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H I G H L I G H T S

• Experimental densities of urea solu-
tions are determined up to 5 kbar.

• Aqueous urea solutions are studied by
theoretical methods up to 10 kbar

• A new nonpolarizable force field for
urea in aqueous solutions is devel-
oped.

G R A P H I C A L A B S T R A C T

A B S T R A C T

Molecular simulations based on classical force fields are a powerful method for shedding light on the complex behavior of biomolecules in solution. When cosolutes
are present in addition to water and biomolecules, subtle balances of weak intermolecular forces have to be accounted for. This imposes high demands on the quality
of the underlying force fields, and therefore force field development for small cosolutes is still an active field. Here, we present the development of a new urea force
field from studies of urea solutions at ambient and elevated hydrostatic pressures based on a combination of experimental and theoretical approaches. Experimental
densities and solvation shell properties from ab initio molecular dynamics simulations at ambient conditions served as the target properties for the force field
optimization. Since urea is present in many marine life forms, elevated hydrostatic pressure was rigorously addressed: densities at high pressure were measured by
vibrating tube densitometry up to 500 bar and by X-ray absorption up to 5 kbar. Densities were determined by the perturbed-chain statistical associating fluid theory
equation of state. Solvation properties were determined by embedded cluster integral equation theory and ab initio molecular dynamics. Our new force field is able to
capture the properties of urea solutions at high pressures without further high-pressure adaption, unlike trimethylamine-N-oxide, for which a high-pressure adaption
is necessary.
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1. Introduction

Urea is abundant in biological systems. It is a product of protein
metabolism, where it serves organisms as a sink for ammonia. In the
presence of urea, proteins and other biopolymers face its denaturing
effect, and organisms tend to expunge urea through the kidney. In this
light, it is astonishing that some marine animals show significantly
elevated levels of urea [1]. These organisms exist under rather extreme
conditions: the surrounding sea water has a high salinity, which puts
organisms under severe osmotic stress, and the hydrostatic pressure in
the sea rises to levels that can destabilize proteins [2]. These detri-
mental effects are counterbalanced by so-called ‘compatible cosolutes’
or supernaturants, most prominently trimethylamine-N-oxide (TMAO),
small cosolutes that stabilize folded proteins [3]. Frequently, these
supernaturants are accompanied by urea, presumably for balancing
stabilizing and destabilizing effects. The understanding of these effects
on proteins caused by denaturants [4], supernaturants [5], and elevated
pressure [6] has been the aim of many experimental and theoretical
studies. On the theoretical side, molecular simulations are a powerful
tool to get insight into molecular details of these processes [7–9]. Force
field based simulations have shown to be especially versatile because of
their advantage of being routinely applicable to systems of many
thousand atoms on a time scale of up to microseconds. Thus, the study
of denaturation of proteins [10], DNA [11], or RNA [12] by urea or the
effects of urea on lipid bilayers [13] is possible, also the pressure de-
naturation of proteins [14]. However, their results are only as good as
far as the force field gives a good description of physical reality. In
general, force field quality has seen a continuous improvement over the
last decades. This is largely due to the available computational cap-
abilities. For example, free energy simulations have reached a point at
which quantitative benchmarking to experimental work can be
achieved [15]. Also, additional reference data has become accessible by
quantum chemical methods. In the liquid state, ab initio molecular
dynamics (AIMD) simulations [16] and embedded cluster reference
interaction site method (EC-RISM) solvation theory [17,105] give mo-
lecular-scale insight into coordination structures, hydrogen bond
numbers, and similar solvation properties, and also into electronic ef-
fects like the polarization response of solutes. Combining all these
methods, we have recently developed a TMAO force field that gives a
faithful description of TMAO in water [18]. Special attention has been
given to the adaption of the force field to high pressure. High pressure
conditions were challenging for force field development, because ex-
perimental data is often limited, if available at all. Therefore, quantum
chemical electronic structure results at high pressure served as addi-
tional reference data for the force field adaption to high pressure.

Having an up-to-date force field for TMAO at hands, we are in need
of a urea force field of similar quality for faithful simulations of mix-
tures of these two cosolutes. Standardized procedures for force field
generation are available in the framework of general small molecule
force fields like GAFF [19], but the resulting force fields do not describe
liquid mixtures reliably. Most simulation studies involving aqueous
urea solutions in the last decade relied on the Kirkwood-Buff force field
(KBFF) of Weerasinghe and Smith [20]. This force field represented a
milestone in urea force field development as it was able – contrary to
previous force fields like OPLS [21] – to recover the nearly ideal mixing
properties of urea and water, which is mandatory when it comes to
studies of the effect of urea on protein thermodynamics [22].

