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a b s t r a c t
The compound 1,3-dimethyl-1,3-diazinan-2-one (N,N’-dimethylpropyleneurea, DMPU) is a dipolar aprotic solvent with very strong electron-donating abilities but which is much less toxic and less carcinogenic
than similar solvents such as the widely used HMPA (hexamethylphosphorictriamide). This paper reports
densities and viscosities of the binary mixtures of (DMPU + water) in the temperature range (293.15 to
353.15) K at 5 K intervals, over the whole composition range. Isobaric heat capacities of these mixtures
were measured by flow calorimetry at 298.15 K. The 1H- and 13C-NMR spectra as well as the solvatochromic parameters (polarizability, p*, hydrogen-bond acceptor basicity, b, and hydrogen-bond donor
acidity, a) of the mixtures were also determined. The densities and viscosities were sensitive to traces of
water in the organic-rich region while the heat capacities were not. Excess molar volumes were strongly
negative, showing an extremum at mole fraction xDMPU  0.40. The variation of viscosity with mixture
composition was similar to the density with a sharp maximum at xDMPU  0.35. Apparent molar volumes,
V/, of the mixtures show that the water-DMPU interactions have a larger effect on V/ of water than on
DMPU. While the standard isobaric molar heat capacity of DMPU in water is much higher than that of
DMPU itself, the corresponding value for water in DMPU was not much influenced by the presence of
DMPU. The 1H-NMR spectra show that the chemical shift of the water protons is more influenced by mixture composition than those of the DMPU protons. A de-shielding of the DMPU carbonyl carbon resonance was observed in the 13C-NMR spectra at low xDMPU, indicative of H-bonding between the water
protons and the non-bonding electrons of the carbonyl oxygen.
Ó 2021 Elsevier Ltd.

1. Introduction
Much effort is being invested in the development of
environmentally benign manufacturing and other processes. In
chemical-based industries, solvents typically impose difficulties
in this regard. This has led to a focus on the substitution of traditional solvents with so-called ‘‘green solvents”. However, the latter
require detailed characterization of their properties before they
can be widely employed. A promising candidate in this context is
1,3–dimethyl-1,3–diazinan-2–one (N,N’-dimethylpropyleneurea,
DMPU. CAS: 7226–23-5) –Fig. 1.
⇑ Corresponding authors at: CICECO Aveiro Institute of Materials, Department of
Chemistry, University of Aveiro, P-3810-193 Aveiro, Portugal.
E-mail addresses: mclara@ua.pt (M. Clara F. Magalhães), quijorge@ua.pt (P.J.
Carvalho).
https://doi.org/10.1016/j.jct.2021.106550
0021-9614/Ó 2021 Elsevier Ltd.

This compound is a powerful dipolar aprotic solvent with a high
dipole moment (l = 4.23 D [1]; cf. water, l = 1.85 D) similar to that
of the widely used HMPA (hexamethylphosphorictriamide,
l = 5.38 D [2]). Like HMPA, DMPU is a very strong electrondonor solvent but is much less toxic, less carcinogenic and has a
smaller environmental impact [3,4]. Both DMPU and HMPA have
modest relative permittivities (dielectric constants), er of 36.12
and 29.6 respectively, at 298.15 K [2,5].
Relative permittivities of neat DMPU have been reported at
temperatures from 298.15 K to 373.15 K by Rosenfarb et al. [5],
as well as densities, viscosities and refractive indices over the same
temperature range. Densities of DMPU were determined by Kneisl
and Zondlo [6] at the same temperatures, along with vapour pressures and heats of vaporization at T > 360 K.
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purity > 0.99) was used without further purification. The water
content of both samples was measured by a Metrohm 831 coulometric Karl Fischer titrator and found to be <500 ppm (mass fraction of water: ww < 0.0005). Degassed high-purity water was used
in all experiments. Mixtures of (DMPU + water) were prepared by
weight on analytical balances with a precision of ± 0.1 mg.
Bouyancy corrections were not applied. Name, CAS number, purity,
and purification methods are compiled in Table 1.
2.2. Density and viscosity measurements
At Murdoch, mixture densities [q/(gcm3)] were measured at
298.15 K and atmospheric pressure (0.1 MPa), with an Anton Paar
Density Meter (Model DMA 5000 M). The temperature was controlled internally to ± 0.002 K by the instrument. Prior to and after
all measurements the densimeter was calibrated with degassed
high-purity water (q = 0.997047 gcm3, at 298.15 K and
p = 0.1 MPa [15]) and dry air (with q determined by the instrument
at the local pressure). Mixture densities were typically reproducible to ± 4106 gcm3.
In Aveiro, the densities and viscosities of the mixtures were
measured at atmospheric pressure, 0.1 MPa, in the temperature
range from 293.15 K to 373.15 K using an automated SVM 3000
Anton Paar rotational Stabinger viscometer-densimeter. The
uncertainty of temperature was ± 0.02 K and the relative uncertainty of the dynamic viscosity was ± 0.01 mPas. The absolute
uncertainty in density was ± 5104 gcm3. The setup was calibrated with Anton Paar ISO 17025 standards covering the density
and viscosity ranges of the studied mixtures. Additional details
related to the equipment can be found elsewhere [16,17].

