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Urea hydration from dielectric relaxation spectroscopy: old
findings confirmed, new insights gained

Vira Agieienko® and Richard Buchner®

We report results on urea hydration obtained by dielectric relaxation spectroscopy (DRS) in a broad range of
concentrations and temperatures. In particular, the effective hydration number and dipole moment of urea have been
determined. The observed changes with composition and temperature were found to be insignificant and mainly caused
by the changing number density of urea. Similarly, solute reorientation scaled simply with viscosity. In contrast, we find
that water reorientation undergoes substantial changes in the presence of urea, resulting in two water fractions. The first
corresponds to water molecules strongly bound to urea. These solvent molecules follow the reorientational dynamics of
the solute. The second fraction exhibits only a minor increase of its relaxation time (in comparison with pure water) which
is not linked to solution viscosity. Its activation energy decreases significantly with urea concentration, indicating a marked
decrease of the number of H-bonds among the H,0O molecules belonging to this fraction. Noncovalent interactions (NCI)
analysis, capable to estimate the strength of the interactions within a cluster, shows that bound water molecules are most
probably double-hydrogen bonded to urea via the oxygen atom of the carbonyl group and a cis-hydrogen atom. Due to the
increased H-bond strength compared to the water dimer and the rigid position in the formed complex the reorientation of

these bound H,0 molecules is strongly impeded.

Introduction

Aqueous urea solutions have been investigated in detail
experimentally, using among other techniques IR and Raman
spectroscoy:)y,ﬁ"6 NMR,7'9 dielectric relaxation spectroscopy
(DRS),IO'16 optical Kerr effect,s’”'18 THz spectroscopy,m'20
neutron diffraction,21'24 and X-ray scattering.25 They were also
the aim of many molecular dynamics (MD) simulations.?*3®
These and other studies focused on two important general
aspects of aqueous solutions. The first issue concerns changes
in the water structure within and beyond the hydration layer
of the solute, whereas the second is related to changes in
water dynamics.

However, despite such a plethora of experimental and
theoretical investigations, there is still no consensus regarding
the behaviour of water in the presence of urea as studies
dealing with structural aspects yielded conflicting results. For
instance, Astrand®® concluded from MD simulations that urea
fits into the water network structure and even maintains the
tetrahedral ordering of liquid water. This conclusion is in
agreement with IR" and NMR investigations8 and also the
recent MD studies by Carr et al®® and by Stumpe and
Grubmiiller®® who found that urea causes only minor structural
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perturbations of water. In contrast to that, also on the base of
MD simulations, Idrissi and co-workers®® claimed a marked
distortion of the tetrahedral arrangement of water molecules
upon urea addition.

By analyzing the lifetime of water molecules in the bulk and in
the vicinity of the solute Kokubo et al.®*® showed that the H-
bonds between water molecules are almost not affected by
the presence of urea. Also, an earlier investigation using THz
absorption spectroscopy found no indications of a long-range
effect on the H-bond dynamics.19 A similar conclusion was
reached by Rezus and Bakker® from the analysis HDO
orientational dynamics in aqueous urea solutions. This
interpretation, however, was not supported by an analysis of
the Raman spectral density6 that indicated a significantly
disrupted water-water H-bond structure at ¢ > 1 M. Reduced
water density and enhanced solvent mobility were also
evidenced in MD simulations of Kallies.” In agreement with
the latter, a Monte-Carlo study of {urea+water} mixtures®’
suggested that urea breaks the water-water network.

Although the behaviour of water molecules beyond the first
solvation shell of urea is still disputed, their substantial
retardation in the direct proximity of the solute is confirmed
by various spectroscopic techniques. Depending on
temperature, solute concentration and method of
investigation the number of water molecules strongly bound
to urea was found to be within the range 0.5-4.3 351112151619
However, several MD studies®®?%3%40 reported significantly
larger coordination numbers of urea as well as higher numbers
of water molecules H-bonded to its hydrophilic groups. Based
on the results obtained with different spectroscopic
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techniques,3’15'19 several authors proposed that the water
molecules forming one H-bond with a urea molecule are only
weakly bound and show dynamics similar to water in bulk. In
contrast to that, water molecules forming two hydrogen bonds
with urea are strongly immobilized. This view gains support
from the MD simulations of Astrand et al.,26 who reported that
the orientational correlation functions of the out-of-plane
(reorientation of the y-axis, Fig. 1) and in-plane (x-axis, Fig. 1)
motions of urea decay much faster than the correlation
function of the dipole moment vector (z-axis, Fig. 1), indicating
an anisotropic hydration structure. Idrissi and co-workers*!
studied {urea+water} systems using molecular dynamics
simulations and optical Kerr effect. Analyzing the power
spectra of the linear velocity auto-correlation functions of
urea, they concluded that this molecule experiences H-
bonding preferentially in the dipole-moment and out-of-plane
directions. Additionally, the observed anisotropic reorientation
of urea around its principal axes'’ was interpreted as a
consequence of the highly directional H-bonding interaction. A
more recent MD study29 revealed pronounced structuring of
the water molecules around the oxygen and trans-hydrogen
atoms of urea. It was found that the water molecules
coordinating to these groups are preferentially located in the
plane of the solute and show parallel alignment of their dipole
vectors with that of urea. In agreement with the latter, Raman
difference spectra of dilute solutions did not indicate specific
interactions of water molecules in the direction of the CN bond
of urea.!

Fig. 1. A urea molecule with its principal axes of inertia.