Nevertheless, after nearly two decades it seems timely to readdress
the force field description of urea. As we will show in this manuscript,
the solvation shell structure of a urea molecule predicted by KBFF
leaves room for improvement when compared to quantum chemical
AIMD simulations. In this manuscript we present a new urea force field
that aims at the improvement of KBFF along these lines. The develop-
ment involved a synergistic combination of various experimental and
computational methods: experimental densities at elevated pressures
were obtained using vibrating tube densitometry and using X-ray

absorption (XRA) measurements up to pressures of 5 kbar. Solvation
properties at 1 bar and 10 kbar were determined by AIMD simulations
and EC-RISM theory. Density extrapolations to 10 kbar, which are not
trivial to achieve with the required precision, were performed in-
dependently by force field MD and by the perturbed-chain statistical
associating fluid theory (PC-SAFT). For this purpose, PC-SAFT para-
meters of urea were required and determined in the present work. PC-
SAFT parameters for water have been recently published with the focus
to accurately describe high-pressure densities [23]. Based on these
pure-component parameters, PC-SAFT allowed predicting the influence
of urea concentration and of high pressure on aqueous mixture den-
sities. Parameters have not been adjusted to aqueous mixture density
data. Finally, advanced global optimization algorithms for the force
field adjustment were employed. The resulting force field performs well
in the whole studied pressure range. At ambient pressure, the mixing
thermodynamics of urea/water is of similar quality as it is for the KBFF
force field, while the new force field gives a better account of the sol-
vation shell details from AIMD than KBFF. Experimental densities in the
studied pressure and concentration range are accurately reproduced. At
the very high pressure of 10 kbar, the solvation shell details still com-
pare very well to AIMD.

2. Experimental methods and computational details

2.1. Vibrating tube densitometry

High pressure density data of aqueous mixtures of biomolecules is
needed in many different fields of research like force field development
[18,24,25], the analysis of X-ray scattering and reflectivity [23,26] or
THz-spectroscopy [27]. Further, density data is often used to estimate
parameters of equations of state or to validate their predictions [28,29];
densities are also required as input data if thermodynamic properties
are modeled, e.g. viscosity [30], interfacial properties [31] or deriva-
tive properties [32]. Liquid densities can be experimentally determined
at ambient pressure with standard equipment. Using a vibrating u-tube,
only little sample volumes (approximately 2mL) are needed to perform
density measurements of very high accuracy [28,29]. However, density
measurements become more complex at pressure in the kilobar regime
and also the sample volume needed is large in many density measure-
ment methods at increased pressure. Currently, literature data re-
garding the pressure influence on the density of aqueous urea solutions
does not exist. Only experimental data of the density of aqueous urea
solutions at atmospheric pressure and varying urea concentrations is
available [33,34]. Consequently, new experimental data is needed ad-
dressing the pressure influence on the density of aqueous urea solu-
tions. This data can then be used to validate model predictions, fit
parameters, or prove the predictive accuracy of force fields.

For the preparation of the urea/water solutions, water from a
Millipore water purification system was used. Urea was used from
Merck with a purity of 99%. The components were weighed in using a
Satorius laboratory balance with an accuracy of 0.0001 g in order to
obtain solutions of the desired and defined composition. The density
measurements were performed using an Anton Paar vibrating tube
DMA 4200M. The apparatus was calibrated using water and n-heptane
and allows measurements with an accuracy of 0.1 kg/m3 controlled
temperature. Density measurements were performed at a temperature
of 300.15 K ± 0.1 K for urea solutions with a molality of murea= 0.512
and 1.045mol urea per kg pure water, which is equivalent to a molarity
of curea= 0.5 and 1mol/L urea solution, respectively. The measure-
ment method was validated by measuring the density of aqueous so-
dium chloride solutions (mNaCl= 1 mol/kg, T=25∘C, p=1 to 400 bar)
and ethanol/water mixtures (χethanol = 0.2, T=25∘C, p=1 to 485 bar)
and comparing to literature data [35,36]. The deviation between our
own experimental density data and literature density values for these
mixtures was smaller than 0.2%. Please note that these results are not
shown here. Apparent molar volumes of urea were derived from the
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density as

= +V
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with the solution density ρ, the pure water density ρW, the molar urea
concentration cU, and the molar mass of urea MU.

2.2. Modeling with perturbed-chain statistical associating fluid theory (PC-
SAFT)

In order to minimize experimental effort and consumption of che-
micals, modeling density of aqueous biochemical systems at high
pressure is highly desirable. On the one hand, mathematical fits and
extrapolations can be used to describe and extrapolate the density of
biochemical systems. However, parametrization of such simple models
requires experimental data, and the accuracy of high-pressure extra-
polation directly depends on the pressure range in which experimental
data is available for parametrization. On the other hand, physics-based
(non-empirical) thermodynamic models can be used to predict the
density of biochemical systems at high pressure. The advantage of
thermodynamic models is that often only pure-component data is
needed for parametrization. Thermodynamic models consider physical
relationships and therefore allow plausible predictions for various
thermodynamic properties. It has been shown that – given a suitable
thermodynamic model was applied – density predictions can be per-
formed very accurately at different conditions concerning concentra-
tion, temperature and pressure up to the kilobar range, e.g., Ref. [37]
shows an application to ionic liquids. In this work the equation of state
PC-SAFT is used to predict high-pressure density data of aqueous urea
solutions. PC-SAFT is well known to accurately predict densities of
aqueous fluid systems. In previous works, PC-SAFT has already been
used successfully to predict the concentration and temperature influ-
ence on the density of aqueous solutions of amino acids and peptides as
well as osmolyte solutions [38,39]. Furthermore, PC-SAFT is well
known to correctly model the pressure influence on the density of or-
ganic fluid systems, for example of 1-propanol + toluene mixtures at
different concentrations and temperatures [40]. Besides modeling vo-
lumetric properties like density, it has been proved that PC-SAFT can
also be used to predict energetic properties at high pressure. In 2012,
PC-SAFT has been applied to predict the solubility of carbon dioxide in
different imidazolium-based ionic liquids as a function of pressure [37].
In the present work, PC-SAFT is used to predict the pressure influence
on the density of an aqueous urea solution. The results are completely
predictive since no data of mixture density is needed. PC-SAFT para-
meters for water and urea were determined based on pure-component
vapor pressures and liquid densities taken from literature. In order to
predict the combined effects of urea concentration and pressure on
aqueous urea solutions at ambient temperature, equation of state PC-
SAFT in its original formulation by Gross and Sadowski [41,42] was
used to predict the density of aqueous urea solutions of defined urea
molality at a pressure range of 1 bar to 10 kbar. PC-SAFT calculates the
residual Helmholtz free energy in a mixture by