Figure 1. Chemical structure of DMPU.

Despite the scarcity of information on the physical properties of
neat DMPU, it has been used increasingly in various fields. Examples
include: the synthesis of functionalized benzylated pyridines under
microwave radiation [7]; polyaniline syntheses by casting and spin
coating procedures [8]; the determination of the thermodynamic
properties of dissolved sulphur dioxide [9]; the synthesis of microporous membranes for lithium-ion batteries [10]; and (due to its
strong Lewis basicity) as a ligand [11]. The limited characterization
of the properties of DMPU, despite its numerous applications, can be
related in part to its high hygroscopicity, which makes accurate
measurement of its physical properties challenging [12].
While water is the ultimate green solvent, its properties may be
usefully modified by addition of other compounds. Unlike many
organic compounds DMPU is completely miscible with water. Successful applications of such mixtures will require precise knowledge of their behaviour. However, rather little information is
currently available on almost any of the physicochemical properties of (DMPU + water) mixtures [4,12–14].
The main goal of this work is therefore to investigate some of
the key properties of DMPU and its mixtures with water. These
properties included densities and viscosities in the temperature
range from 293.15 K to 353.15 K and heat capacities at 298.15 K.
In addition, solvatochromic parameters and nuclear magnetic resonance spectra (1H and 13C) have also been measured at room
temperature.

2.3. Heat capacity measurements
The relative isobaric volumetric heat capacity differences [Dr/r
° = (r  r°)/r°] of the (DMPU + water) mixtures were measured
using a Picker flow calorimeter (Sodev, Sherbrooke, Canada) model
CP-Cpr, with a thermal detector, model DT-C, and a thermostat,
model CT-L. The calorimeter measures directly the difference in
the volumetric heat capacity of two liquids [Dr /(JK1cm3)]
flowing in series through a reference and a working cell [18]. The
reference liquid is usually water but for (DMPU + water) mixtures
with DMPU mole fractions (xDMPU) > 0.5 (wDMPU  0.70) the reference liquids were (DMPU + water) mixtures with wDMPU = 0.60,
0.70, 0.80 and 0.84, to minimize the amount of heat liberated at
the contact surface between the flowing mixture under measurement and the reference liquid. Such enthalpic effects destroy the
accuracy of the heat capacity measurement. This approach was
essential for reliable measurements of the heat capacities at
xDMPU > 0.5.
The test and reference liquids were introduced alternatively
into the calorimeter using a four-way chromatography valve
(Hamilton, USA, Model HVP). A flow rate of 0.8 cm3min1 was
maintained by a Gilson Minipulse 3 peristaltic pump. Due to
interaction between the peristaltic tubing and the mixtures at
xDMPU  0.17 (wDMPU  0.60) the pump and tubing were replaced

