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The role of urea in formation of the sodium
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Neutron diffraction with isotopic substitution has been used to investigate the structure of the liquid
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sodium acetate trinydrate—urea eutectic (mole fraction (yuea) of 0.60) at 50 °C. Urea competes with
acetate anions and water molecules in the solvation of sodium ions, displacing water and, simulta-
DOI: 10.1039/d3cp055169 neously, stabilising the liberated ‘excess’ water through hydrogen bonding between water and urea
molecules in the eutectic liquid. This provides a direct insight into the role of urea as both denaturant

rsc.li/pccp and hydrogen-bond network former in generating eutectic liquids.
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Introduction

Phase change materials (PCMs) are of interest for latent heat
thermal energy storage devices across a range of temperature
scales to capture and release heat energy at defined tempera-
tures through melting/freezing phase transitions. As thermal
energy storage media, PCMs have uses in solar energy storage,
heat management in buildings, industrial exhaust heat recovery,
and thermal management systems." A wide range of materials
have been explored for applications as PCMs including molecu-
lar organics (paraffins, polyols, fatty acids etc.), organic®> and
inorganic® salts.

Inorganic salt hydrates,* that combine large heat capacities
with high energy density and low cost, are desirable materials.
However, instability through loss of water can lead to phase
segregation and extensive supercooling that inhibits crystal-
lisation can both be significant challenges to their practical
application. Sodium acetate trihydrate (SAT) is one example of a
salt hydrate that has been widely studied as a PCM for potential
thermal management and storage applications.”® The low
melting point (58-58.4 °C) and large enthalpy of fusion
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(AHp,s 264.0 kJ kg™ ") are highly desirable characteristics, how-
ever incongruent melting forming liquid sodium acetate
n-hydrate and solid anhydrous sodium acetate causes proble-
matic phase segregation.” The addition of urea to SAT leads to
melting point depression and the formation of a pseudo-
ternary SAT-urea eutectic at 40 wt% urea (mole fraction, yurea
of 0.60, see Fig. 1).® This eutectic composition melts congru-
ently at 31.4 °C while retaining a large latent heat of fusion
(4Hp,s 205.3 kJ kg ™). As well as interest as a potential PCM, the
SAT-urea eutectic liquid has also been explored as a non-toxic
solvent for use in chemical synthesis,” solubilisation and
extraction of oligosaccharides, antioxidants and proteins from
waste biomass,'® and for preparation of gelatin films."
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Fig. 1 The SAT-urea solid-liquid equilibrium phase diagram plotted with
data taken from Li et al.®

Phys. Chem. Chem. Phys., 2024, 26, 3051-3059 | 3051


https://orcid.org/0000-0002-4246-0908
https://orcid.org/0009-0009-3052-5792
https://orcid.org/0000-0002-1562-6298
https://orcid.org/0000-0002-3084-8438
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cp05516g&domain=pdf&date_stamp=2024-01-05
https://doi.org/10.1039/d3cp05516g
https://doi.org/10.1039/d3cp05516g
https://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp05516g
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP026004

Open Access Article. Published on 22 December 2023. Downloaded on 11/10/2025 10:26:36 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

The SAT-urea liquid offers opportunities to study the
potential competitive and/or collaborative interactions between
urea and water in concentrated ionic liquids bridging between
molten salt hydrates'* and inorganic salt-urea eutectic
liquids."® Moreover, the interactions between urea and water
in organic deep eutectic liquids such as choline chloride-urea™*
and choline acetate-urea®® are of interest, with the former
reported to retain a remarkable degree of ionic liquid structural
integrity even after addition of large mole fractions of water'®
whereas choline acetate-urea exhibits loss of ionic structure on
addition of water."”

Here we describe the liquid structure of liquid SAT-urea
studied at the eutectic composition, comparing the competing
interactions between the different components present in the
melt (sodium and acetate ions, water and urea), using neutron
diffraction on the SANDALS diffractometer at the ISIS pulsed
neutron source in order to investigate the role of urea as a
eutectic former.