= + +A A A A ,res HC disp assoc (2)

where AHC, Adisp, and Aassoc describe the Helmholtz-energy contribu-
tions due to hard-chain repulsion, dispersion, and association to the
residual Helmholtz free energy Ares, respectively. Within PC-SAFT each
molecule is described as a chain of spherical segments. The segments
are defined by the segment diameter and the number of segments. The
attractive interactions between the molecules are characterized by
dispersion (van der Waals) and association (hydrogen bonding) forces.
The number of association sites as well as the corresponding associa-
tion-energy and the association-volume parameters are required for
Aassoc. Standard Lorentz-Berthelot combination rules and Wolbach-
Sandler mixing rules were used to describe mixtures based on the pure-
component parameters. Modeling mixtures usually require the binary

interaction parameter kij, which is standard procedure for PC-SAFT
modeling [41,42]. PC-SAFT parameters for urea were fitted to sub-
limation-pressure data of pure urea [43–45]. A binary interaction
parameter between water and urea was fitted to osmotic coefficients of
urea in aqueous solution. The PC-SAFT parameters for water and for
urea are summarized in Table S1 in the supporting information.

Finally, a binary interaction parameter kij between water and urea
was fitted to osmotic-coefficient data of aqueous urea solutions. The
determined PC-SAFT pure-component parameters for water and for
urea were used to predict liquid densities of binary water + urea so-
lutions depending on pressure and urea concentration. The density of
aqueous urea solutions at 1 bar and 298.15 K was predicted at molal-
ities up to 4mol/kg. Finally, it was the aim to use PC-SAFT to predict
density of aqueous urea solutions up to very high pressures.

2.3. Density measurement from the absorption of X-rays

In the past, the absorption of X-rays has been successfully used to
determine densities in a very high pressure regime of up to 1.3 Mbar
(130 GPa) in diamond anvil cells, see e.g. [46,47] We recently adapted
this technique to our high-pressure cell for X-ray reflectivity measure-
ments [48] that can also be used in transmission geometry to perform
absorption measurements. We showed that X-ray absorption measure-
ments yield precise results for pressurized solutions in the kilobar re-
gime [23]. The technique is based on the fact that the intensity A0 of
radiation with energy E that passes matter with the linear absorption
coefficient μ(E) over a distance D is attenuated following Lambert-Beer's
law as

=A D E A( , ) e .µ E D
1 0

( ) (3)

The used X-ray energy is far away from any absorption edges of the
involved elements. The linear absorption coefficient μ(E) depends on
the density of the material as

=µ p E p E( , ) ( ) ( ) .

σ(E) denotes the mass attenuation coefficient and ρ(p) the homo-
geneous density. Since μ(E) depends thus on the pressure, the density is
accessible in absorption measurements.

For experimental reasons, the set-up needs to be calibrated to a
water reference [23]. After that, density changes can be determined
relative to a known reference pressure. The reference density was de-
termined in a vibrating-tube density meter at p=500 bar. Finally, the
linear absorption coefficient µ p( )s of the sample can be determined
from

= +
+

+
µ p M p c
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Here, =M p( ) ln I
I
0
1
is the integrated value of the measured signals

in ionization chambers before and after the sample in the measured
energy range at a given pressure and ds and dw indicate the absorbing
length of the sample and a small additional layer of pressure-trans-
mitting liquid, respectively. The constant c is specific for the instrument
and can be determined from the water calibration, µ p( )s 0 and µ p( )w are
calculated from the reference density, the pressure-dependent density
of water [49] and the mass attenuation coefficients σ [50]. A simple
division by the mass attenuation coefficient gives then the sample
density as

=p
µ p

( )
( )

.
s

s
s

More details of the experimental setup and the analysis are given in
Ref. [23]

Experiments were performed at beamline BL8 of DELTA at beam energy
between 16.81 keV to 16.91 keV [51]. Urea solutions with c=1 mol/L
were prepared by weighing the appropriate amount of urea (VWR) and
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adding water (MilliQ, resistivity R= 18.2 MΩ cm) to the desired volume.
The temperature was set to 298.15K, the pressure stability was below 1%.

2.4. Ab initio molecular dynamics simulations

The AIMD [16] simulations were carried out using the CP2k 5.0 ab
initio molecular dynamics package [52] employing the Born-Oppen-
heimer potential energy surface as generated by the Quickstep
module [53]. The RPBE density functional [54], as implemented in the
libxc [55] library, was used to describe the electronic structure en-
hanced by the D3 dispersion correction [56] using two-body interac-
tions and zero-damping. The resulting RPBE–D3 approach has been
demonstrated repeatedly to be successful in accurately describing water
clusters, bulk water and aqueous solutions including high pressure and
supercritical conditions [18,57–68].

