law value at 283 K.
From the strong nonideality of the solution, one can conclude
that below 283 K the hydration interaction results in
microheterogenity, and the solution structure is very close
to phase separation with an “upper critical solution temper-
ature”, UCST. According to Koga’s analysis, with an
equilibrium resulting in UCST, both the enthalpy and entropy
contribution of the free energy (G ) H - TS) should be
negative.16

Conclusions

The solute and solvent partial molar volumes and their
thermal expansibilities of the title solutions reflect that their
structure is determined by a variety of structural equilibriums,
depending mainly on the polar/apolar balance of the “mixed”

solute molecule, on their H-bond donor/acceptor ability, and
on the solute/solvent ratio.

With the 1,3-dimethylurea, having two H-bond donor and
two acceptor sites, below ∼2 mol · kg-1 composition, hydro-
philic hydration dominates (“substitutional” solution), while
above that composition, hydrophobic hydration (caging
process) dominates. After all the bulk water is “used up” in
the hydration process (m > 4 mol · kg-1), the caging effect
becomes very week.

The tetramethylurea molecule has only H-bond acceptor
sites, and the strong interaction of its carbonyl group with
water molecules at ∼1 mol · kg-1 composition results in water-
separated solute pairs. With the TMU solution, the bulk water
is “used up” at ∼ 1.7 m composition, suggesting a hydro-
phobic cage with 1:33 solute/solvent ratio. With further
increase of the composition, the interaction (overlapping) of
the hydrophobic cages results in microheterogeneity of the
solution over the (2 to 4) m composition range, indicating a
phase separation with an “upper critical solution tempera-
ture”.

The tetrabutylammonium bromide solution shows dominant
hydrophobic hydration and interaction, resulting in hydro-
phobic cages at ∼0.9 mol · kg-1 composition with ∼1:60
solute/solvent ratio. Their interaction (overlapping) results
in a clathrate-hydrate-like “host-guest” arrangement at 1.7
molality, corresponding to 1:32 solute/solvent ratio.

Appendix 1. Experimental Density Results of the
1,3-Dimethylurea, Tetramethylurea, And
Tetrabutylammonium Bromide Solutions

Experimental Property Data:
Table A1.
System type: Binary
Chemical Systems: Dimethylurea + Water
Property: density
Experimental Method: vibrating tube densimeter
Combined Expanded Uncertainty for the Property: 2δ(F) )

0.00004
State Variables and Constraints: temperature T, mole fraction

of dimethylurea x2, laboratory pressure
Standard Uncertainty for Variables and Constraints: δ(T) )

0.01 K; δ(x1) ) 0.0001
Table A2.
System type: Binary
Chemical Systems: Tetramethylurea + Water
Property: density
Experimental Method: vibrating tube densimeter
Combined Expanded Uncertainty for the Property: 2δ(F) )

0.00004
State Variables and Constraints: temperature T, mole fraction

of Tetramethylurea x2, laboratory pressure
Standard Uncertainty for Variables and Constraints: δ(T) )

0.01 K; δ(x1) ) 0.0001
Table A3.
System type: Binary
Chemical Systems: Tetrabutylammonium bromide + Water
Property: density
Experimental Method: vibrating tube densimeter
Combined Expanded Uncertainty for the Property: 2δ(F) )

0.00004
State Variables and Constraints: temperature T, mole fraction

of Dimethylurea x2, laboratory pressure
Standard Uncertainty for Variables and Constraints: δ(T) )

0.01 K; δ(x1) ) 0.0001
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