Experimental
Materials

All chemicals (anhydrous sodium acetate, sodium acetate-ds,
urea, urea-d,, and D,O with purities >99% except urea-d,
which was 98 atom%) were purchased from Merck (Sigma-
Aldrich). Seven isotopomeric SAT-urea samples were prepared
with the H/D-distributions between acetate, water, and urea
shown in Table 1 at the eutectic composition of the fully
protiated system (0.40 mole fraction sodium acetate trihydrate
and 0.60 mole fraction urea). SAT-urea samples were prepared
by mixing appropriate quantities of the corresponding protic or
deuterated anhydrous sodium acetate, water and urea in sealed
glass vials and then heating at 50 °C until homogeneous liquids
were obtained.

Neutron scattering experiments

Total neutron scattering data were collected from the seven
SAT-urea samples shown in Table 1 using the SANDALS
diffractometer at the ISIS pulsed neutron source. Samples were

Table 1 Isotopomers, experimental densities (AntonPaar DMA 4500M
density meter, 50 °C) and corresponding atomic number densities of the
SAT-urea liquids (SAT 0.40 mole fraction) samples investigated with isotope
substitution on acetate, water, and urea with common H/D-substitution for
urea and water to compensate for exchange between labile hydrogen sites.
The seven samples were selected to give access to the seven unique H-
centred pair distribution functions accessible in the system

Sodium Number density/
Sample acetate Water + urea Density/g cm > atoms A3
1 D D 1.369 0.09910
2 D H/D* 1.338 0.09934
3 D H 1.305 0.09944
4 H/D* H/D* 1.330 0.09896
5 H H 1.285 0.09923
6 H/D* D 1.362 0.09921
7 H D 1.356 0.09940

“1:1 mixtures of H:D isotopomers.
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Fig. 2 DSC profiles from samples 3-7, collected on heating at 2 °C min~*

between —40 to 60 °C show the kinetically slow cold crystallisation
between —15 to 5 °C followed by a broad melting transition in the region
15-35 °C. All the mixtures melt forming homogeneous liquids above 40 °C
irrespective of isotopic substitution.

loaded into ‘null scattering’ Tiy ¢sZro 3, flat plate cells with
internal geometries of 1 x 35 x 35 mm with a wall thickness
of 1 mm. SANDALS has a wavelength range of 0.05-4.95 A, and
data were collected above the melting points for all the H/D-
isotopomeric compositions (as shown from the measurements
in Fig. 2) at 50 °C over a Q range from 0.1-50 A™* (with Q =
2nsin 0/4, where 20 = scattering angle and A = wavelength).
During measurements, the cell was maintained at a tempera-
ture of 50 °C using a recirculating heater (Julabo FP50).

Experimental sample densities (Table 1) and scattering
levels obtained were consistent with the isotopic compositions
of the samples. Absolute values of the differential cross sections
were obtained from the raw scattering data by normalising
against a 3.1 mm thick null-scattering vanadium-niobium alloy
(0.9485:0.0515) standard and correcting for background and
multiple scattering, container scattering and self-attenuation,
using GUDRUN."® The neutron structure factors obtained from
GUDRUN were further analysed by fitting to atomistic models
using Empirical Potential Structure Refinement (EPSR)."® Details
of the GUDRUN and EPSR input files are included in ESL¥

The EPSR approach consists of a Monte Carlo simulation,
using Lennard-Jones potentials with atom-centred point
charges that are combined with basic information about the
structure of the atoms or molecules present in the system and
total atomic densities of the system to constrain the model in a
chemically and physically reasonable manner. By comparing
the differences between calculated and experimental structure
factors in Q-space for each data set, an empirical perturbation
potential is determined. This is combined with the reference
potential and used as the new potential for simulations,
iteratively driving the model towards agreement with experi-
mental data. EPSR of the liquid was performed against the
experimental data for all seven isotopologues simultaneously
over the range (Q = 0.1-30 A™%). Initial interatomic distance
constraints used to define the basic molecular geometries were

This journal is © the Owner Societies 2024
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Fig. 3 Atom types used in the EPSR simulation models.

obtained from MOPAC with the AM1 model, and Lennard-Jones
reference potentials for each atom type were taken from OPLS-
AA®® and, for water, SPC*! non-bonded parameters. Atom types
are defined based on unique positions in the molecular skele-
tons (Fig. 3). Full parameters of the reference potential and
interatomic distance and angular constraints used to define the
basic molecular geometries are given in Table 2 and 3.