Besides hydration effects, the possible self-aggregation of urea
molecules with increasing solute concentration has been also
considered as an explanation for the behaviour of aqueous
urea solutions. In a 2D IR study2 the peaks obtained in the
concentration range of 0.5-2.0 M urea were assigned to cyclic
and linear dimers. At higher concentrations, crosspeaks
corresponding to larger oligomers were found. According to
MD simulations of Soper et al.’*® only 11% of the dissolved urea
molecules are present as monomers in a ~13.5 M solution,
whereas the rest forms dimers or higher aggregates. The idea
of urea dimerization at ¢ > 0.83 M is also supported by a
Monte-Carlo study27 and according to the simulations of
Stumpe and Grubmiiller®® ~20 % of the urea molecules are
aggregated in a 9 M solution. On the other hand, Funkner et
al.*® found no urea self-aggregation up to 4 M with far-infrared
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spectroscopy. results of chemical
calculations**
separated into solvated monomers in aqueous solution. Also
DRS™ and Raman’ studies found no evidence of urea self-
association.

In this work, we apply DRS to investigate the dynamics of
aqueous urea solutions over a wide concentration range at
25 °C. This technique probes all solution dynamics associated
with a change of the macroscopic dipole moment of the

sample in terms of the complex permittivity

The quantum
showed that cyclic urea dimers tend to be

Ev)=¢'(v)-ig"v), (1)
where €'(v) is the relative permittivity and £"(v) the dielectric
loss at frequency V.44 This technique is able to resolve the
contributions of the various dipolar species present in solution
provided they differ in reorientational dynamics, i.e. exhibit
different relaxation times. For selected solutions, DRS
measurements were also performed at (5 and 45) °C to obtain
activation energies and thus get deeper insight into the
mechanism of both solute and solvent reorientation. We also
show the results of a noncovalent interactions (NCls) analysis
of selected urea hydrates. This recently developed technique,
based on the analysis of wave functions, is a powerful tool for
estimating the strength and localization of specific interactions
within a complex.

Experimental section

Solutions were prepared by weight on an analytical balance
without buoyancy corrections using urea (Sigma Aldrich,
>99.5%) and Millipore Milli-Q water. The samples covered
solute molalities (moles urea per kg water) of m < 17.994 mol
kgf1 The secondary calibration standards for the DRS
experiments, propylene carbonate, N,N-dimethylacetamide
and formamide (all Sigma Aldrich), were stored over freshly
activated molecular sieves (4 A) for several days before use.

To cover the broad frequency range of the present DRS
experiments (0.05<v/GHz<89), several set-ups were
combined. For 0.05<v/GHz<50 dielectric spectra were
measured with a frequency-domain reflectometer based on
Agilent 85070E-20 and 85070E-50 dielectric probes connected
to an Agilent E8364B vector network analyzer (VNA).46 Air,
mercury and water were used as primary calibration
standards. Calibration errors were corrected with a Padé
approximation using liquids with known dielectric properties
as secondary standards.”’ Depending on urea concentration
two different sets of secondary standards were appropriate. At
m < 4.0 mol kgfl, propylene carbonate and N,N-dimethyl-
acetamide were used, whereas at higher concentrations better
were obtained with propylene and
formamide. The choice of the secondary standards was based

results carbonate
on the analysis of the reduced error function, )(,2,48 of the fit of
the spectrum and a crosscheck with data recorded with a
variable-pathlength 27-39 GHz waveguide transmission cell
hooked to the VNA. The latter does not require calibration.
The data the reflection probeheads were

from two
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concatenated at ~2 GHz and combined with those from a
waveguide interferometer operating at GOsv/GHZSSQ.49
Due to the small residual conductivity of the samples raw
spectra were corrected for the DC conductivity determined
from the low-frequency limit of the dielectric loss and data at v
< 100 MHz discarded. The obtained spectra of £'(v) (A) and
£"”(v) (B) are shown in Fig. 2 and in Fig. S1 of the Electronic
Supporting Information (ESI).T
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Fig. 2. Spectra of (A) relative permittivity, €'(v), and (B)
dielectric loss, £"(v), of aqueous solutions of urea at 25 °C
17.994 mol kg'. Symbols
represent the experimental data, lines the fit with the 3D

and solute molalities m <

model. The arrows indicate the direction of increasing

urea concentration.

Densities, d, required for converting from molal, m, to molar
concentrations, ¢ [in M = mol Lfl], were measured with an
Anton Paar DMA 5000 M vibrating tube densimeter. Viscosity
rolling ball
viscometer using a 1.6 mm capillary calibrated with degassed
Millipore Milli-Q water. The data are summarized in Table S1.t
Most measurements of £(v), d and n were performed at 25 °C.
Additionally, the samples with (1.999, 6.001, and 11.995) mol
kgﬁ1 urea were investigated at (5 and 45) °C. The temperature
uncertainty was (+ 0.05, £ 0.005 and + 0.01) °C for DRS, density
and viscosity measurements, respectively.

For a quantitative analysis of the dielectric spectra these were
fitted to
independent modes, j,

was determined with an Anton Paar AMVn

relaxation models assumed to be sums of n

12 S

)=, +Y ——

- (2)
S+ (i2ve) Y
The latter were represented by the Havriliak-Negami (HN)
equation (shape parameters 0 < ;< 1 and 0 < 8; < 1), or its
simplified variants, the Cole-Davidson (CD, a; = 0), Cole-Cole
(CC, 6; = 1), and Debye (D, a; = 0, 8; = 1) equations, with