2. Methods
2.1. Solution preparation
Densities and heat capacities at 298.15 K were measured at
Murdoch University while all the other measurements were performed at the University of Aveiro. Two separate samples of DMPU
were used. At Murdoch, Sigma-Aldrich DMPU (mass fraction purity
0.98) was distilled under reduced pressure at ~ 353 K and stored at
room temperature over freshly activated (~600 K for 15 h) 0.3 nm
molecular sieves. In Aveiro, Sigma-Aldrich DMPU (mass fraction

Table 1
Name, CAS number, purity, and purification method of the studied compounds.

a

Chemical Name

Source

Initial Mass
Fraction Purity

Purification Method

Final Mass Fraction
Purity

Water content mole
fraction

Analysis
Method

N,N0 -dimethyl =
propyleneurea, DMPU
(CAS: 7226–23-5)

SigmaAldrich
SigmaAldrich

Murdoch: 0.98

Murdoch: Distillation and 0.3 nm
molecular sieves
Aveiro: None

Murdoch: 0.99

< 0.00006

NMR, KFa

Aveiro: 0.99

0.0016

NMR, KFa

Aveiro: >0.99

Karl Fischer titration for the determination of water content
2
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nitroaniline, 4-nitroaniline and pyridine-N-oxide [20,21]. The
parameters p* and b were calculated from the longest wavelength
UV–Vis absorption band using a BioTeck Synergy HT microplate
reader at 298.15 K. The a parameter was determined by 13C
NMR, where D2O in a coaxial insert was used as solvent and
trimethylsilylpropanoic acid as internal reference. At least three
independent measurements were performed for the p* and b
parameters for each mixture. The equations used to calculate the
Kamlet-Taft solvatochromic parameters are given in the Supporting Information.

by a series of three automated syringe burettes that were used to
push the liquids into the calorimeter with a flow rate of 1.0 cm3min1. Two burettes were filled with differing (DMPU + water)
mixtures: one for the mixture being determined and the second
for a reference mixture of slightly lower DMPU content. The third
was filled with pure water, which continued to be the ultimate reference liquid.
The output voltage from the calorimeter detector was measured
with an integrating voltmeter (Hewlett-Packard, model 34401A)
for periods from 30 s to 60 s. This quantity is directly proportional
to the difference in the applied power DWA necessary to maintain
equal the ‘‘final” temperature of both liquids. With the test mixture
in the working cell and the reference liquid in the reference cell,
the relative volumetric heat capacity difference between the two
liquids is given by [19],

Dr=r ¼ DW A =W 

3. Results and discussion
3.1. Densities

ð1Þ

Densities for (DMPU + water) mixtures measured from 293.15 K
to 353.15 K at the University of Aveiro (UA) are displayed in Figure 2 and listed in Table S1 of the Supporting Information. Solution
densities increase rapidly upon addition of small amounts of DMPU
to water, reaching a maximum at xDMPU  0.40 (Figure 2). These
changes become less pronounced with increasing temperature.
Such increases are usually attributed to the co-solvent being largely accommodated within the cavities of the water structure. At
xDMPU > 0.50, the density decreases almost linearly with the addition of DMPU. Densities were also determined at 298.15 K at Murdoch University (MU) (Table S2) since these values were needed for
the determination of the heat capacities of the (DMPU + water)
mixtures. The two sets of density values are in good agreement
(Figure 3-top) with an average percentage absolute relative deviation (%ARD ¼ 100jqMU  qUA j=qMU ) of 0.05%.
As the Aveiro measurements covered a wider range of temperature, they were chosen for comparison with the experimental literature data (Figure 3-top). Good agreement among the various
data sets was observed, with average relative deviations of 0.07%,
0.04% and 0.01% from the values reported by Ivanov et al. [14],
Lemos and Maestre [13] and Stroka et al. [4], respectively.
Owing to its high hygroscopicity, completely pure DMPU is difficult to obtain and even more difficult to make accurate measure-

where r° is the isobaric volumetric heat capacity of the reference liquid and W° is the baseline power applied to both cells to
heat the flowing liquids. When a (DMPU + water) mixture is in
the reference cell and the reference liquid is in the working cell,
then [19]:

Dr=r ¼ DW B =ðW  þ DW B Þ

ð2Þ

where DWB is the extra power applied to maintain the reference
liquid at the same ‘‘final” temperature as that of the test mixture,
with an overall uncertainty of ± 0.05%.
2.4. 1H and

13

C NMR spectra

The NMR spectra were measured at room temperature with a
Bruker Avance 300 spectrometer, at frequencies of 300.13 MHz
for 1H and 75.47 MHz for 13C using deuterium oxide as a reference.
2.5. Solvatochromic parameters
The solvatochromic parameters p*, b and a were measured at
298.15 K using small quantities of the probes N,N-diethyl-4-

Figure 2. Densities of (DMPU + water) mixtures as a function of composition at temperatures from 293.15 to 353.15 K at 0.1 MPa pressure. Lines represent the extended
Jouyban-Acree model [22].
3
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Figure 3. Relative deviations (%RD) between experimental and literature [4–6,13,14,23–27] density data as a function of temperature at atmospheric pressure (p = 0.1 MPa)
for: (top) (DMPU + water) binary mixtures, as function of DMPU mole fractions; and (bottom) pure DMPU.

of pure DMPU at all temperatures was the experimental value at
xDMPU = 0.9984 (Table 2). In Table S2 it can be seen that the value
obtained, at T = 298.15 K, for the density of the mixture with composition xDMPU = 0.9991 was 1.0592 gcm3, which is within the
experimental error of the determinations.
The present densities of pure DMPU are compared with literature values in Figure 3-bottom. The results are in good agreement at all comparable temperatures: compare Table 2 with
Table S3, which also includes the DMPU purification procedure
and water content (when specified) and the experimental density method.

ments on the density of its mixtures with water at xDMPU > 0.99.
The very exothermic reaction of DMPU with water indicates that
DMPU binds to water more strongly than to other DMPU molecules. This is consistent with the volume contraction (increase in
density) observed between the mixtures and their pure
components.
The density of pure DMPU is of interest, e.g., for calculating
excess molar volumes and apparent molar volumes of the binary
mixtures. Because of the difficulties of determining the density of
DMPU in the complete absence of moisture, it was assumed that,
within the likely limits of experimental uncertainty, the density
4
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Table 2
Densities (q) of pure DMPU, measured at Aveiro, at temperatures from 293.15 K to 353.15 K at atmospheric pressure (p = 0.1 MPa).
T/K

q/(gcm3)

T/K

q/(gcm3)

T/K

q/(gcm3)

293.15
298.15
303.15
308.15
313.15

1.0634
1.0590
1.0548
1.0507
1.0465

318.15
323.15
328.15
333.15
338.15

1.0424
1.0382
1.0340
1.0299
1.0257

343.15
348.15
353.15

1.0216
1.0174
1.0132

Standard uncertainties (u) are: u(q) = 0.0005 gcm3, u(T) = 0.02 K and u(p) = 0.003 MPa.

The excess molar volumes at (298.15, 308.15 and 318.15) K
were found to follow the same trend as the literature data [4,13]
as shown in Figure S1 for 298.15 K.
The partial molar volume of a solute in binary mixtures is a useful quantity for examining the interactions between the mixture
components at infinite dilution (Vo2). The standard state (infinite
dilution) partial molar volume of the solute (Vo2) is equal to the
limiting (infinite dilution) apparent molar volume ðV 1
/;2 Þ. In the
present mixtures either substance can be considered as the solute
or the solvent, giving the apparent molar volume for DMPU
(V/,DMPU) in (solvent) water and for water (V/,w) in (solvent) DMPU.
At any mixture composition, the apparent molar volume of the
solute, V/,2 /(cm3mol1), can be calculated as:

