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A B S T R A C T

We report the dynamics of urea-water mixtures at ambient conditions in the range of urea mole fractions
xUREA = 0.05, 0.10, 0.15, 0.20 and 0.25 by using molecular dynamics simulation. The aim of this study is to
examine how much the addition of low urea concentration in water modifies the vibrational, the orienta-
tional and the hydrogen bond dynamics of water. For this reason, we analyze the vibrational power spectra
of both urea and water, the rotational autocorrelation functions for water, the rotational relaxation times,
the self part of the van Hove functions for water oxygen and urea carbon, the diffusion coefficients and the
hydrogen bond correlation functions for water. Our results indicate that the vibrational dynamics of water
does not change significantly, unlike the rotational dynamics which becomes slower as we go to the urea-
rich region of the mixture. We also conclude that the water network becomes stiffer when urea molecules
are present and this leads to slower diffusion of water molecules. Concerning the hydrogen bond dynamics,
the hydrogen bond between the two water molecules in the mixture lasts longer than in the pure liquid.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

For several decades now, aqueous urea solutions have been
extensively studied by various experimental techniques and sim-
ulations. Its importance lies in the fact that the addition of urea
in water denaturates proteins [1] and also increases the solubil-
ity of hydrocarbons [2]. Urea has a high industrial value as well,
since it has been discovered recently that it plays a crucial role
in aqueous exfoliation of graphite to obtain graphene [3]. Clearly,
water structure and dynamics are affected by the insertion of urea
molecules and it all comes down to the subtle interplay between
water and urea hydrogen bonding. There has been a long ongo-
ing debate on how much the water hydrogen network gets affected
by urea and whether it breaks or reinforces this network. In prin-
ciple, all aqueous urea studies so far provide evidence to support
one of the two proposed scenarios. Early studies of urea-water solu-
tions emphasize the structure breaking effect of urea [2, 4, 5]. This
was further investigated in the case of micelle forming solutions
where it was discovered that urea inhibits micelle formation in water
[6-8]. The accepted explanation at the time was that urea alters
the “iceberg” structure around the hydrocarbon chain, thus mini-
mizing the hydrophobic interaction which drives this process [9].
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However, more recent experimental and computational studies have
shown that urea molecules fit almost perfectly in the water network
[10-14], although some report strengthening of water structure in
terms of hydrogen bond energies [15]. Soper et al. [11] used neutron
diffraction analysis in conjunction with computer simulations and
discovered that urea does in fact change the local structure of water,
which unquestionably modifies its tetrahedrality. On the other hand,
a spectroscopic study by Rezus and Bakker [12] led to the conclu-
sion that water dynamics is not affected by urea to a great extent,
but a fraction of water molecules form complexes with urea, leading
to slower orientational dynamics than in bulk water. Similar findings
were reached by researchers using optical Kerr spectroscopy [16-18]
and dielectric relaxation spectroscopy [19].

Another explanation of the urea effect on protein denatura-
tion was given by Shellman [20], Kretscheck and Sheraga [21] and
Stokes [22] who discovered urea aggregation in aqueous solution
without appreciable distortion of the water structure which was
further corroborated by some authors [23-25], but disapproved by
others [13, 26]. It should be noted however that in molecular dynam-
ics simulations the degree of urea aggregation depends on the choice
of the force field for urea [25]. There is a substantial number of
computer simulation studies of urea-water system and in the major-
ity of them the main incentive is to find the best force field that
produces experimental thermodynamic and structural results [13,
25, 27-31]. Åstrand et al. [27] developed intermolecular potentials
for urea-water based on perturbation theory where explicit atomic
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polarizabilities are taken into account, leading to a more accurate
description of the urea-dimer interactions. A force field for urea was
derived by Weerasinghe and Smith [30] to reproduce experimen-
tal results of the Kirkwood-Buff integrals in aqueous urea. In the
Kirkwood-Buff theory of solutions, these integrals over the pair dis-
tribution functions relate structural properties to thermodynamic
results, such as the partial molar volumes of the components and
isothermal compressibility of the solution [32]. Sokolić et al. [25]
tested four different urea force fields and found that the model
of Tsai et al. [28] shows exaggerated tendency towards urea self-
aggregation and the model by Duffy et al. [33] fits experimental
results better than others. A simulation study by Smith et al. [34] was
focused on thermodynamic properties, such as density and enthalpy
of mixing, in order to find the best urea force field for the mechanism
of protein denaturation.