This journal is © The Royal Society of Chemistry 20xx

amplitude S; and relaxation time rj.44 Ideally, the high-
frequency permittivity, €,, only comprises intra-molecular
contributions but here it is a fitting parameter encompassing
librational motions in the far-infrared region. The static
permittivity of the sample is given by the sym of all individual

contributions to the spectrum, i.e. ¢ =¢, +ZSj .
j=1

Results

The relaxation model for {urea+water} mixtures. A literature
search revealed several publications dealing with the dielectric
relaxation of {urea+water} mixtures.®* The earliest reported
study10 was just done at three frequencies but nevertheless
assumed separate relaxations for water and urea. Pottel et
al.** measured the complex permittivity of 1.0 and 2.0 M urea
solutions between 0.3 and 38 GHz. The data were fitted to
three D relaxations attributed to the reorientation of ‘free’
water, hydration water and urea itself. During the data
processing the ‘free’ water relaxation time was assumed to be
the same as in pure water. Since the relaxation times of
hydration water and urea obtained in this study were very
close to each other (~17 and ~ 19 ps, respectively) the
reliability of this spectral decomposition can be disputed.50
Indeed, in a later work with participation of the same
authors,12 studying 1.0 and 2.0 M solutions in the frequency
range between 1 MHz and 40 GHz, the obtained spectra were
represented as the sum of a CC process for water and a D
mode for urea. To separate both contributions the solute
amplitude was fixed together with the static permittivity of the
solutions. Hayashi et al.™>*® fitted their 0.2-40 GHz dielectric
spectra of the {urea+water} system, covering 0.5 <c/M < 9.0,
with two D relaxations attributed to bulk-water clusters and
urea-water co-clusters. At ¢ < 6.0 M a stable fit was obtained
by freezing the relaxation time of the first to the pure-water
value, 8.27 ps, and assuming 21.3 ps for the urea mode.
However, this procedure was found to be inappropriate for
higher urea concentrations. Here, freely floating relaxation
times for both modes were more satisfactory and yielded
water relaxation times < 8.27 ps. On the other hand, Saito et
al,* measuring dielectric spectra from 0.2 to 20 GHz at urea
mole fractions of 0.025, 0.05, 0.075 and 0.1, used a single D
relaxation assigned to bulk water whereas Bateman et al®®
concluded that their 0.01-70 GHz spectra for urea mass
fractions of 0.334, 0.359, and 0.399 could be fairly well
reproduced by either two D or one CC relaxations, albeit
without a clear concentration dependence of the relaxation
times obtained with the 2D model. Data from terahertz time-
domain spectroscopy of 1-10 M solutions covering 0.3-2.0
THZ*® were described by a superposition of three D modes.
Since the urea mode was far outside the covered frequency
range its relaxation time was fixed to the values reported in
Ref. 15. This yielded ~ 9 ps for the intermediate and ~ 0.2 ps
for the high-frequency mode, similar to data for pure water.”
A 3D model was also used by Hunger et al.> for fitting their
spectra covering the range 0.1> v / GHz > 1600. The high-
frequency mode, centered at v= 0.5 THz, was assigned to a
fast water relaxation, the main dipolar relaxation of water was
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found to be at 13-20 GHz and that of urea at 5-8 GHz,
depending on urea concentration. For this analysis the
amplitude of the water relaxations was fixed to the value
expected from the analytical solvent concentration, assuming
the effective dipole moment to be equal to that of neat water.
According to this overview there is broad consensus on the
existence of two distinct but not well separated relaxations for
urea and water in the gigahertz region. Additionally, there are
indications for a small-amplitude terahertz mode due to fast
water. However, all previous studies made assumptions on the
relaxation times or amplitudes of some of the resolved modes,
introducing thus some bias in the discussion. To gain
somewhat more objective insights into the number and
character of the possible modes contributing to the present
dielectric spectra, their relaxation time probability distribution
function, P(t), was determined with Zasetzky’s method.”® The
results are shown in Fig. 3 and clearly indicate that the present
£(v) can be resolved into three modes. The fastest relaxation,
of low intensity (cyan columns), is characterized by relaxation
times scattering around 0.3-1.8 ps, corresponding to loss-peak
frequencies of ~90-500 GHz just outside the experimental
frequency range (Fig. 4). The other two processes, with T = 8.5
ps (~ 15-18 GHz, green columns) and t = 20-34 ps (~ 5-9 GHz,
red columns) have significantly larger P(tr) values, which
decrease for the intermediate-frequency relaxation and
increase for the lower-frequency mode (Fig. 3). Both modes
exhibit a smooth low-frequency shift of their peak frequencies
with increasing solute concentration (Fig. 4B).

Fig. 3. Relaxation-time distribution function, P(t), of
aqueous urea solutions (¢ 2 2 M) at 25 °C obtained with
the fitting procedure of Zasetsky.50 Cyan, green and red
columns represent the relaxations of fast water, bulk-like
water and urea, respectively.

The outcome of the Zasetsky analysis was confirmed by fits of
the experimental spectra with relaxation models based on eqn
(2), where all reasonable combinations of band-shape
functions up to n = 4 were tested. For all concentrations and at
all temperatures the sum of three Debye relaxations, hereafter
called the 3D model (Fig. 4A), performed best, yielding the
smallest )(,2 values and parameters smoothly varying with
concentration (Figs. 4B and S2t). Note that for the
measurements at 45 °C the shortest relaxation time had to be

4| J. Name., 2012, 00, 1-3
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Fig. 4. (A) Dielectric loss spectrum, £"(v) (O), of 10 M
aqueous urea at 25 °C and its fit with the 3D model (line).
The shaded areas in panel (A) show the contributions of
the resolved modes with their peak positions as a function
of concentration given in panel (B).

fixed at 7z = 0.17 ps because of the considerable high-

frequency shift of all modes at that temperature. Also, for urea
molalities of m < 1 mol kgf1 of the 25 °C series the relaxation
time of the lower-frequency mode, 7;(m), was fixed to values
linearly extrapolated from the data at higher concentrations to
minimize the scatter of the corresponding small amplitudes,
S1(m) (Fig. S2t). The thus obtained fit parameters are given in
Table S2.t