EPSR models were equilibrated for over ca. 10000 cycles
before accumulating and averaging structural data. The
EPSR refinement was initialised using an equilibrated Monte
Carlo simulation containing 2600 discrete species (400 Na',
400 [OAc]~, 1200 waters and 600 ureas) in a cubic box of size
48.85 A. The atom density of the simulation box used
(0.0992 atoms A~°) was the experimental density, averaged
across all seven isotopomeric SAT-urea eutectic liquids at
50 °C (Table 1) which varied between 1.285-1.369 g cm’
(0.09896-0.09944 atoms A~°®) depending on the extent of
deuteriation.

Results and discussion

SAT-urea samples 1-7 were prepared at yurea = 0.60, €.g. 2:3
sodium acetate trihydrate:urea, using combinations of pro-
tiated and deuteriated sodium acetate, water and urea as shown
in Table 1. This composition is that representing the eutectic
reported for the fully hydrogenous system. All samples 1-7
melted upon heating to 40 °C forming clear homogeneous
liquids. Interestingly, after subsequent cooling to 5 °C, 4, 5
and 6 completely solidified, whereas 2 remained a liquid, and
1, 3 and 7 produced crystals within a bulk liquid phase, and

Table 2 Lennard-Jones well depth (¢), range (g), and charge (q) para-
meters used for the reference potential of the EPSR model

Atom label &/k] mol ™! a/A qle
Sodium

Na 0.0117 3.33 0.8000
Acetate

C1 0.2761 3.50 —0.2240
Cc2 0.4393 3.75 0.5600
o1 0.6500 2.96 —0.6400
H1 0.1255 0.25 0.0480
Water

ow 0.6364 3.15 —0.6672
Hw 0.0000 0.00 0.3336
Urea

CcuU 0.4393 3.75 0.5455
ou 0.8786 2.96 —0.4378
NU 0.7113 3.25 —0.4826
HU1 0.0000 0.00 0.2145
HU2 0.0000 0.00 0.2145
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Table 3 Intramolecular bond distance and angle constraints used to

define the basic geometries of acetate, water, and urea in the initial EPSR
simulation model

Bond distance/A Bond angle/A

Acetate

C1-C2 1.52 C2-C1-H1 109.96

C1-H1 1.09 H1-C1-H1 109.09

C2-01 1.25 C1-C2-01 117.30
01-C2-01 126.00

Water

Ow-Hw 0.96 Hw-Ow-Hw 103.51

Urea

OU-CU 1.22 OU-CU-NU 119.91

CU-NU 1.34 NU-CU-NU 120.18

NU-HU1 1.01 CU-NU-HU1 120.13

NU-HU2 1.01 CU-NU-HU2 120.14
HU1-NU-HU2 119.74

remained in these forms for over three months under ambient
conditions. There was no clear correlation of this behaviour
with the H/D-composition which could be attributed to differ-
ences in eutectic behaviour as a function of H/D-substitution,
as seen, for example in mixtures of H/D-water/tetrahydro-
furan.>® Using differential scanning calorimetry (TA Instru-
ments Q2000 DSC), with a repeat cycle of three cooling and
heating steps at 2 °C min~" between —90 and 70 °C in sealed
Tzero aluminium pans, all the samples displayed extensive
supercooling to below —40 °C. On heating, cold crystallisation
as a broad exotherm between —5 and 15 °C was followed by
melting between 15 and 35 °C (Fig. 2). The exception to this
behaviour was 2 which did not show any phase transitions in
the DSC, but did slowly solidify after storing at —15 °C suggest-
ing that crystallisation is kinetically slow for this composition
(sodium acetate-d; with mixed H/D-urea and water).