An extended version of the Jouyban-Acree model [22] was used
to describe the experimental (DMPU + water) density data:

ln qm;T ¼ x1 lnq1;T þ x2 lnq2;T þ x1 x2

"
#
N¼2
X
Aj ðx1  x2 Þj
j¼0

T ðNjÞþB

ð3Þ

where qm;T , q1;T , and q2;T are the densities of the mixture and
compounds 1 and 2 at temperature T, respectively, and A0 , A1 , A2
and B are empirical constants, which were found to have optimal
values of: A0 = 3649064.403, A1 = 12118.836, A2 = 11.852 and
B = 1.058. The average absolute relative deviation between the
experimental values and those calculated using the JouybanAcree model was 0.06%.
The excess molar volumes [VEm/(cm3mol1)] of the (DMPU + water) mixtures were calculated via:

V Em ¼

xDMPU M DMPU þ xw M w

qm



xDMPU M DMPU

qDMPU



xw M w

qw

V /;2 ¼

M2

q



q  q
1000
m2 qq

ð5Þ

where q and q*, in gcm3, are the densities of the mixture and
the pure solvent, respectively, M2 is the molar mass (gmol1) of
the solute and m2 is the molality of the solute in the solvent
(molsolutekg1
solvent). Values of V/,2 for DMPU in water and water in
DMPU are listed in Tables S5 and S6, respectively, at all the studied
temperatures. Selected data are plotted in Figures 5 and 6.
As the amount of solute increases in the mixtures, V/,2
approaches the molar volume of the pure solute. The curves in Figures 5 and 6 show an almost linear variation with composition
when x2 > 0.5. Extrapolation of V/,2 to x2 = 1 should give the molar
volume of the pure component 2 (Vm,2). Table 3 lists values of

ð4Þ

where qm, qDMPU and qw are the densities of the mixtures,
pure DMPU and pure water, respectively, while M is the relevant
molar mass. Figure 4 shows the strong volume contraction that
occurs for these mixtures (numerical values are listed in
Table S4), which reaches a maximum of 1.5 cm3mol1 at
293.15 K. This contraction diminishes with increasing temperature, consistent with the decrease in the exothermic mixing of
these two substances [12].

Figure 4. Excess molar volume VE of binary mixtures of DMPU and water as a function of composition at various temperatures.
5
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Figure 5. Apparent molar volume of DMPU in water V/,DMPU as a function of composition (top) and temperature (bottom) for the (DMPU + water) binary mixtures.



Dr q o
cp ¼ cop 1 þ o

Vm,DMPU and Vm,w obtained by dividing the molar mass by the
respective density for each temperature. The plot of Vm,DMPU
against temperature is linear (Vm,DMPU = 0.0986 T + 91.632;
R2 = 0.99991) while Vm,w varies quadratically with temperature
(Vm,w = 8  10–5T 2 –0.0443 T + 23.895; R2 = 0.99968).
The standard volumes of DMPU in water (V o/ ,DMPU) and of water

r

q

ð6Þ

where cop and q° are the specific isobaric heat capacity and the
density of the reference liquid, respectively. The densities of the
mixtures, q, needed for the calculation of cp, were measured at
Murdoch (Section 2.2). Compositions, densities and specific heat
capacities for the (DMPU + water) mixtures at 298.15 K are summarized in Table S2 and presented in Figure 7.
The density and specific heat capacity of water at 298.15 K were
the IAPWS-IF97 values [28]. The DMPU density was taken to be
q*DMPU = 1.0590 gcm3, at 298.15 K (Table 2). The difficulties of
determining the density of truly anhydrous DMPU (Section 3.1)
were circumvented by assuming that, within the likely limits of
experimental uncertainty, the density of pure DMPU at all temperatures was the experimental value at xDMPU = 0.9984. Similarly, the
specific heat capacity for pure DMPU cp ,DMPU = 1.77 JK1g1, was

in DMPU (V o/ ,w) are difficult to determine, because as x2 ? 0,
m2 ? 0 and V/,2 ? 1. However, the shape of the curves in Figures
5 and 6 for x2 < 0.5 show that V/,DMPU is less sensitive to the presence of water than V/,w in DMPU.
3.2. Heat capacities
Values of the isobaric specific (massic) heat capacity
[cp /(JK1g1)] of the mixtures were calculated from the volumetric heat capacities, using the expression [19]:
6
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Figure 6. Apparent molar volume of water in DMPU V/,w as a function of composition (top) and temperature (bottom) for (DMPU + water) mixtures.