Within the Gaussian and plane waves (GPW) scheme [69] under-
lying Quickstep, a triple-ζ basis set with polarization functions [70],
namely TZV2P, together with a plane wave cutoff of 500 Ry to re-
present the electronic charge density was used; the NN50 scheme was
utilized to smoothen the electron density as well as the derivatives.
Norm-conserving separable dual-space Gaussian pseudopotentials
[71,72] were used to implicitly describe the effects of the core elec-
trons. One urea molecule together with 110 water molecules as hosted
in a periodic cubic supercell was simulated at two densities corre-
sponding to 1 bar and 10 kbar. The experimental density of 0.5mol/L
urea at 1 bar (1004.88 g/L, this work) is reproduced by the system with
a box length of 14.9984 Å, which yields a concentration of 0.492mol/L.
The density at 10 kbar was obtained by fitting the densities of the new
force field, which was optimized for 1 bar, to the equation of state (Eq.
(7)) and using the value of the fit at 10 kbar. The resulting density of
1247.03 g/L leads to a box length of 13.9569 Å and a concentration of
0.611mol/L. The canonical ensemble at 300 K was established using
massive Nose-Hoover chain thermostats [73] using a chain length of 5
and a time constant of 16.67 fs. The Born-Oppenheimer AIMD equa-
tions of motion were integrated with a time step of 0.5 fs. For the
subsequent microcanonical simulations, 20 initial configurations were
sampled every 3 ps from the NVT simulations at 1 bar as well as at
10 kbar. These NVE simulations were propagated for 20 ps each and
used to generate the data shown.

2.5. Integral equation theory

EC-RISM calculations for urea followed closely the procedures de-
veloped earlier for TMAO [18], i.e. without explicitly placed water
molecules and chosing a level of theory that has been appropriately
benchmarked. Briefly, dipole moment and atomic charges of urea were
calculated using the B3LYP/6–311+G(d,p) level of theory as im-
plemented in Gaussian 03 Rev. E.01 [74] applying the CHelpG fitting
method for the charges. The geometry was optimized using the same
level of theory employing the polarizable continuum model (PCM) with
default settings for modeling a water environment. For the EC-RISM
single point calculations as a function of pressure water was re-
presented based on the SPC/E model by solvent susceptibilities taken
from 1D RISM/HNC (hypernetted chain) or from MD. The closure used
in 3D RISM calculations was the third-order partial series expansion
(PSE-3). The 3D grid resolution of 0.3 Å and a solvent buffer of 25 Å
resulted in a a grid of 90×88×84 grid points. The EC-RISM con-
vergence criterion was set to 0.01 kcal/mol, and the 3D RISM threshold
for the maximum norm change of the direct correlation function be-
tween two successive steps was set to 0.000001. The final energy cal-
culation was performed using 30 Å of solvent buffer resulting in a grid
size of 106×104×100. For the Lennard-Jones potential the force
field parameters summarized below were used.

2.6. Force field molecular dynamics simulations

The simulations were performed using the GROMACS 2016.3
package [75]. Analyses were performed with GROMACS and in-house
code, except for the spatial distribution function (SDF) determination,
where we used TRAVIS [76] and VMD [77]. The Lennard-Jones para-
meters were mixed using the Lorentz-Berthelot combination rule. The
Lennard-Jones and real-space Coulomb interactions were cut off at
1.0 nm, and the periodic electrostatics were calculated via smooth
particle-mesh Ewald summation [78] with a lattice spacing of 0.12 nm.
Nonbonded 1–2 and 1–3 interactions in urea were excluded. A time step
of 2 fs was used, while all bond lengths were kept constant via the
SETTLE [79] (water) and LINCS [80] (urea) algorithms. For tempera-
ture control the stochastic velocity rescaling thermostat [81] was set to
298.15 K or 300 K with a time constant of 1 ps. The pressure was set via
the Berendsen barostat [82] with a time constant of 1 ps for equili-
bration and via the Parrinello-Rahman barostat [83] with a time con-
stant of 2 ps for production runs. The TIP4P/2005 water model [84]
was used in all simulations except for short reference simulations of the
KBFF urea model [20] in SPC/E water [85]. In order to calculate the
densities, apparent molar volumes (AMV), and activity coefficient de-
rivatives at 1 bar, 32 urea concentrations between 1 and 9mol/L were
simulated for 150 ns each. For the density simulations of urea solutions
as a function of pressure, 19 urea and 2055 water (0.5mol/L), and 39
urea in 2037 water (1mol/L) were simulated for 10 ns. A newly opti-
mized force field was developed based on the fitting of the experimental
density of urea in the concentration range up to 9mol/L and of solva-
tion shell characteristics derived from AIMD. Details of the optimization
procedure, which employed a differential evolution algorithm [86], are
given in the supporting information. The optimized force field para-
meters are shown in Tables 1 and 2, where the bonded parameters are a
hybrid between the KBFF [20] and GAFF [19] parameters (see the
supporting information for details).