Neutron diffraction data

Data were collected from the seven H/D-substituted SAT-urea
samples shown in Table 1 and after reduction and normal-
isation, were analysed using EPSR."®

Good fits were obtained between the experimental and
simulated data in F(Q) and real space g(r) (Fig. 4). Small
discrepancies are evident in the low Q region of 3 and 7 which
have the largest isotopic contrast between the acetate and
water/urea components. This is commonly ascribed to limita-
tions in correcting for inelastic scattering in the experimental
structure factors.”® Centre of mass radial distribution functions
(COM RDFs) from the EPSR model (Fig. S1, ESIT) reveal acetate,
water, and urea within the sodium first coordination shell, with
the sodium-acetate correlation most predominant. However,
COM RDFs give a distorted view of coordination environments
and interactions due to discrepancies in the positions of
maxima that reflect the differences in distance of COM from
the points of association, especially between components of
dissimilar sizes or where the interaction sites are significantly
offset from the centre of mass.

A more detailed investigation of the nature of these associa-
tions can be made by examination of site-site partial RDFs.

Phys. Chem. Chem. Phys., 2024, 26, 3051-3059 | 3053
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Fig. 4 Experimental F(Q) data (red symbols), EPSR models for the data
(blue lines) and residual differences between simulated and experimental
data (dashed lines) (left), and the Fourier transform to real space g(r) (right)
for the seven isotopomeric SAT/urea samples from Table 1. The curves are
offset for clarity.

Q/A’

Selected pRDFs for principle interactions in the SAT-urea
liquid are plotted in Fig. 5, with the positions of the first
maxima (rmax) in the correlations and coordination number
(Neoora) calculated to the minimum after this peak (ry,) listed
in Table 4.

The pRDFs show that the first shell coordination environ-
ment around sodium cations contains oxygen atoms arising
from acetate (OA), water (Ow), and urea (OU). In each case the
first peak in each pRDF has a maximum between 2.4-2.5 A
showing similar strength of association in each case with
coordination numbers (determined to the minimum around
3.3 f&) of 2.96 + 1.43 for Na-OA, 1.81 =+ 1.09 for Na-Ow, and 0.95
=+ 0.93 for Na-OU. Hence, the sodium cations have an average
coordination environment containing six oxygen atoms at 2.4-

View Article Online
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Table 4 Selected coordination numbers, Ncoorg Calculated for the principle
partial RDFs for SAT—urea by integration of the pRDF peaks from before the
the onset of the first correlation peak (rmax) to the first minima (rin) after the
peak in the pRDF. The standard deviation of the coordination number
distributions are also given and reflect the degree of disorder present

Atomic i . Atomic . .

Pairs rmax/A rmin/A Nco()rd Paifs rmax/A rmin/A NC()Ol’d
Na-Na 3.72 5.00 2.27 +1.43

Na-OA 2.35 3.33 2.96 £1.43 OA-Na 2.35 3.33 1.47 £0.90
Na-Ow 2.47 3.30 1.81 £1.09 Ow-Na 2.47 3.30 0.64 £ 0.67
Na-OU 246 3.40 0.95+ 0.93 OU-Na 2.46 3.40 0.70 &+ 0.62
OA-OA 3.38 4.00 2.33 £1.32

OA-Hw 1.70 2.32 0.89 & 0.90 HW-OA 1.70 2.32 0.31 + 0.48
OA-HU1 1.84 2.50 0.32 + 0.69 HU1-OA 1.84 2.77 0.24 + 0.44
OA-HU2 1.85 2.50 0.19 £ 0.43 HU2-OA 1.86 2.50 0.14 £ 0.36
Ow-Ow 2.72 4.20 3.57 + 1.56

Ow-Hw 1.76 2.20 1.24 + 0.93 HWw-Ow 1.76 2.20 0.62 + 0.70
Ow-HU1 1.95 2.50 0.33 £ 0.63 HU1-Ow 1.95 2.30 0.35 £ 0.51
Ow-HU2 1.98 2.50 0.32 + 0.53 HU2-Ow 1.98 2.30 0.32 + 0.51
OU-Hw 1.90 2.50 0.58 £0.70 Hw-OU 1.90 2.50 0.14 £ 0.36
OU-HU1 2.00 2.50 0.20 £ 0.48 HU1-OU 2.00 2.50 0.12 £ 0.33
OU-HU2 2.00 2.50 1.40 + 0.78 HU2-OU 2.00 2.50 0.71 + 0.58

2.5 A. A representative snapshot of the coordination environ-
ment around sodium ions is shown in Fig. 6 illustrating a
typical coordination to six oxygens from three acetates, two
waters, and one urea. However the degree of order within the
liquid is small as evident from the large standard deviations in
Neoora Values indicating that the sodium ion experiences a
dynamic environment in terms of the specific oxygen-
donating species present.