Rotational and vibrational dynamics in aqueous urea has been
computationally analyzed by several authors [23, 35-39]. Idrissi et
al. [35] report that the cage around water molecules becomes more
rigid, since there exists an increase of the frequency in the power
spectra of the directional velocity autocorrelation functions. A recent
study confirms that, while static structural features of water are
mostly intact by urea, the translational, vibrational and rotational
dynamics is significantly slower [12, 39]. The reason for this slow-
down was found to be due to the excluded-volume effect, where
the presence of a hydrophobic solute prevents a water molecule to
make a hydrogen bond with another water molecule [38, 40]. In
vibrational spectroscopy, one way to investigate the effect of urea on
water dynamics is to measure the OH stretch absorption spectrum
of water with increasing urea concentration. Carr et al. [38] report
spectroscopic results for the OD stretch of HOD/H2O/urea mixtures
and for the CO stretch of urea-D4/D2O. These spectra are almost
unchanged by the addition of urea which supports the idea that urea
essentially does not alter water structure. This goes in line with the
previous study by Grdadolnik and Maréchal [10] who discovered
that the shape and frequencies of stretching and bending bands of
water molecules are basically unmodified by the addition of urea
molecules.

In this study, we report computer simulation results on sev-
eral dynamic properties in urea-water solution, such as the power
spectra of the velocity autocorrelation functions, the rotational cor-
relation functions, the self part of the van Hove functions and the
diffusion coefficients. To our knowledge, there hasn’t been such a
study for aqueous solutions with a small concentration of urea. We
also report the lifetime of hydrogen bonds and the hydrogen bond
correlation functions. The concentration range of urea varies from
0.05 to 0.25 mole fraction of urea in water, since we were focused
on the effect of a small concentration of urea on water dynamics. In
the next section, we present the molecular dynamics details and pro-
vide a theoretical framework for our analysis. Results are given and
discussed in Section 3 and we conclude our study in Section 4.

2. Computational and theoretical details

2.1. Computational details

We performed molecular dynamics simulations of urea-water
with urea mole fractions xUREA= 0.05,0.10, 0.15, 0.20 and 0.25. Sim-
ulations were done using GROMACS (version 5.0.7) [41] and the
simulation box enclosed a total of 500 molecules. To ensure reli-
ability of the results from such a small system, we performed an
additional simulation for a selected solution with 2048 molecules.
The radial distribution functions are observed to have the same fea-
tures in the short range and the dynamical properties, such as the
power spectra of the velocity autocorrelation functions, are the same
as in the smaller system. The temperature was kept constant at

T = 300 K and the pressure was p = 1 atm. PACKMOL pack-
age [42] was used to generate all initial configurations. The system
was first equilibrated for 1 ns in the NVT ensemble and then in the
NPT ensemble. Additional time was needed to equilibrate systems
with xUREA = 0.05 and 0.10. A modified Berendsen thermostat [43]
was used to maintain constant temperature and Parinello-Rahman
barostat [44, 45] was used to maintain constant pressure. The time
constants in both algorithms were 0.1 ps. The equations of motion
were integrated with the time step of 1 fs. After equilibration, we
performed a production run for 2 ns and an additional run of 300 ps
during which we saved coordinates and velocities every time step to
obtain smooth autocorrelation functions. The force field for urea was
OPLS-AA [33] and SPC/E [46] was used for water. The combination of
these force fields for urea-water was previously tested [25, 31] and
it was found that it produces the best results for the density and the
diffusion coefficient compared to experimental data [25].

2.2. Theoretical details

Here, we define all the dynamic properties calculated for this
system, namely the velocity autocorrelation function and the cor-
responding power spectra, the rotational correlation function, the
diffusion coefficient and the properties connected to the hydrogen
bond dynamics. The velocity autocorrelation function is defined as:

C(t) =

〈
v(0)v(t)

〉
〈
v(0)v(0)

〉 , (1)

where v(t) is the atom velocity at time t and the average is taken
over different time origins. This function measures how fast the
memory of the initial velocity v(0) is lost.

The corresponding power spectrum is defined as the Fourier
transform of Eq. (1):

CPS(y) =

∞∫
0

dte−iytC(t). (2)

The velocity autocorrelation functions and the power spectra
reveal the microscopic dynamics in liquids. The power spectra can be
obtained experimentally by various spectroscopic techniques and by
computer simulations, thus providing a direct comparison between
experiment and theory.