From the resulting force field, the concentration- and pressure de-
pendent densities and apparent molar volumes were determined.
Furthermore, the activity coefficient derivatives in the molarity scale
yUU were calculated as

= =
+

y
y
c

c G G
c G G

ln
ln

( )
1 ( )p T

UU
U

U ,

U UW UU

U UU UW (5)

where cU is the molar urea concentration, and Gij are the Kirkwood-Buff

Table 1
Bonded parameters of the new urea force field developed in this work. All bond
lengths are constrained. The bond angle potential is harmonic:

=V k( ) ( )a
1
2 0

2. The dihedral potential is of the form:
Vd(θ)= kθ ⋅ (1+ cos (nθ− θS)).

Bonds r/nm

C–O 0.1229
C–N 0.1335
N–H 0.1010

Bond angles ϕ0/deg. kϕ/(kJmol−1 rad−2)

C–N–H 120.0 390
H–N–H 120.0 445
O–C–N 121.4 730
N–C–N 117.2 670

Dihedral angles θS/deg. kθ/(kJmol−1) n

O–C–N–H 0.0 8.368 1
O–C–N–H 180.0 10.460 2
N–C–N–H 180.0 10.460 2
N–N–C–O 180.0 43.932 2
C–H–N–H 180.0 4.184 2
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integrals (KBIs) [87]. There are many different ways to approximately
determine the KBIs for the limit of an infinitely large, open system.
Ganguly and van der Vegt have previously developed an empirical
correction to radial distribution functions (RDFs), which fixes the
asymptotic deviation of finite- and closed-system RDFs from unity at
large distances by accounting for the local excess of species i around j
[88]. With other methods, the KBIs can be calculated directly from the
particle number fluctuations in subvolumes of the simulation box, even
though the particle number in the total system is constant. In this work,
we calculate KBIs using the method by Cortes-Huerto et al. [89], which
is based on work by Krüger et al. [90] We note that it was recently
shown that, out of the currently available corrections, the method by
Ganguly and van der Vegt yields the most accurate results [91]. In the
method by Cortes-Huerto et al., the KBIs of cubic subboxes with volume
V of the simulation box with total volume V0 were calculated as

=G V V V
N N N N

N N N
( , )ij

i j i j

i j

ij

i
0

(6)

with the molecule numbers Ni and angular brackets denoting time
averages. Next, the Gij(V,V0) are multiplied with the ratios of the
lengths of the cubic subboxes and the simulation box = V V/ 03 . The
extrapolated KBIs of the open system are then the slope of λGij(λ) fitted
in the linear region between λ=0.1 and λ=0.2.

2.7. Equation of state

A simple to use equation of state was derived from the densities of
the 0.5 mol/L urea solutions as a function of pressure derived with the
optimized force field. The functional form was chosen according to a
high-pressure equation of state for pure water in Ref. [92] as

= + +
+

p a a p
a

( ) (1 bar) ln
1 bar

.EoS
0

1

1 (7)

2.8. High-pressure force field

The high-pressure adjustment of the optimized urea force field was
done by scaling all partial charges of the urea force field as described in
Ref. [18]. The pressure-dependent HP versions were obtained by
scaling the partial charges such that the relative dipole moment in-
crement between the normal pressure FF and the high-pressure FF is
identical to the pressure induced changes in the EC-RISM dipole mo-
ments.

3. Results and discussion

3.1. PC-SAFT modeling at 1 bar

The PC-SAFT pure-component parameters of water allow modeling
the experimental data of pure water with an average relative deviation
(ARD) of 0.011% for the vapor pressure, 0.1066% for the saturated
liquid density and 0.1293% for the liquid density up to 10 kbar, re-
spectively. The PC-SAFT modeling results for the sublimation pressure
of urea are shown in Fig. 1. The ARD for the sublimation pressure is

10.08%, which is a reasonable result compared to other studies which
use sublimation-pressure data to fit PC-SAFT parameters [93–95]. The
parameter set for urea obtained from fitting to sublimation-pressure
data was used to calculate the density of hypothetically-liquid super-
cooled urea at 298.15 K. This density was found to be in the range of
20.1 mol/L, which is in agreement to experimental density of solid urea
at 298.15 K [96].

PC-SAFT modeling predicted the osmotic coefficient of urea/water
with an ARD of 0.36%. The density of aqueous urea solutions at 1 bar
and 298.15 K at molalities up to 4mol/kg was predicted with an ARD of
0.48% (data shown below together with the force field results). We note
that these results are predictive in the sense that no mixture densities of
water/urea solutions were used to fit any of the PC-SAFT parameters.
Thus, PC-SAFT predicts the combined effect of pressure and con-
centration on liquid density.

The comparison of the measured density of a 1mol/L urea solution
to established experimental data from literature [33] shows that the
experiments and the MD simulations give very good results at 1 bar
pressure. The change of the AMV with urea concentration is very weak.
The PC-SAFT results are also resonable, but give an AMV that is sig-
nificantly varying with urea concentration.

3.2. Solvation at 1 bar

Fig. 2 shows details of the solvation shell structure of urea obtained
by AIMD, by EC-RISM, and by the newly derived force field, which will
be discussed below in the next paragraph. Fig. 2a shows the radial
distribution functions (RDFs) between every urea atom and the water
oxygens. The oxygen and carbon atom show a pronounced first and
second solvation peak. In the nitrogen RDF the first peak is only weakly
pronounced and is followed by two small peaks. In the RDFs of the
hydrogens, the first peak is very weak with a peak height below 1 and is
followed by two weak maxima.