The variation in the coordination environment of sodium
ions in SAT-urea is illustrated in Fig. 7 where the coordination
number probabilities for OA, OU and Ow oxygens within the
sodium first shell are plotted showing approximately equal
probabilities (35% and 45% for either one urea or no ureas
present coordinating to sodium. Similarly, a broad distribution
of waters within the first shell is evident with the highest
probability (40%) for one water followed by a progressive

41—
—— Na-Na
- — Na-OA
— Na-Ow
2+ Na-OU
—~ 0
o
4+ ow-Na — Hw-HAT
L Ow-Hw B — Hw-OA
Ow-HU1 — Hw-Ow
2 Ow-HU2 | — Hw-OU
0 | I | | | | |
8 2 4 6 8

r/A

r/A

Fig. 5 Selected principle site—site pRDFs showing around sodium ions (top left), acetate OA (top right), water Hw (bottom left) and water Ow (bottom

right) sites.
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Fig. 6 A snapshot from EPSR model of the SAT-urea eutectic showing
the first correlation shell environment about a single representative
sodium site with coordination to three acetate OA (2.31, 2.44, 2.68 A),
two water Ow (2.53, 3.07 A) and one urea OU (2.47 A). The full distribution
in the numbers of acetate, water, and urea molecules within the first
correlation shell are shown in Fig. 7.

decrease in the likelihood of two (28%) or three (17%) waters
present. The sodium-acetate coordination number has a Gaus-
sian distribution with the maximum probability (32%) at three
OA sites consistent with the summed coordination numbers.
The first sodium-water (Na-Ow) correlation in the pRDF at
2.47 A, and much broader second maxima at ca. 4.4 A, are
similar to the correlation distances reported in aqueous 3 molar
NaCl solution (2.38 A) where approximately six-fold coordination
which preserved even up to gigapascal compression.>* Similarly,
in crystalline SAT>® sodium ions are coordinated to six water and

0.5
0.4 ' Na-OA
B Na-OU
Na-Ow
203
=
©
Q
e
o 02
0.1
oLl il i il 554 ml 1
0 1 2 4 5 6 7 8

Coordination number

Fig. 7 Distribution of Ow, OA, and OU coordination numbers around
sodium ions in the EPSR model of SAT—urea eutectic showing variability in
the presence of urea within the sodium first shell coordination environ-
ment with similar probabilities for either zero or one urea OU oxygens to
be present. Numerical data is available in Table S1, ESI.¥

This journal is © the Owner Societies 2024
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acetate oxygens atoms in a distorted octahedral environment
with Na-O distances between 2.35-2.56 A. The retention of six-
fold coordination of sodium ions is conserved in the SAT-urea
melt, even with a range of competing oxygen-donors (water,
acetate, and urea) contributing to the coordination environment.

The Na-OA (acetate) pRDF has a first peak with an average
Neoora Of 2.96 £ 1.43 acetate oxygens per sodium and 1.47 +
0.90 sodium per oxygen site at a distance of 2.4 A suggesting
that acetate could coordinate to sodium through both bidentate
and bridging modes. The locations of Na-OA associations in
the spatial distributions around acetate and the presence of the
second peak in the Na—OA RDF at 4.3 A are both evidence for
the acetate bridging between neighbouring sodium ions. This
is consistent with aqueous sodium acetate where contact ion
pairs with Na-OA separation of 2.30 A have been reported.?
Acetate oxygens (OA) also interact strongly with both water (Hw)
and urea (HU1/2) hydrogen-bond donor sites with 7., at 1.70 A
(Hw), 1.84 A (HU1), and 1.85 A (HU2) respectively. Correlations
with HU1 and particularly with HU2 have lower intensities than
to Hw, with N,yorq values of 0.89 £ 0.90, 0.32 + 0.69 and 0.19 +
0.43, respectively. In contrast to the strong correlations evident
to the carboxylate-OA sites, only weak correlations of the acetate
—-CH; group to other -CH; hydrogens, water (HW) and urea
(HU1/2) are evident as dispersive contacts at the VDW separa-
tion distance. These do not contribute to structure-forming
interactions.