With increasing urea concentration, the amplitude of the
slowest relaxation, S;, which is not present for pure water,”?
quickly rises, yielding ~ 65.5 units at 10 M (Fig. S2%). This
allows unambiguous attribution of this mode to the solute, in
line with previous DRS studies. 1632
shown below,

However, as will be
this relaxation is not solely due to the
reorientation of urea molecules. From the concentration
dependence of amplitude, S, (Fig. S21), and relaxation time, T,
(Fig. 4B), the intermediate-frequency mode can be clearly
assigned to the cooperative (structural, a-) relaxation of rather
unperturbed water. The parameters found for the small high-
frequency contribution, S; and 13, are comparable with the fast
mode observed for pure water.”® This contribution is most
likely associated with the fast hydrogen-bond switch occurring
in the jump-relaxation mechanism proposed for water by
Laage et al,®>® which should also apply to {urea+water}
mixtures. Note that the scatter of the present values for S; and
T3 is not physical but reflects lacking terahertz data.

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 12



Page 5 of 12

Physical Chemistry Chemical Physics

It should be noted here that in contrast to previous DRS
studies of {urea+water} mixtures no assumptions were
required to unequivocally separate solute and solvent
contributions. In particular, it was not necessary to fix 7, to the
value of pure water or S, to the value predicted by the
analytical water concentration. As shown below, this has
considerable implications for the interpretation of the data.

Water Relaxation

The issue most debated in literature regarding {urea+water}
mixtures is how water molecules are affected by the presence
of urea with regards to both structure and dynamics. Pottel
and co-workers'! inferred from their dielectric data that the
number of water molecules strongly bound to urea is within
the range 2.6-4.3. In a more recent paper with participation of
the same authors™ a hydration number of 2-3 was found.
Unfortunately, it is not fully clear how these numbers were
obtained. Also with DRS, a hydration number of two was
obtained by Hayashi et al.ls‘le, whereas Bateman et al.”® found
no evidence for a hydration shell around urea differing in
dynamics from bulk water. Also Hunger et al>?* assume
negligible hydration. The time-resolved infrared experiments
of Rezus and Bakker’® yielded a single H,0 molecule per urea
with significantly slowed-down dynamics compared to pure
water, in line with Raman results.” From terahertz absorption
spectra19 it was deduced that the average number of water
molecules bound to urea ranges from 0.5at 9°Cto 1.1 at 36 °C
and the authors argue that these H,0 molecules form two H-
bonds with urea. Such kind of water binding was also
suggested by Refs. 3 and 16.

On the other hand, also significantly larger hydration numbers
have been reported for urea. An NMR study9 yielded 6.68 *
0.24,54 whereas a value of 5.0 £+ 0.5 was reported from IR-
spectroscopic investigations.55 These values are comparable to
the coordination number of urea, CN =~ 7, deduced from
scattering experiments.56 Based on compressibility data,
Avanas’ev®’ even reported hydration numbers between 13.37
and 6.55, decreasing with urea concentration. However, note
that another compressibility study58 only yielded 2.75. It
should be kept in mind here that in contrast to CN, which is
the generally well-defined number of next neighbours,
experimental hydration numbers strongly depend on the
method used for their determination.

Using a somewhat different approach59 compared to Refs. 10-
16, we found*®°®? for relaxation amplitudes, S;, of modes, j,
arising from the reorientation of permanent dipoles (gas-phase
moment ;) that the concentration, ¢;, of the dipolar species
can be suitably obtained by the equation

g+Al-¢g) Nj, 2
: =—=! (:uj,eff) ,
£ 3k,Te,

s

3)

where N, and kg are the Avogadro and Boltzmann constants, T
is the thermodynamic temperature, &, is the vacuum
permittivity, and A; is the cavity-field factor.” The effective
dipole moment, ;¢ = gjl/zxyj,ap, of species j consists of its
apparent dipole moment, 1., = 14/ (1 - fie), with o; being the

This journal is © The Royal Society of Chemistry 20xx

polarizability and f; the corresponding reaction-field factor, and
g; as the equivalent to the Kirkwood correlation factor
indicating orientational correlations of j-dipoles for g; # 1.

For the evaluation of solvent amplitudes it is convenient to
normalise eqn (3) to the pure solvent®® and for water A;=1/3.
Also, the fast (S;, 73) and cooperative (S,, 7,) water modes do
not represent different species but are characteristic steps in
the time evolution of bulk-water dynamics.53'63 Accordingly,
their amplitudes have to be combined to yield the bulk-water
amplitude

S,(c)=S,(c)+S,(c)+ ¢, (c)—¢.(0), (4)

(Fig. S21). With the help of the high-frequency permittivity of
pure water determined in the terahertz range, €..(0) = 3.52,62
egn (4) also accounts for the somewhat too large €..(c) (and
thus too small S3(c)) values of the present spectra that arise
from their limitation to v < 89 GHz.

Insertion of Sy(c) into egn (3) then yields the concentration of
DRS-detected bulk-like water, c,, which can be compared with
the analytical solvent concentration, c,. Fig. S31 shows that an
increasing fraction, f, = ¢, /c, of the water present in
{urea+water} mixtures does not contribute to S,, reaching
~27% close to the saturation limit. The corresponding total
hydration number of urea

Z,=(c,-c,)/c, (5)

decreases linearly from 1.85 at infinite dilution to 0.83 at 10 M
urea (Fig. 5).