taken to be the value for xDMPU = 0.9991 (Table S2). This value is
close to that reported for HMPA (cp ,HMPA = 1.793 JK1g1) at
298.15 K. Note that Kustov and Smirnova [12] have reported excess
heat capacities for (DMPU + water) mixtures obtained from enthalpies of mixing at just two temperatures over a limited low concentration range. However, they do not provide sufficient information
to make possible a quantitative comparison with the present values of cp ,DMPU. An estimation of cp ,DMPU, using Kopp’s rule [29] gives
cp ,DMPU = 2.070 JK1g1, which is broadly consistent with the present experimental result.
The apparent molar isobaric heat capacities [Cp,/ / (JK1mol1)]
for the binary mixtures were calculated from the expression

Table 3
Molar volume of DMPU in water, Vm,DMPU, and of water in DMPU, Vm,w, as functions of
temperature at 0.1 MPa pressure.
T /K

Vm,DMPU/ cm3mol1
MDMPU / qDMPU

Vm,w/ cm3mol1
Mw / qw

293.15
298.15
303.15
308.15
313.15
318.15
323.15
328.15
333.15
338.15
343.15
348.15
353.15

120.53
121.03
121.51
121.98
122.47
122.95
123.45
123.95
124.45
124.95
125.46
125.97
126.50

18.05
18.07
18.09
18.12
18.16
18.19
18.23
18.28
18.32
18.37
18.42
18.48
18.54

C p;/ ¼ M2 cp þ

Standard uncertainties (u) are: u(T) = 0.02 K and u(Vm) = 0.01 cm3mol1.
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Figure 7. Upper box: isobaric specific (massic) heat capacity (cp) of (DMPU + water) mixtures at 298.15 K. Lower box: apparent isobaric molar heat capacities of DMPU in
water (Cp,/,DMPU) and of water in DMPU (Cp,/,w), at 0.1 MPa and 298.15 K.

molecules, which originates in the differing physical properties of
the pure substances.

As expected, Cp,/,2 approaches the isobaric molar heat capacity of
the pure solute, Cp,m, as the amount of solute increases. A value of
Cp,m,DMPU = 227.1 JK1mol1 was obtained from the specific heat
capacity (Cp,m,DMPU = cp ,DMPU  MDMPU) while Cp,m,w = 75.3 JK1mol1
is the value for water (Cp,m,w = cp ,w  Mw), at 298.15 K.
On approaching infinite dilution, the apparent molar isobaric
heat capacity for each solute (lower box of Figure 7) varies sharply
at x2 < 0.05, similar to the behaviour of the apparent molar volume
with composition (top box of Figures 5 and 6). These observations
are consistent with the notion, also supported by 1H NMR, that reasonably low concentrations of organic molecules are fitted mostly
within the cavities of the dominant water structure. Small amounts
of water in DMPU influences the intermolecular bonds by establishing strong H-bond interactions between the water and DMPU

3.3. Viscosity
Dynamic viscosities, g, for (DMPU + water) mixtures measured
at 293.15 K to 353.15 K and p = 0.1 MPa are summarised in Figure 8
and listed in Table S7. Values of g increase sharply with xDMPU,
reaching a maximum at xDMPU  0.35, consistent with the strong
H-bonding interactions between DMPU and water and indicating
a non-ideal behaviour, as noted previously by Stroka et al. [4]. As
for most liquids the influence of temperature is much greater on
viscosity than on density. This is particularly noticeable at compositions in the range 0.15 < xDMPU < 0.70. For example, at xDMPU  0.5
8

J. Chem. Thermodynamics 161 (2021) 106550

Ricardo A.L.S. Santos, M. Clara F. Magalhães, G. Hefter et al.