The AIMD and EC-RISM spatial distribution functions, Fig. 2b, de-
monstrate that the water oxygen in the first solvation shell populates
regions that are compatible with this water molecule forming hydrogen
bonds either as a donor to N or O or as an acceptor of the hydrogens.
Fig. 2c shows the hydrogen bonding coordination at 1 bar. The prob-
ability distributions for the hydrogen bond number of the individual
hydrogen bonding sites show that urea acceptor bonds – out of which
the vast majority involves the urea oxygen – slightly dominate over
urea donor hydrogen bonds, which are formed by cis and trans hy-
drogens with nearly the same probability.

3.3. Force field optimization

The new force field reproduces all studied solvation shell properties

Table 2
Lennard-Jones parameters and partial charges of the new urea force field de-
veloped in this work. Hcis and Htrans are the hydrogen atoms on the same and
opposide side of a C–N bond as the oxygen atom respectively.

σ/nm ε/(kJ mol−1) q(1 bar)/e q(HPFF-10 kbar)/e

C 0.36039 0.35982 0.6068 0.6389
Hcis 0.11333 0.06569 0.4026 0.4150
Htrans 0.11333 0.06569 0.4421 0.4565
N 0.34452 0.51114 −0.8400 −0.8603
O 0.31377 0.59432 −0.6162 −0.6613

Fig. 1. Logarithm of the sublimation pressure of urea plotted against the in-
verse temperature in 1/K. Squares: Literature data [43–45], line: PC-SAFT
modeling results using the parameters from Table S1 in the supporting in-
formation.
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of a single urea molecule in water with very high quality, see Fig. 2:
RDFs, SDFs, and hydrogen bond coordination. The good agreement
with AIMD solvation properties demonstrates that the new force field is
capable of describing the solvation of one urea molecule very well.
However, the development of the KBFF urea force field showed that is is
non-trivial to also reproduce the thermodynamic mixing properties of
concentrated urea solutions, which came out to be very non-ideal with
force fields like OPLS or AMBER [22]. In our force field optimization,
we took care to also get a good account of urea solutions up to con-
centrations of 9mol/L, where intermolecular urea-urea interactions
play a crucial role for the mixing thermodynamics. Concentration de-
pendent properties are shown in Fig. 3. The densities and the AMV of
urea up to curea= 9 mol/L agree very well with the experimental data,
which renders our force field suitable for high-pressure studies. The
activity coefficient derivative obtained with the new force field from
Kirkwood-Buff theory compares well to the result we obtained with the
KBFF force field. The shape of the nearly parabolic experimental curve
is reproduced by our force field, however, the agreement is not perfect:
the minimum is slightly too low (−0.08 instead of −0.05) and is
shifted to higher urea concentration (4mol/L instead of 2.5mol/L).
Compared to OPLS or AMBER [22], this disagreement is minor and the

deviations from ideality are still rather small. The dielectric constant is
significantly underestimated: the force field predicts a value around 60
with almost no sensitivity to the urea concentration, whereas the ex-
perimental result increases from 78 for pure water to 95 at 9mol/L urea
concentration [97]. This agreement is not good, but KBFF also results in
no significant change of the dielectric constant with urea concentration.
The better agreement of KBFF with the experimental data is merely an
effect of the underlying water model: SPC/E water, the model for which
KBFF was developed has a higher dielectric constant of 70 at standard
conditions compared to TIP4P/2005, which has a dielectric constant of
58. The adiabatic compressibility κS is in nearly quantitative agreement
with the experimental data [98]. The diffusion constant derived from
the mean squared displacement of urea decreases with urea con-
centration similar to KBFF. The experimental data, which also shows
this decrease, is in in better quantitative agreement with the KBFF data.
However, the diffusion constants in the simulations are influenced by
the shear viscosity of the underlying water model. In fact, TIP4P/2005
predicts a viscosity of η=(0.855mPa s) that is in good agreement with
the experimental value of 0.896mPa s [99], which is underestimated by
SPC/E (0.725mPa s). Since a lower viscosity will allow for faster dif-
fusion of solutes, this better performance of KBFF might be a

Fig. 2. a: Radial distribution functions for AIMD and the new FF at 1 bar between urea atoms. b: Spatial distribution functions (SDFs) of the water oxygen density
around urea at 1 bar. The isosurface corresponds to twice the bulk water density in MD simulation results and to 2.6 times the bulk water density in the EC-RISM
results for easier comparison of topographic features. The MD distributions were symmetrized with respect to the vertical and horizontal symmetry plane and
subsequently smoothed. c: Probability distributions of the number of urea-water hydrogen bonds per urea donor/acceptor site at 1 bar.
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consequence of the low viscosity of SPC/E water.
We conclude that our force field is able to capture single particle

solvation properties as well as collective solution properties at finite
concentrations very well. The excellent performance of KBFF in the

prediction of thermodynamic mixing properties is matched, but since
our force field was designed to also reproduce the properties of the
water solvation shell, it gives a more realistic account of the solution
structures than KBFF. Thus, we have a reliable force field for 1 bar, and
the excellent prediction of densities make it highly suitable for the
following high-pressure studies.