6 T
af]
.
2_
i s
bl
O ‘ i 1 1 1 4
0 2 4 6 8 10
c/M

Fig. 5. Total hydration number of urea as a function of
solute concentration at 25 °C. Symbols indicate the data
obtained from DRS, line represents the result of a linear
fit. The inset shows hydration numbers found for the
three samples studied at (5, 25, and 45) °C.

The magnitude of Z is comparable to hydration numbers
previously reported by some of the DRS studies,lz’16 by
terahertz absorption19 and time-resolved IR spectroscopy3 but
differs somewhat from urea hydration numbers derived from
compressibility data’® (2.75) and in particular from those of an
NMR study9 (6.68 + 0.24)54 and the coordination number from
scattering experiments.56 This clearly indicates that only some
of the CN hydrating H,0 molecules are affected in their
reorientational dynamics.

J. Name., 2013, 00, 1-3 | 5
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The most likely reason for the slight decrease of Z,, which only
becomes really detectable at ¢ > 2 M, is solute crowding and
the resulting hydration-shell overlap.36' 4 Whilst for given c the
Z; values at 25 and 45 °C do not differ within error limits, the
data for 5 °C appear to be systematically larger (Fig. 5, inset).
This possibly suggests somewhat stronger hydration at low
temperature, which is at variance to Ref. 19.

In contrast to aqueous solutions of tetramethylurea65 or
trimethylamine-N-oxide60 no relaxation of ‘slow’ (moderately
bound, retarded53) water could be resolved with the present
spectra. This indicates that either the dynamics of the Z, H,O
dipoles interacting with a urea molecule is practically frozen
(implying the existence of long-lived hydrates) or that these
solvent dipoles are retarded to such extent that their
contribution coincides with the solute mode, i.e. that they are
slaved to solute dynamics.

Urea Relaxation

By assuming that all urea molecules contribute to S;, their
effective dipole moment, u.¢, was calculated with eqn (3) (Fig.
6). Within error limits, u.s decreases from (10.0+0.1) Datc >
0to 8.8 D at ¢ = 10 M. This result is in agreement with the data
of Grant et al.'® who reported for 20 °C u.s values for urea
ranging from 10.2 D at 1.0 M to 8.4 D at 9.0 M. The present
values are also in broad accordance with an earlier DRS study
of 1.0 and 2.0 M aqueous urea solutions yielding 8.2 D,12 as
well as with e = (8.2 + 1.0) D given by Hunger52 for the
concentration range 1.0 < ¢ / M < 4.0. Within experimental
error the temperature dependence of u. is negligible (Fig. 6,
inset). In line with the data for Z, (Fig. 5, inset) the slightly
larger values for 5 °C may hint at stronger hydration for this

14 T T T T
— 5°C
12 25°C
12 - T D| —45°C M
=10 .
11 [ N |
8 4
a 10 E B 2 4oim 8 |
~ 1 = 3H3 >
E= B> >
5 9 l > &
/‘fo =10.0+01D
8k E
7 . . . . .
0 2 4 6 8 10
c/M
Fig. 6. Effective dipole moment, u.¢, of urea in water as a
function of concentration at 25 °C. The inset shows the
effective dipole moment at different temperatures.

temperature.

It must be noted that the value at infinite dilution, pes = (10.0 £
0.1) D, is significantly larger than the gas-phase dipole moment
of urea, which was found to be (3.83 + 0.04) D.°® It is also
inconsistent with the value of u = 5.52 D obtained with

6| J. Name., 2012, 00, 1-3

quantum chemical calculations for a single urea molecule
embedded in a water continuum.

One possible reason for such a big difference is binding of
water molecules by urea (U) with a more-or-less parallel
alignment of the molecular moments in the resulting complex.
As shown above, approximately 1-2 water dipoles are indeed
effectively immobilized by urea (Fig. 5). Analogous to
tetramethylurea65 and trimethylamine-N-oxide60 it can be
reasonably assumed that this bound water moves with the
solute. Hence, the large values of u.¢ (Fig. 6) might result from
the reorientation of stiff long lived U-H,0 and/or U-2H,0
complexes rather than isolated urea molecules. Alternatively,
the dynamics of urea and their Z; hydrating H,O dipoles might

(R)

%4a~-v
S \ep

Fig. 7. Geometries of urea (A), U-H,O (B, C), U-2H,0 (D, E)
and U-3H,0 (F) complexes obtained at the B3LYP / 6-
311++G(d,p) level of theory in a water continuum (&= 78).
The arrows indicate the dipole direction.

Table 1. Formation energies, AE, and dipole moments, u,
of urea (A, u only), U-H,0 (B, C), U-2H,0 (D, E) and U-3H,0
(F) complexes in a vacuum and a water continuum (&= 78)
obtained at the B3LYP / 6-311++G(d,p) level of theory.

AE AE
Structure kJ mo/I_1 w/D k) mo/I_1 u/D
vacuum water
Urea (A) 3.88 5.52
U-H,0 (B) -26.64 7.13 -18.30 8.87
U-H,0 (C) -40.26 3.39 -21.01 6.00
U-2H,0 (D) -69.01 6.62 -41.04 9.19
U-2H,0 (E) -79.16 2.97 -41.68 5.98
U-3H,0 (F) —-109.87 5.84 -62.52 9.19

be coupled, with the reorientation of both occurring on the
timescale of 7.

In order to check the possible existence of aggregates, we
performed quantum chemical calculations of U and various
U-H,0, U-2H,0 and U-3H,0 complexes at the B3LYP/6-

This journal is © The Royal Society of Chemistry 20xx
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311++G(d,p) level of theory both in a vacuum and a medium of
water using the Gaussian 03 package.67 Implicit solvent
medium effects on the ground-state geometry were taken into
account by the self-consistent reaction field method (SCRF) via
the self-consistent isodensity polarizable continuum model
(PCM)68 implemented in the software. The most stable
geometries of the complexes embedded in a continuum of
water are shown in Fig. 7. Their formation energies and the
dipole moment values are listed in Table 1.