Comparing the water-water correlations, Hw-Hw, Hw-Ow
and Ow-Ow RDFs, to bulk water it is clear there are significant
differences. Maxima in the pRDFS for Ow-Hw (1.76 A) and Ow-
Ow (2.72 A) in Fig. 5 show the presence of association, however
the Ow-Ow maxima is slightly compressed compared to bulk
water (2.86-2.90 A),*® and the absence of a higher order peak at
4.5 A is indicative that the characteristic tetrahedral ordering is
absent (more clearly shown in Fig. S2, ESIt) suggesting that
water-water correlations occur as a consequence of association
with other components in the mixture, for example due to
vicinal solvation of sodium cations.

Urea can function as both a hydrogen-bond donor (from
HU1/HU2 sites) and Lewis base/hydrogen-bond acceptor (at the
carbonyl OU site). The most dominant correlation evident from
the pRDFs is that from OU to sodium, as previously mentioned
in the context of the sodium environment. The large maximum
in the Na-OU pRDF at 2.48 A is evidence of the importance of
this Lewis acid function to insert urea into the sodium coordi-
nation shell, although the large standard deviations in Neoora
for Na-OU of 0.95 + 0.93 and OU-Na of 0.70 & 0.62 indicate
that this dynamic and fluxional with sodium ions associated
with one or more urea OU centres 66% of the time (Fig. 7).

In addition to association with Na" as a Lewis base, the urea
carbonyl OU site acts as a hydrogen-bond acceptor site through
a range of weaker interactions with water Hw, showing a small
first peak in the OU-Hw pRDF at 1.90 A (with an average
0.58 Hw coordinating to OU). This contact is ca. 0.2 A longer
than that between Hw and acetate oxygens, but is 0.10 A shorter
than for the corresponding urea-urea cluster hydrogen-bonding
interactions through HUn-OU associations (rmax = 2.00 A). This

Phys. Chem. Chem. Phys., 2024, 26, 3051-3059 | 3055
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urea-urea self-association is most clearly seen from correlations
between HU2 and OU in Table 4 where N_y.q iS between six to
seven times greater than from HU1 (1.40 vs. 0.20 for OU—HUn
and 0.71 vs. 0.12 for HUrn — OU). The coordination of the urea
OU site comprises, on average, 0.58 water Hw, 0.20 HU1 and 1.40
HU2 urea hydrogens, and 0.70 sodium ions.

In addition to urea-urea hydrogen-bonding which is most
dominant from HU2, suggesting propagation of double two-
center hydrogen bonds as identified in the majority of crystals
containing urea-urea hydrogen bonding.,”” water-urea mixing
is evident with hydrogen-bonding equally from HU1/2 to Ow
and from Hw to OU acting as a Lewis basic hydrogen-bond
acceptor. Both HU1 and HU2 show equal degrees of hydrogen-
bonding with water (rpax = 1.95-1.98, Neoora = 0.32-0.35),
whereas N.oorq to acetate OA from HU1 is approximately 30%
greater than that from HU2, again reflecting the propensity for
urea to form chelated complexes with ditopic hydrogen bond
acceptors such as carboxylates®® and allowing differentiation
between urea-acetate correlations at HU1 and urea-urea corre-
lations through HU2. These distinctions are evident in the
spatial distribution functions plotted in Fig. 8 for the first shell
correlations around ureas in SAT-urea.