Figure 8. Dynamic viscosity (g) of (DMPU + water) binary mixtures as a function of composition at various temperatures.

a rise in temperature from 293.15 to 353.15 K decreased the viscosity from ~ 8.5 to ~ 1.5 mPas. The viscosities of these mixtures
are in general low at room temperature, making them potentially
interesting for industrial applications.
Only the viscosity data of Stroka et al. [4] at 298.15 K are available for comparison. The agreement is excellent – Figure S2 –
between the two sets of experimental data.
Viscosities were fitted with the Vogel–Tammann–Fulcher (VTF)
model [17],



gðTÞ ¼ Ag exp

Bg
T  Cg

Eg ¼ R

@ ðln½gðTÞ Þ
@ ð1=T Þ

ð9Þ

where Ag , Bg , and C g are adjustable parameters estimated from
the experimental data and R is the ideal gas constant. Due to their
slight variation with mole fraction, the adjustable paraments Ag
and Bg were fixed to constant values when doing a free fit (Figure S3). Final values can be found in Table S8.
Figure 9 and the %ARD (Table S8) show that the VTF equation
provides a reasonable description of the viscosity dependence with
temperature, given the non-symmetric nature of the experimental
data. The absolute relative deviation between the experimental
and calculated values varied from 0.35% to 11.25%.
The energy barrier Eg indicates the resistance of a fluid to shear
stress: the higher the viscosity, the higher Eg and therefore the



ð8Þ

and the energy barrier, Eg , was calculated based on the viscosity
dependence with the temperature,

Figure 9. Dynamic viscosities (g) of (DMPU + water) binary mixtures as a function of temperature at various compositions. Solid lines correspond to the values calculated
using the VTF equation.
9
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Figure 10. Energy barrier, Eg (left-hand axis) and the VTF parameter C g (right-hand axis) of (DMPU + water) binary mixtures at 298.15 K as a function of composition.

tion caused by hydrogen bonding. On the other hand, 1H and 13C
signals at positions 4, 5 and 6 show small shifts to less shielded
environments, due to the higher positive charge on the nitrogen
atoms (Figure 12). The protons H-10 ,100 also follow that trend, but
the shifts of their counterpart carbon atoms decrease due to the
proximity of nitrogen atoms that take part in the H-bonding
(Tables S9 and S10).

more difficult it is for the molecules to move past each other. In
Figure 10 it can be seen that Eg follows the same tendency as viscosity – Figure 8 – with a maximum at xDMPU  0.35. The Vogel
temperature, or ‘‘ideal glass transition temperature”, C g , [30] varies
similarly to the energy barrier (Figure 10). This indicates a change
of the mixture glass transition temperature and configurational
entropy [31,32]. Additionally, through Bg ¼ DC g it is possible to
calculate the fragility parameter, D, that measures the structural
strength of a system. Here, D varies from 3.6 to 7.4 demonstrating
that the mixtures under study are ‘fragile’ liquids (D < 10) [30] and
so C g is close to the glass transition temperature [33].