Two stable U-H,O structures have been found. For both the
water molecule forms two hydrogen bonds to urea, either via
the trans-hydrogen atoms (structure B) or via the carbonyl
oxygen and a cis-hydrogen (structure C). In vacuo, the
formation energies of structures B and C differ by ~ 14 kJ
molfl, whereas embedded in the solvent continuum this
difference is within the energy of thermal motion. In aqueous
medium the dipole moments of these structures, u(B) =
8.87 D, u(C) = 6.00 D, are larger than that of an isolated urea
molecule, u(U) = 5.52 D. Also two energetically favorable U-2H,0
hydrates were found (structures D and E of Fig. 7; Table 1). In
both cases, each of the two involved H,0 molecules forms two
hydrogen bonds with urea. The dipole moments calculated for
the water medium amount to u(D) = 9.19 and u(E) = 5.98 D.
According to their energies of formation both are equally likely
to occur in solution. Although not compatible with the
obtained hydration numbers, Z, < 2 (Fig. 5), calculations were
also performed for a U-3H,0 complex, yielding a combination
of structures B and E as the most stable species with a dipole
moment of 9.2 D in water.

Although numerical agreement between experimental U
values and dipole moments from cluster calculations should
not be expected it appears that the assumption of U-H,0O
and/or U-2H,0 (and U-3H,0) complexes is not sufficient to
explain the rather high value of s =(10.0+ 0.1) Datc — 0 as
structures B and C respectively D and E should be
simultaneously present. This may hint at orientational
correlations of the hydrated urea dipoles, as suggested by
simulations of Stumpe and Grubmiiller.®® Unfortunately, this
cannot be explored further with the present means.

Relaxation times. The comparison of relaxation times from
different experimental techniques allows inference on the
reorientation mechanism. Within the Debye model of
rotational diffusion single-particle relaxation times, r("), of rank
n are interrelated by

" = 2 x 7 (6)
nin+1)

where n is determined by the type of experiment. For
dielectric and infrared (IR) spectroscopy n = 1, whereas for
NMR, time-resolved IR, Raman or OKE spectroscopy n = 2. As
the relaxation time probed by dielectric spectroscopy, T, is a
collective property it needs to be converted to the
corresponding rotational correlation time, r(l)DRs’j, with the
Powles-Glarum equation.sg’ 7® For urea relaxation this takes the
form

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8. Second order (n = 2) rotational correlation times
obtained with NMR,”* OKE,*” and Raman’ spectroscopy
and corresponding DRS data, r(l)DRs,1/3, as a function of
urea concentration.
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where €, = €, — S; and represents the low-frequency plateau of
the water contribution to £'(v).

Complying with eqgn (6), Fig. 8 compares the present values of
r(l)DRs,l/S with second-order rotational correlation times, r(z),
from N NMR,71 OKE,17 and Raman’ spectroscopies.
Neglecting the different temperatures of the experiments, the
data from NMR and OKE are in reasonable agreement.
However, the Raman data are systematically lower, whereas
the DRS values are significantly higher. Except for Raman, all
methods yielded rotational correlation times increasing with
urea concentration, as expected from the corresponding rise
of solution viscosity (Table S1t).

The methods behind the data of Fig. 8 probe the reorientation
of different vectors, namely the dipole vector along the z-axis
(Fig. 1) in the case of DRS (involving rotation around x & y); the
vector normal to the plane defined by the O, C and N atoms
(i.e. along y-axis, Fig. 1) in the case of OKE (invoking rotation
around x & z);17 the CN bond in Raman;5 and the NH bond in
the case of NMR"? (both invoking x, y, & z). Disagreement
between the various rotational correlation times, in particular
the significantly larger DRS values, thus suggest either
anisotropic rotational diffusion of the hydrated urea molecules
or their reorientation through large-angle jumps.72 The linear
dependence of r(l)DRs,l on viscosity (Fig. 9) suggests rotational
diffusion as the mechanism of urea reorientation, see below.
Since we may reasonably assume that in this case the
experimental rotational correlation times are dominated by
the fastest pathway and rotation around the x axis is possible
both for DRS and OKE, the significantly smaller values for z‘z)OKE
compared to r(l)DRs,l/S (Fig. 8) suggest that the OKE signal — as
well as NMR and Raman — mainly reflects rotation around the z
axis. This would be compatible with the hydration-shell
structure and the possible urea aggregates discussed by
Stumpe and Grubmiiller.®®
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For rotational diffusion the extended Stokes-Einstein-Debye
equation73

i :31‘(47;_77+T& (8)
B
predicts a linear relation between T(l)DRS,l and solution
viscosity, 77, with the slope defined by the effective volume of
rotation, V.g, of the considered species. The observed
intercept, 7%, = (11.2 + 0.2) ps, is commonly interpreted as a
free-rotor correlation time,”* whereas V., = f,CV. with V,, as
the intrinsic volume of the molecule and shape factor, f ,
defined as the ratio of the volume swept out by the rotating
particle to the intrinsic volume.”* The hydrodynamic friction
coefficient, C, links macroscopic viscosity to molecular
hydrodynamics. Its experimental value is commonly found to
be between the theoretical limits for stick, C = 1, and slip
boundary conditions, C = 1 — ff/a , albeit generally closer to

the latter.