Spatial distributions

Spatial distribution functions (SDFs) in Fig. 8 show the regions
of highest probability for association between the different
species present (sodium, urea, acetate, and water) around each
molecular component in the SAT-urea liquid. SDFs are plotted
to identify the regions with the top 15% probability for correla-
tions to take place for acetate and water, top 10% for urea (the
diffusivity of urea COM distributions as a consequence of the
relatively large size of urea and that the principle interaction
sites, HU1, HU2, and OU, are all offset from the COM by
approximately 2.0 A) and top 25% for sodium.

Strong coordination of sodium by the three oxygens of
acetate, urea, and water is clearly identifiable with single nodes
in the spatial distribution between sodium and water and urea
associated with the Ow and OU sites, and a pair of nodes in the
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sodium-acetate SDF associated with monodentate and bi-
dentate coordination to the carboxylate OA atoms. Water
molecules are similarly distributed around acetate in the same
regions as sodium cations. The acetate-acetate correlation,
which has a carboxylate-carboxylate rya of ca. 5 A suggests
bridging though coordinated sodium ions.

The spatial correlation between urea and acetate -CHj
groups is broad and unstructured, consistent with non-
directional contacts at van der Waals separation distances.
One origin of this correlation can be seen from the close
proximities of urea-NH, and acetate-CH; groups coordinated
to sodium in Fig. 6 whereas the strongest correlation of acetate
around urea is through hydrogen-bond donation from both
urea HU1 sites to OA.

The directionality of hydrogen-bonding from water Hw to
oxygens of water (Ow), acetate (OA) and to urea (OU) as seen in
the pRDFs (Fig. 5) is confirmed through the presence of
correlation nodes in the SDFs directed along the Ow-Hw bond.
It is notably, that with the congruent positions of these three
distributions, there is competition for between water-acetate,
water-water, and water-urea association. Additional water—
urea spatial correlations are evident in the broad, diffuse
distributions of urea molecules over each face of water mole-
cules. This correlation is associated with interaction of urea
HU1/2 sites with water as can be from the four sites of
association of water molecules with urea along the directions
of N-HU1 and N-HU2 bonds.

Water-water correlations are restricted because water mole-
cules are either strongly bound to Na, or are associated with
urea. Urea-urea correlations present a broad diffusive band in
the urea-centred SDF that links each NH site (HU1/HU2)
through HU1/2 - OU association, which leads to the absence
of water-water correlation nodes associated with Ow hydrogen
bond acceptor positions. Previous experimental and MD stu-
dies on urea/water mixtures has identified clustering and urea-
urea self-aggregation® at high urea content and accommoda-
tion of urea into the water network without significant pertur-
bation through formation of hydrogen bonded chains or

Fig. 8 Centre of mass spatial distribution function plots showing the distribution of water (blue), urea (green), acetate (yellow) and sodium ions (red)
around central acetate (left), water (centre) and urea (right) in the first shell of the SAT—urea eutectic liquid. SDFs plotted encompass the top 15% acetate/
water), 10% (urea) and 25% (sodium) probability within the first correlation shell determined from the COM RDFs in Fig. S1, ESL.¥
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clusters with stacked ‘head to tale’ urea molecules.*® This gives
rise to ‘in-plane’ and ‘edge-to-face’ correlations from HU2 — OU
and a more suppressed HU1-OU edge-face association. The
same pattern of urea-urea spatial correlation is observable in
the SAT-urea liquid and, combined with the urea-water corre-
lations to both HU1 and HU2 in the SDF illustrate the capacity
for the excess water molecules, liberated by competitive coor-
dination of urea OU oxygens to sodium, to then become
associated with urea through hydrogen bonding to HU1
and HU2.

Role of urea as both Lewis basic ligand, hydrogen-bond
acceptor and hydrogen-bond donor

The contribution of urea as an oxo-ligand to the coordination of
sodium leads to stabilisation of fully solvated, but only partially
hydrated sodium ions in the SAT-urea melt enabling formation
of the eutectic liquid. Urea-acetate interactions enable inser-
tion of urea into the sodium solvation shell where the urea can
compete with, and displace, water. At the same time, urea-
water hydrogen-bonding (from both HU1/2-Ow and Hw-OU)
reduce the availability of water molecules to hydrate sodium.
Thus the association between sodium, acetate, and water, and
urea are sensitive to the presence of each other, with overall
reduction in sodium-acetate and sodium-water correlations
compared to those reported for neat and hydrated SAT. This
may mimic the effects of urea in protein denaturisation®"*>
where urea molecules displace water from a proteins first
solvation shell by forming strong hydrogen bonds to functional
groups such as carboxylates in Asp/Glu residues and simulta-
neously associate with the displaced water molecules.**