3.4. High-pressure densities of urea solutions

Vibrating tube densitometry up to 500 bar yields a density increase
from 1005 g/L at 1 bar to 1025 g/L at 500 bar for the curea= 1 mol/L
solution, see Fig. 4a. The experimentally determined apparent molar
volumes of urea are in the range of 43–44mL/mol and show no sig-
nificant pressure dependence. PC-SAFT slightly overpredicts the density
and underestimates the AMV accordingly. The MD simulations show
very good agreement with a maximum deviation of 0.7 g/L at 500 bar.
The apparent molar volumes are also in good agreement within the
estimated errors. The difference between PC-SAFT and the force field is
13 g/L or about 1% at 10 kbar. Given that PC-SAFT parameters were not
fitted at all to mixture density data, the PC-SAFT predictions can be
considered as very satisfying results.

Results from XRA, which gives experimental access to densities at
much higher pressure up to 5 kbar, are shown in Fig. 4b. The error of
the AMV in the XRA experiments is in the range of 10mL/mol, which is
a good precision given that the AMV is related to the absolute density
difference between urea solution and water. At pressures below
200 bar, the error bars are large, because at these low pressures a small
amount of air can still produce artifacts. At 5 kbar, a more drastic
density increase up to 1159 g/L is observed. PC-SAFT and MD simula-
tions both give a very accurate account of the density in this range. Also
the AMV, which is still rather insensitive to the increased pressure, is
well reproduced. This agreement is excellent, considering that no high-
pressure experimental calibration went into the force field and even no
mixture density data at all were used to fit the PC-SAFT parameters.
Therefore, an extrapolation to 10 kbar can be done with high con-
fidence. The density at 10 kbar is predicted to be 1253 g/L by MD and
1244 g/L by PC-SAFT. The good agreement gives again further cred-
ibility to our extrapolation. The AMV predicted by MD slightly drops to
42mL/mol, while the PC-SAFT AMV increases to 45mL/mol. Con-
sidering the approximative nature of PC-SAFT and the force field, this is
still good agreement.

For the AIMD simulations with 110 water molecules and one urea
molecule we require the density of a curea= 0.5 mol/L urea solution at
10 kbar. While there is no XRA data available at this concentration, the
assessment of the validity of our 10 kbar extrapolation also justifies the
extrapolation at curea= 0.5 mol/L. Detailed results are shown in the
supporting information, where we note that the extrapolated density at
10 kbar is 1247.03 g/L.

3.5. Solvation at 10 kbar

Fig. 5a shows the radial distribution functions between every urea
atom and the water oxygens. All RDFs show an increase in coordina-
tion: the first peaks are higher than the respective peaks in the

Fig. 3. Properties of aqueous urea solutions of the new force field and experi-
mental reference data at 1 bar and 298.15 K as a function of the molar con-
centration cU. a: Solution density. b: Apparent molar volume of urea. c: activity
coefficient derivatives of urea in the molarity scale. d: Activity coefficient of
urea by analytic integration of the fitted yUU from simulations. e: Static di-
electric permittivity calculated using the method in Ref. [100]. f: Diffusion
coefficient of urea calculated from the root mean squared displacement. g:
Adiabatic compressibility of the system, converted from isothermal compres-
sibilities, which were calculated from the finite differences of the density at 1,
100, and 200 bar. Experimental data was taken from Refs. [33] (a, b), [101] (c,
d), [97] (e), [102] (f), and [98] (g).
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corresponding 1 bar RDF. This is most prominent for the urea nitrogen.
The RDF features beyond the first peak all become more pronounced.
The force field results are in excellent agreement with the AIMD data
with regard to the positions and heights of the peaks. The most sig-
nificant deviations are observed in the urea oxygen RDF in the region of
the first minimum. The spatial distribution functions, shown in Fig. 5b,
show that compared to 1 bar more regions of the first solvation shell in
the vicinity of the urea molecule become populated. AIMD and force
field simulation results are in excellent agreement. The solvation shell
prediction by EC-RISM is more isotropic than predicted by the simu-
lations, similar to the results at 1 bar.

Fig. 5c shows the hydrogen bonding coordination at 10 kbar. The
probability distributions for the hydrogen bond number of the in-
dividual hydrogen bonding sites show that urea acceptor bonds – where
the vast majority involves the urea oxygen – slightly dominate over
urea donor hydrogen bonds, which are formed by cis and trans hy-
drogens with nearly the same probability. The agreement between
AIMD and force field MD is excellent for studied properties at 10 kbar
even though no scaled charges, unlike the TMAO case, were used.

The molecular dipole moment of urea as a function of pressure as
calculated with EC-RISM is shown in Fig. 6. For the hypernetted chain
(HNC) closure, the dipole moment changes only marginally from 7.06 D
at 1 bar to 7.16 D at 10 kbar, which is consistent with earlier work,
where it was shown that HNC is insufficient to reproduce the pressure-
induced polarization of the solute [18]. For the solvent susceptibilities
from MD simulations, the dipole moment changes rapidly with pressure
from 6.68 D at 1 bar to 7.00 D at 3 kbar, followed by a very small de-
crease at 4 kbar and a jump to 7.08 D at 5 kbar. Furter increasing the
pressure has little effect, increasing the dipole moment to 7.10 D at
10 kbar. The same qualitative behavior has been observed for the solute
TMAO [18]. This implies also the apparent discontinuity at around
4 kbar, for which we have no explanation.

The dipole moments deduced from AIMD also show an increase of
the dipole moment to 7.55 D at 10 kbar relative to the dipole moment of
7.33 D at 1 bar. Thus, it seems logical to scale the urea force field's
partial charges with increasing pressure for an even better account of
the behavior at high pressures.