Fig. 9 illustrates that, irrespective of temperature, all obtained
rotational correlation times, r(l)DRs,l, collapse on the same
straight line when plotted against 7. This finding is a strong
hint at rotational diffusion of urea and, in view of Fig. 8, that
this motion is anisotropic. Based on OKE spectroscopy and MD
simulations Idrissi et al.'”"*® reached the same conclusion.
From the slope of the present data an effective volume of Vg
=(11.7 £ 0.2) A® was obtained, which is considerably smaller
than the molecular volume from quantum chemical
calculations, V,, =78 + 11 A2, Comparison of V,, and V. using
f, =1.036 yielded an effective friction coefficient of C = 0.14.
This value significantly exceeds the theoretical slip limit of 0.02
and thus indicates strong urea-water interactions, in line with
the observed hydration numbers. However, the obtained C
and respectively V. values are not large enough to be
compatible with the reorientation of stiff long-lived U-H,0,
U-2H,0 or U-3H,0 complexes. In line with MD simulations®
and the results of our NCI analysis (see below) it is thus more

T T T T T
(]
w 30} /,i/ i
E- ,g/ﬁ ]
e LT
=0 o
SEPRN ¥ e 5°C||
~ e > 25°C
Ei = 45°C |1
> 3 4 5 6 7

4 5 6 7 8 I 9
nT'10°/PasK™

Fig. 9. Rotational correlation time of urea, Z“)DRS,lr as a
function of 7/T. Symbols indicate experimental data; the
line represents the fit with eqn (8).

probable that the common reason for the large friction

8| J. Name., 2012, 00, 1-3

coefficient, C = 0.14, of urea rotation and the ‘missing’ Z,
dipoles from the water amplitude, Sy, is the coupled
reorientation of solute and hydrating H,O with a common
relaxation time, 7;, leading to a retardation of the latter by a
factor of ~2.2-3.3 compared to the bulk.

Water reorientation essentially occurs through large-angle
jumps,53 so that analysis of the present 7, values with eqn (7) is
not appropriate. However, valuable information can be
obtained from the temperature dependence of this quantity.

20 T T T T T T T T T T T T T
18 (2 .
T -Q&?
5 16 ;|
5 - DX%
21l L -
< ure water
w 12 + >z, e ‘ e
—l—‘r2 O
10 | ! 1 A I 7
0 2 4 6 8 10 12
m/ mol kg™

Fig. 10. Arrhenius activation energies, E,, of the relaxation
times of bulk-like water, 5, and urea, 7;, as well as of
viscosity, n, for {urea+water} mixtures as a function of
solute molality, m.

Accordingly, Fig. 10 compares Arrhenius activation energies,
E,, of viscosity and 7, for pure water and for solutions with (2.0,
6.0 and 12.0) mol kg™ urea, determined from the slopes, Ea/kg,
of In( ) respectively In(7) plotted against T Additionally, the
E, values for 7 are included.

In contrast to Grant et al,10 where Ex(7;) was found to decrease
from 35.1 kI mol™ at 1.0 M to 20.5 kJ mol™ at 9.0 M urea(aq),
the present activation energies for urea relaxation are
practically independent of concentration, Ex(7;) ~ 15.0 kJ mol™
(Fig. 10) and considerably smaller. Moreover, the present data
essentially coincide with Ex(77), which explains why all obtained
rotational correlation times, T(l)DRS,lp collapse on the same
straight line when plotted against 77/ T. The finding of Ex(7) ~
Ea(77) = constant is therefore a further stark hint at rotational
diffusion as the relaxation mechanism for urea reorientation.
In contrast to the solute, the activation energy for the
cooperative water relaxation, Ex(7), decreases linearly from
~18.3 k) mol™ for pure water to ~ 11.6 kJ mol™* at 12 mol kg™*
urea(aq). This suggests a considerable reduction of the average
number of H-bonds formed by the ‘bulk-like’ water
molecules.”” Of course, this is not really surprising for a
solution with 12 mol kg_1 urea, corresponding to a solute to
solvent ratio of 1:4.6, where due to hydration (Fig. 5) on
average only ~ 3.5 H,0 per urea molecule contribute to the
‘bulk’.

Noncovalent interactions

This journal is © The Royal Society of Chemistry 20xx
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As shown above, for all studied urea solutions a relaxation of
bulk-like water is present, i.e. a mode that smoothly evolves in
amplitude and relaxation time from the corresponding values
of pure water. On the other hand, approximately one H,O
molecule is strongly bound by urea in the most concentrated
solution (17.995 mol kgfl), where the solute to solvent ratio is
only 1:3. This means that all water molecules are located
within the first hydration layer of urea. One can expect that
the behavior of water molecules is determined by their local
microenvironment, i.e., by the group of molecules it directly
interacts with. Urea possesses two hydrophilic moieties, the
carbonyl oxygen and the amino hydrogens, capable of H-
bonding with water molecules. Thus, a detailed study of urea-
water hydrates on the microscopic level is necessary to get
deeper insight into the hydration pattern of urea. From this
point of view, quantum chemical calculations seem to be the
most promising method. Binding energies, however, can only
help to assess the relative stability of the various species. In
order to estimate the forces within the complex a more
sophisticated approach should be used.

(A)

(€)

Fig. 11. NCI surfaces for the water dimer (A) and the urea
hydrates (B-E) obtained at the B3LYP / 6-311++G(d,p) level
of theory in agueous medium. The reduced-density cut off
value is 0.7 a.u., the isosurface is colored according to a
blue-green-red scheme over the range —-0.04 a.u. <
sign(A,) x p < 0.04 a.u.