Hence the role of urea as a base, coordinating to Na* and to
water and other urea Hw/HU1/HU2 hydrogen-bond donor sites
is clearly important as well as the more usual, and dominant
focus in the literature, on the role of hydrogen-bond donation
in the function of urea across a range of applications from
anion recognition to formation of deep eutectic solvents.'**%3°
Hydrogen-bonding through the HU1/HU2 sites of urea appears
to play a disruptive role in the liquid, generating a number of
short but low intensity associations with acetate methyl (HA1),
water-Ow, and self-association with OU. Most of these first
correlations in the respective pRDFs show only low probabil-
ities, often less than unity, and correspondingly low coordina-
tion numbers.

Mixtures of SAT with a series of substituted ureas; 1,3-
dimethylurea (mp 104 °C), 1,1-dimethylurea (mp 178-183 °C)
and 1,1,3,3-tetramethylurea (mp —1.2 °C), were examined using
temperature-controlled polarising optical microscopy (Olym-
pus BX50 with Linkam TP92 stage) to screen for eutectic
formation®® in order to explore whether any insights could be
gained from simple structure-property relationships. Unfortu-
nately, and to our disappointment, no evidence for the genera-
tion of eutectics was observed with any of the alkylated ureas.
With 1,1-dimethylurea, the two solids remained immiscible up
to the (partial) melting of SAT at 59 °C. In contrast, with 1,3-
dimethylurea, around 55-60 °C, the powdered dimethylurea
appears to undergo a change in morphology although no liquid

This journal is © the Owner Societies 2024
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phase was formed. One possible explanation is that a 1,3-
dimethylurea hydrate is generated by abstraction of water from
SAT around its melting point as the peritectic transformation
point of SAT to sodium acetate is reached.® N-Alkylsubstitution
increases the denaturing strength of ureas,”” which would be
consistent with an enhanced affinity for water, however in the
absence of liquid phase relevant to the application of eutectic
liquids as solvents or PCMs this was not investigated further. With
the liquid tetramethylurea, SAT crystals remained immiscible and
suspended in the fluid until they melted around 58-60 °C.

Conclusions

Experimental neutron scattering data has been collected for a
range of H/D isotopically substituted sodium acetate trihy-
drate-urea samples (furea = 0.60) at 50 °C and the liquid
structure was examined using EPSR.

The liquid structure contains predominantly six coordinate
sodium ions associated with, on average, two water molecules,
one urea and three acetate oxygens through both bidentate and
bridging modes, with the acetate anions coordinated to water
molecules through the carboxylate group. Approximately two-
thirds of the water molecules present are associated with sodium
ions. The ‘excess’ water is inhibited from hydrating sodium ions
through competition in the sodium coordination shell by urea
acting as an oxygen donor via OU, and is stabilised through a
network of urea-water HU —»Ow and Hw— OU hydrogen bonds
with urea acting as a denaturing hydrogen bond donor/acceptor.
These dual roles of urea, competing with acetate and water
molecules in the coordination shell of sodium ions and through
water-urea association, appears to enable the low melting point
and congruent melting of the SAT-urea eutectic composition.
This mimics the well known, but molecularly poorly understood,
denaturing effects of urea through both displacement of water
from the acetate solvation shell and simultaneously increasing
the degree of urea-acetate interactions.

These observations support the importance of the extensive,
and directional hydrogen-bond donation available in urea pro-
viding interactions with water that disrupt association and
generate the eutectic composition. However, it is important to
note that urea is not unique in combining these characteristics.
For example, glycerol, which forms eutectic liquids with choline
chloride,'* has been reported to inhibit crystallisation of SAT*®
and SAT-glycerol mixtures have been described as deep eutectic
solvents, although with no evidence for formation of a eutectic.*
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