3.6. High pressure force field

In the case of urea it is evident that our force field, which was de-
signed to properly describe urea solutions at 1 bar, is able to reproduce
the solvation details at 10 kbar. This is in remarkable contrast to TMAO,
where we observed that a 1 bar nonpolarizable force field does not fully
account for the 10 kbar solvation [18]. This was traced back to the
lacking increase of electronic polarization in water under high pressure.
Accounting for this increase by explicitly pressure-dependent charges
such that the dipole increases similar to the dipole obtained from EC-
RISM, we derived a force field that we labeled labeled as HP-FF. This
HP-FF gave a better account for the increased hydrogen bonding of
TMAO at high pressure. For urea, the unmodified ambient pressure
force field already works well, even if the dipole moment increase at
high pressure is not accounted for. In this light, it is interesting to see if
the HP-FF for urea performs even better. Concerning the density, the
HP-FF gives nearly the same results as the 1 bar FF (data not shown). At
10 kbar and 1mol/L urea, the two force fields differ by only 0.7 g/L.
However, the urea HP-FF reproduces the AIMD results worse than the
unadjusted 1 bar force field, see Fig. 5. Weerasinghe and Smith have
observed that the dipole moment of urea is only a weak indicator for
the mixing thermodynamics [20]. Apparently, it is also not necessary to
account for the correct dipole increase for a good account of the sol-
vation properties of a single urea molecule.

The physical reason for this apparent discrepancy between TMAO
and urea remains speculative, though. One aspect could be the strong
basicity of TMAO which could lead to some degree of electron transfer
between water and the solute. A fixed-charge force field, unable to
reproduce such an effect, would in this case compensate for the defi-
ciency by a tendency to overpolarization, which therefore appears un-
necessary in the case of urea. For all practical purposes we suggest
working with unscaled urea charges.

In principle, polarization could also be included by using the Drude
particle formalism or atomic dipole polarizabilities. Inclusion of such
terms in high-level force fields certainly has the potential for an overall
improvement of the simulation quality (see for example the success of
modern high-level water model like MBPOL [103]). This comes how-
ever at the cost of the development of a total new force field that will be
furthermore computationally less efficient. Our observation supports

Fig. 4. Solution densities ρ and apparent molar volumes of urea ϕVU of a 1mol/L aqueous urea solution at 298.15 K for pressures up to 500 bar (a) and 10 kbar (b).
Circles: XRA, squares: vibrating tube, diamonds: force field MD, triangles: PC-SAFT.
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the use of a non-polarizable urea force field at a level of accuracy that is
sufficient for the study of cosolute and high pressure effects.

4. Conclusions and outlook

In this work we present a new force field for urea based on com-
parison to experimental, ab initio molecular dynamics, and quantum
chemical data at ambient and high hydrostatic pressures. Developing
the force field required new experimental data up to high pressure. For
this purpose, vibrating-tube measurements up to 500 bar and X-ray
absorption measurements up to 5 kbar were performed for urea-water
mixtures. These data were validated by PC-SAFT, which was used in a
predictive mode as no mixture density data was used to fit the para-
meters. Based on such cross-validated data, the force field for urea was
developed in this work. The newly derived force field shows improved
performance compared to previously used force fields. It gives an ac-
curate account for solvation on a single molecule level and for mixing
effects, which leads to well behaved thermodynamic properties. The
densities of urea-water mixtures that were obtained with the new force
field were in accurate agreement to experimental data and PC-SAFT in

Fig. 5. Solvation structure at 10 kbar. a: Radial distribution functions for AIMD, the new FF, and its high-pressure modification (HP-FF) at 10 kbar between urea
atoms and water oxygen. b: SDFs of the water oxygen density around urea at 10 kbar. The isosurface corresponds to twice the bulk water density in MD simulation
results and to 2.6 times the bulk water density in the EC-RISM results for easier comparison of topographic features. The MD distributions were symmetrized with
respect to the vertical and horizontal symmetry plane and subsequently smoothed. c: Probability distributions of the number of urea-water hydrogen bonds per urea
donor/acceptor site at 10 kbar.

Fig. 6. EC-RISM dipole moments of urea as a function of pressure using the
Lennard-Jones parameters of our new force field for the hypernetted chain
(HNC) closure and susceptibilities from MD simulations of SPC/E water (χSIM).
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broad ranges of pressure and urea concentrations. Thus, our force field
is ideally suited for future simulation studies of biomolecules in the
presence of urea. The force field is optimized along similar lines as our
previously reported TMAO force field, which paves the road for reliable
studies of urea/TMAO mixtures, where TMAO was observed to prevent
urea adsorption at the protein [104], even at elevated pressures.

To our surprise, explicit account for pressure-dependent polariza-
tion is not necessary, which is in contrast to our observations for TMAO.
It is closer in behavior to water, for which no pressure dependent po-
larization needs to be accounted for. A link of the molecular structure of
a solute molecule to the need (or lack of need) for pressure-dependent
force fields is currently not known to us. This will be of high relevance
when it comes to protein force fields, which are optimized to describe
subtle balances of different forces such that macromolecular con-
formational equilibria are correct. It may turn out that there is no
pressure adaption of the partial charges required and that force fields
for standard pressures are appropriate for high-pressure simulations
studies.
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