To this end, the recently developed noncovalent interactions
(NCls) analysis,76’ 7 was employed. The NCI index enables
studying the domains of the electronic density associated with
weak interactions that exhibit both low electron density and a
small reduced-density gradient. The latter is defined as

__1 v
_2(372_)1/3 p4/3 ’

(9

where p is the electron density. By multiplying the electron
density by the sign of the second eigenvalue of the density
Hessian, A,, one can classify strength and nature of the
interactions. Negative values of sign(A;) x p indicate attractive

This journal is © The Royal Society of Chemistry 20xx
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Fig. 12. NCI plots in the dimer of water (A) and urea
hydrates (B-E), which were obtained at the B3LYP/6-
311++G(d,p) level of theory in aqueous medium and are
shown in Figure 11.

interactions (e.g. H-bonding); positive values of sign(A,)xp
point out nonbonding interactions (steric repulsion), whereas
values close to zero are indicative of weak van der Waals
interactions. In the present case the NCls were estimated by
means of the MultiWFN software.”®

The NCls for a water dimer and the urea hydrates B-E of Table
1 are displayed as isosurfaces in Fig. 11. Here, a blue surface
indicates a region of strong attraction and green zones
indicate weak attractive interaction. Red areas would
represent strong repulsion but were not found for the present
aggregates. For all hydrates studied localized regions of rather
strong noncovalent contacts are found. The most bluish
regions, comparable in strength to water-water interactions,
correspond to the zones between the urea oxygen atom and
water hydrogen (structures C, D and E). Their intensities are
almost independent of the number and location of the
solvated H,0 molecules. These structures are additionally
stabilized by less intense attractive interactions of the cis-
hydrogen atoms of urea with the water oxygen. On the other
hand, interactions of the trans-hydrogen atoms of urea with
water oxygen (structures B and E) are characterized by
somewhat weaker attractions than those between water
molecules.

More information on the strength of NCls is revealed from a
graphical representation of the reduced gradient, s, as a
function of sign(A;)xp which is shown in Fig. 12. The
characteristic spikes of reduced gradient around
sign(A,)xp = 0.01 correspond to weak van der Waals
interactions within the urea hydrates. Strongly repulsive
interactions, corresponding to s = 0 at sign(A,) xp > 0.02 were
not observed. On the other hand, the narrow sharp minima of
s at negative abscissa values are typical for strong attractive
noncovalent interactions. Based on the location of the
corresponding isosurfaces (Fig. 11), these were assigned to H-
bonds between the interaction sites indicated in Fig. 12. Their
strengths are in the sequence Oyrea-Hwater > Owater-Hwater >

zero
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trans-Hyrea-Owater > CiS-Hyrea-Owater, iN line with H-bond lifetimes
from the MD simulation of Kokubo et al.>®> which also decrease
in the order Oyea-Hwater > Owater-Hwater > Hurea~Owater-

For structures B and E both H-bonds involving the trans-
hydrogen atoms of urea and the water molecule bridging them
are weaker than the bond in the water-water dimer. Water
molecules located near the carbonyl oxygen also form two H-
bonds with urea (Fig. 11, structures C, D & E). Now one of
them is between the carbonyl oxygen and one of the water
hydrogens, whereas the second involves the cis-hydrogen of
urea and water oxygen. According to Fig. 12 the first is
definitely stronger than a H,0-H,0 bond whereas the second is
weaker. Two solvent molecules can be bound in such a rather
rigid configuration (Fig. 11, structure D) and most likely it is
these two H,O which are strongly impeded in their
reorientation by urea and thus detected as Z; by DRS.

Conclusions

We studied the dielectric response of {urea+water} mixtures
over a wide concentration range and at different
temperatures. In contrast to earlier DRS studies, the present
investigation results in an unambiguous separation of the urea
and water relaxation modes in the dielectric spectra. The more
accurate fit parameters, in particular solute and water
relaxation times and amplitudes, allowed deeper insight into
the hydration of urea.

In agreement with previous studies, we find a hydration
number of 2 for urea at infinite dilution. This value decreases
with increasing solute concentration to ~ 0.8 H,O molecules
per urea at 10 M. The effective dipole moment of the solute is
significantly higher than that of a urea molecule, indicating
pronounced parallel solute-solvent correlations in solutions
through the formation of rather stable urea-water complexes.
In line with the obtained effective hydration numbers, Z, the
weak decrease of the effective solute dipole moment with
increasing urea concentration suggests dehydration due to
solvation-shell overlap.

Urea reorientation can be described as anisotropic rotational
diffusion governed by solution viscosity. This includes the Z;
strongly bound water molecules which move together with the
solute dipole. The remaining bulk-like water exhibits only a
slight increase of its relaxation time compared to pure H,0.
This increase does not scale with viscosity but is accompanied
by a strong decrease of the Arrhenius activation energy, Ex( %),
indicating a significant decrease of the number of hydrogen
bonds formed by the involved water molecules.

Quantum chemical calculations of the urea hydrates show that
the energetically most stable complexes are characterized by
double H-bonding of water with urea occurring either via both
trans-hydrogens or the carbonyl oxygen and the cis-hydrogens
of a urea. In order to estimate the strength and location of
these H-bonds, a noncovalent-interactions (NCls) analysis was
applied to the urea-water complexes and water dimer. It was
shown that the strengths of these interactions are in the
sequence ourea'Hwater > owater'Hwater > trans'Hurea'owater > cis-

Hurea-Owater- From this data it can be inferred that the

10 | J. Name., 2012, 00, 1-3

reorientational dynamics of those H,0 molecules doubly H-
bonded with urea through the carbonyl oxygen and the cis-
hydrogens is substantially slowed down compared to the
dynamics of water in bulk. As a consequence, these water
molecules most probably represent the water fraction strongly
bound to urea.
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