The rotational correlation function is defined as:

Cl(t) =
〈
Pl (e(t) • e(0))

〉
, (3)

where Pl is the Legendre polynomial of the rank l and e(t) is a
unit vector corresponding to the orientation of the molecule at time
t. We calculated the rotational correlation functions for l = 1 and
the unit vector is perpendicular to the plane defined by the CO and
the CN bond for urea and by the 2 OH bonds for water. These
functions are measured in dielectric spectroscopy and they have an
exponential decay described by the two time constants. The smaller
constant is related to the fast molecular motions, such as librations,
and the bigger constant is related to the collective dynamics.

The diffusion coefficients are calculated by the Einstein relation:

D = lim
t→∞

〈∣∣r(t) − r(0)
∣∣2

〉
6t

, (4)
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where r(t) is the atom position at time t and the numerator is the
mean square displacement.

The self part of the van Hove function, which is the density-
density time correlation function, is defined as[47]:

Gs(r, t) =

〈
1
N

N∑
i=1

d [r − ri(t) + ri(0)]

〉
(5)

At t = 0, we have Gs(r, 0) = d(r) and 4pr2Gs(r, t) gives the prob-
ability that a particle initially located at the origin at time t = 0
has moved a distance r away from the origin after time t. The Fourier
transform of the van Hove function is called the intermediate scat-
tering function F(k, t) and it can be measured in inelastic neutron or
X-ray experiments.

Finally, the hydrogen bond correlation function is defined as [48,
49]:

c(t) =

〈
h(0)h(t)

〉
〈
h
〉 , (6)

where h(t) equals unity if the particular tagged pair of molecules
is hydrogen bonded and is zero otherwise. The hydrogen bond
definition is based on geometric criteria: the OO intermolecular dis-
tance is 3.5 Å maximum and the HO. . . O angle is 30◦. The hydrogen
bond kinetics is controlled by the two rate constants, the forward and
the backward rate constant, k and k′ that are assigned to bond break-
ing and bond reforming, respectively. The forward rate constant
defines the average hydrogen bond lifetime, tHB = 1/k.

3. Results and discussions

3.1. Power spectra from velocity autocorrelation functions

First, we report the power spectra defined by Eq. (2). In Fig. 1,
we present the power spectra for water oxygen and hydrogen sites
for all concentrations of urea in water. Water hydrogen spectra has
a broad peak at around 500 cm−1 which corresponds to the libra-
tional motion of the water molecule. The broad shoulder at around
200 cm−1 is usually attributed to the vibration of an oxygen atom
along the hydrogen bond with another oxygen atom. The sharp peak
at around 50 cm−1 in the oxygen spectra is a contribution com-
ing from the vibration perpendicular to the hydrogen bond. With

the addition of urea, we observe almost no difference in both spec-
tra which indicates that small concentrations of urea do not change
the local and collective vibrational dynamics of water. Sharp et al.
have also reported that urea does not shift the water OH stretching
band [50].

In Fig. 2, we observe the power spectra for carbon, oxygen, nitro-
gen and hydrogen in urea. The peak at around 50 cm−1 is present
in oxygen, nitrogen and carbon spectra and indicates the collective
motion of urea molecules. This peak shifts to smaller values as we
add more water, which means that urea molecules become arrested
in the water network. Next, we observe a sharp peak at 300 cm−1 in
the carbon spectra which can be attributed to the vibrations along
the CO bond and it becomes higher with less urea in the solution. This
peak is followed by a smaller peak at 350 cm−1and it can be inter-
preted by the vibrations along the CN bond. The hydrogen spectra
has two distinct peak, one at around 1050 cm−1 and another around
1070 cm−1. We assign the first peak to the NH2 wagging vibrations
and the second to the NH2 rocking vibrations. These modes have
been previously experimentally observed in the infra-red absorption
spectrum of urea [51, 52]. The peaks at around 650 cm−1 in the nitro-
gen and oxygen spectra can be attributed to the in-plane bending of
NCO which is observed in the urea spectrum [52]. It should be noted
however that the positions of the peaks higher than 50 cm−1 is the
same for all the concentrations of urea in all the spectra, indicating
that the water molecules do not change significantly the vibrational
dynamics of urea.