3.5. Solvatochromic parameters
Solvatochromic parameters give insights into the nature and
extent of the local interactions between the components of a mixture. There are many solvatochromic parameters that can be considered but the best-known parameters provide measures of Hbond donor and acceptor capabilities, and/or electron-pair donor
and acceptor capabilities. As already noted, H bonds are important
in DMPU and its mixtures with water. The H-bond acceptor functionality of DMPU results from the presence of electronegative
atoms with electron-pairs, i.e., oxygen and nitrogen. On the other
hand, DMPU has no dissociable protons so is generally considered
to be aprotic, with no H-bond donor capacity.
To provide insights into the interactions of DMPU and water,
the polarizability (p*), H-bond donor (a) and H-bond acceptor (b)
parameters were determined at 298.5 K –Table S11 and Figure 13.
There is a decrease in polarizability and H-bond donor properties
but an increase in the H-bond acceptor parameter when the DMPU
concentration increases. The steep decrease in a shows the lack of
hydrogens for this type of bonding in the aprotic DMPU (a = 0.46).
The increase in b with DMPU concentration is consistent with
DMPU’s strong H-acceptor character (b = 0.87). Both p* and b
parameters in pure DMPU are similar or inferior to the commonly
used HMPA for which p* = 0.84 and b = 1.03 [34].
Stroka et al. [4] also measured solvatochromic parameters for
(DMPU + water) mixtures but used the Dimroth-Reichardt ET(30)
indicator along with acceptor (AN) and donor (DN) numbers
[35,36]. Consistent with the Kamlet-Taft parameters, discussed
above, both measures of electron-acceptor strength (ET(30) and
AN) decreased sharply while the DN increased with increasing
DMPU concentrations in the mixtures.

3.4. Nuclear magnetic resonance spectra
Consistent with its symmetry (Figure 1), the 1H-NMR spectrum
of DMPU (Figure S4) shows three peaks corresponding to protons
H-4, 6, H-10 ,100 and H-5 at d = 3.34, 2.92 and 2.04 ppm, respectively.
The methyl protons H-10 ,100 appear as a singlet, whereas H-4,6 and
H-5 appear, respectively, as a triplet and a quintet due to their coupling (J = 6.0 Hz). The 13C NMR spectrum (Figure S4) also confirms
the structural symmetry, with carbons C-4,6 and C-10 ,100 equivalent, with resonances at d 47.8 and 35.0 ppm, respectively. The
other peaks observed in the spectrum correspond to carbon C-5,
at d 22.5 ppm , and the carbonyl C-2 at d 156.0 ppm.
Chemical shifts (d, with integrals normalized to the H-5 peak)
and coupling constants (J) of the 1H-NMR spectra of the DMPU/water mixtures are listed in Table S9. The variation of the 1H shifts for
DMPU with mixture composition, Figure 11, indicates significant
interactions with surrounding water molecules, with a new signal
for the water protons also appearing (Table S9). The water protons
are more shielded at higher DMPU concentrations, whereas their
chemical shift is constant at xDMPU < 0.2. This is consistent with
the notion that reasonably low concentrations of organic molecules are mostly fitted within the cavities in the dominant water
structure.
In the 13C-NMR spectra of (DMPU + water) mixtures (Table S10
and Figure 11), the carbonyl peak (C-2) also becomes more
shielded at lower water concentrations due to decreased polariza-
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Figure 11. Variation of 1H-NMR (top box) and

13

C-NMR (bottom box) chemical shifts with composition of (DMPU + water) mixtures.

4. Conclusions
An extensive characterization of various thermodynamic, transport and spectral properties for DMPU and its mixtures with water
has been performed. Calculations based on density measurements
have shown that (DMPU + water) mixtures exhibit large negative
excess molar volumes as a result of strong H-bond interactions
between the component compounds, consistent with 1H- and
13
C-NMR spectra and solvatochromic parameters. Small quantities
of water led to considerable changes in densities and viscosities in
the organic-rich region. For heat capacities, while the standard isobaric molar heat capacity of DMPU in water is much higher than
that of DMPU itself, the corresponding value for water in DMPU
was not much influenced by the concentration of DMPU. The 1HNMR chemical shifts show that the water protons are more influenced by mixture composition than those of the DMPU protons.
A de-shielding of the DMPU carbonyl carbon resonance was

Figure 12. DMPU resonance structures.
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Figure 13. Solvatochromic parameters for (DMPU + water) mixtures as a function of composition, at 298.15 K. Pure water values taken from reference [37]. Lines are visual
guides only.

observed in the 13C-NMR spectra at low xDMPU, indicative of Hbonding between the water protons and the non-bonding electrons
of the carbonyl oxygen.
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