3.2. Rotational autocorrelation functions

We now turn to the rotational autocorrelation functions of water
in the mixture. From Fig. 3, we observe that the rotational autocor-
relation function decays faster in pure water than in the urea-water
mixture. This is an indication that the urea-water interaction pro-
duces slower rotational dynamics of water molecules in the hydro-
gen bonded network. Other experimental and simulation studies
have also confirmed this finding [12, 14, 38, 39]. The rotational relax-
ation timescales are calculated by using a biexponential fit to the
rotational autocorrelation functions:

f (t) = a0 exp(− t
t1

) + (1 − a0) exp(− t
t2

). (7)
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Fig. 1. Vibrational power spectra of water sites in urea-water. Oxygen spectra (left panel), hydrogen spectra (right panel). Color convention: xUREA = 0.05 (magenta),
xUREA = 0.10 (purple), xUREA = 0.15 (black), xUREA = 0.20 (red), xUREA = 0.25 (green), pure water (blue). Inset: hydrogen spectra magnified. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Vibrational power spectra of urea sites in urea-water. Carbon spectra (upper left panel), hydrogen spectra (upper right panel), nitrogen spectra (lower left panel), oxygen
spectra (lower right panel). Color convention is the same as in Fig. 1 and the pure urea spectra are given in orange. Inset: hydrogen spectra magnified. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

For pure water, we get t1 = 92 fs and t2 = 2.6 ps which agrees
well with the results reported previously [39]. The shorter timescale
is related to the librational motion of water molecules and the longer
timescale is related to the reorientation of the water molecules in the
network. In Fig. 4, we report the two timescales for all the concen-
trations. The timescale values for xUREA = 0.05 are t1 = 176 fs and
t2 = 2.7 ps. The shorter timescale is almost two times larger than
the value for pure water and we can conclude that urea molecules
notably affect the libration of water molecules. In both panels the
values of the timescales are linearly increasing with urea concen-
tration, as indicated by the rotational autocorrelation functions. The
slight deviation from linearity is seen for the xUREA = 0.10 timescale
values, but this is within the statistical error of the calculation for
the rotational autocorrelation functions. It is known that the time
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Fig. 3. Rotational autocorrelation functions for water. Color convention is the same as
in Fig. 1. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

correlation functions in molecular dynamics simulations are subject
to errors due to finite sampling times [53].

3.3. Diffusion and the self part of the van Hove functions

In Fig. 5, we report the diffusion coefficients for water and urea.
Our results agree well with the experimental data and much better
than OPLS urea model with TIP3P water model, which overesti-
mates the values of both diffusion coefficients, as it is previously
reported [13]. Experimental value for the water diffusion coefficient
is 2.3 • 10−5 cm2/s and our value is 2.9 • 10−5 cm2/s. The water diffu-
sion coefficient is bigger than that of urea, since the water molecule
is about 3 times smaller in volume than urea. The trend of both dif-
fusion coefficients is decreasing with urea concentration and this
can be viewed as a consequence of the structural changes in the
hydrogen bonded water network, as it becomes more rigid upon the
addition of urea. NMR spectroscopic measurements by Yoshida et al.
suggested that urea indeed strengthens the water structure [54]. We
should note however that the biggest difference for the water dif-
fusion coefficient is at xUREA = 0.05, but still it differs from the
pure water value by about 7%. In comparison, the addition of the
same concentration of ethanol, which is also a hydrogen bonded liq-
uid, decreases the water diffusion coefficient by more than 30% [55].
Unlike urea, ethanol creates chain-like structures in water which
break the water network, while urea disturbs it only slightly.

The self part of the van Hove functions for the carbon in urea and
oxygen in water are shown in Fig. 6. We report a set of functions over
all concentrations for t = 1 ps and t = 10 ps, which are both in the
diffusive regime.

It is seen that the oxygen in water moves much further than the
carbon in urea, since both sets of Gaussians have a longer tail. For
t = 1 ps, the Gaussians for oxygen corresponding to different urea
concentrations are almost the same, with a small increase in mag-
nitude with the addition of urea. This means that at such a short
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Fig. 4. Orientational relaxation timescales t1(right panel) and t2(left panel) for water versus urea mole fraction xUREA . Inset: a zoom on t1 values between t1 = 0.15–0.2. Our
data is shown as points and lines are just guidelines for the eye.

time, which is roughly 5 times bigger than the average lifetime of the
hydrogen bond between the two water molecules, water mobility
does not change. However, after time t = 10 ps, we observe differ-
ences in Gaussians, both in their tails and peak positions. This goes
along with the conclusion that the water molecules become arrested
in a partially modified network.

Urea molecules, on the other hand, move further when water
molecules are present. If we consider the hydrogen bonded urea
network, the addition of water molecules makes urea more mobile.
We should have in mind that urea can make more hydrogen
bonds than water since it has two NH2 groups that act as hydro-
gen donors, creating a total of 4 bonds, plus the two bonds con-
nected to the O urea site. The distinction between the two hydro-
gen bonded liquids, reflects on the way these molecules diffuse in
the mixture. This is also suggested by the results for pure urea
and pure water. Both G(r, t)s for water oxgyen have much broader
peaks than the same set of functions for carbon in pure urea
which means that water molecules are much less restricted in
motion than urea.

3.4. Hydrogen bond dynamics

Let us now examine the dynamics of the hydrogen bonds in urea-
water. In Fig. 7, we report the hydrogen bond correlation functions
for water molecules for all concentrations of urea in water (left
panel) and the hydrogen bond correlation functions for a pair of
water molecules, for a pair of urea molecules, for one water oxygen
and urea hydrogen and finally, for one water hydrogen and urea oxy-
gen (right panel) at a selected concentration of xUREA = 0.20. From
the left panel, we see that the hydrogen bond correlation function
in pure water decays faster than in any of the mixtures. This sug-
gests that the hydrogen bond between two molecules in pure water
breaks faster than in urea-water, which goes in line with our pre-
vious conclusion about urea molecules making water network more
rigid. The decay trend of these functions is linear: upon the addi-
tion of more and more urea, the decay slows down and the hydrogen
bond between water molecules lives longer.

In the right panel of Fig. 7, we compare the four sets of hydro-
gen bond correlation functions in the same mixture to examine the
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Fig. 5. Diffusion coefficients for water (left panel) and urea (right panel) versus urea mole fraction xUREA . Our results are shown as purple circles, results from Ref. [13] are shown
as blue squares and experimental results are given as green stars. Results for water diffusion coefficients are from Ref. [56] and for urea diffusion coefficients are from Refs. [57,
58]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Self part of the van Hove functions Gs(r, t) for water oxygen (left panel) and urea carbon (right panel). Results for t = 1ps are shown in full lines and for t = 10ps are
shown in dashed lines. Color convention is the same as in Fig. 1. Pure water and pure urea results are shown in blue and orange, respectively. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

difference in the dynamics of hydrogen bonding between different
sites. As seen from the plot, the bond between water oxygen and urea
hydrogen has the shortest lifetime, since this function decays the
fastest. This suggests that the urea hydrogen fast vibrational motion
causes a rapid disruption of the hydrogen bond. On the other hand,
two water molecules have the longest lived hydrogen bond in the
mixture, since water vibrations are slower than urea vibrations.

Finally, in Fig. 8, we show two snapshots for this system, for
xUREA = 0.10 (left) and 0.25 (right). As we can see from the
shapshots, urea molecules are almost perfectly inserted in the
water network and we observe almost no urea clusters. How-
ever, there are a few urea dimers and monomers, as previously
reported [11, 13].

4. Conclusion

There is a lot of literature data for the urea-water mixture and
there are many, even contradictory statements about the modifi-
cation of the water network caused by the presence of urea. The
aim of this work was to examine the change in dynamics of water
when compared to that in the pure liquid and we have found new
insights by monitoring several dynamical quantities. First, the vibra-
tional modes of water and urea are almost the same in the neat
liquids and in the mixture, with only small changes in intensity
and frequency. Second, although urea can successfully fit into the
hydrogen bonded water network, the orientational motion of water
molecules is slowed down in the mixture. Third, the diffusion of
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Fig. 8. Snapshots for urea-water: xUREA = 0.10 (left panel) and xUREA = 0.25 (right panel). Water molecules are removed for better visualization of urea. Urea molecule: carbon
is in green, oxygen in red, nitrogens in blue and hydrogens in white. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

water molecules gets slower when urea is present. However, when
we observe urea diffusion in the mixture, the urea molecules travel
further when they are surrounded by water. This accentuates the
specificity of the water network which is more flexible that the one
in urea. Finally, the analysis of the hydrogen bond dynamics reveals
that the hydrogen bond between water molecules lives longer in the
mixture than in pure water. All these results lead us to conclude
that urea does in fact change the water dynamics and also reveal the
high sensitivity of the water network. There are molecules similar in
geometry to urea, such as methylurea, ethylurea and N, N - dimety-
lurea. One of our future directions is to analyze the impact these
solutes have on the water dynamics and this should help us under-
stand more its uniqueness and consequently, shed new light on the
secrets hidden behind the water anomalies.
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