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A B S T R A C T

We present results of the measurement of the low frequency spectrum of solvated urea. The study revealed a blue shift of the intramolecular mode of urea centered at
150 cm−1 of Δν= 17 cm−1 upon increasing the pressure up to 10 kbar. The blue shift scaled linearly with the increase in density and was attributed to a stiffening of
the water-urea intermolecular potential. We deduced an increase in the number of affected water molecules from 1 to 2 up to 5–7, which corresponds to the sterical
coordination number of urea. The increase in hydration number can be explained by an suppression of the NH2 inversion and the hydrogen bond switching around
the NH2 group. Pressure induced sterical constraints are proposed to hinder the rapid switching of hydrogen bond partners and make the water around urea less bulk-
like than under ambient conditions.

1. Introduction

Pressures relevant for studies of biochemical systems generally
range from 1 bar to 10 (1 bar= 0.1MPa, 10 bar= 1GPa). Although
hydrostatic pressure significantly influences the structural properties
and thus functional characteristics of cells, this has not prevented life
from invading the cold and high pressure habitats of marine depths.
70% of the surface of the Earth is covered by oceans, and the average

pressure on the ocean floor is about 400 bar. Psychrophilic-piezophilic
(cold- and pressure-adapted) species, which live at ca. 2 °C, are found
on the deepest ocean floor (ca. 11,000m) in the Mariana Trench and in
deep sea sediments, the so-called deep biosphere [1]. Close to hydro-
thermal vents, generally several thousand meters under the sea surface,
even organisms far more complex than bacteria can be found at con-
ditions of high hydrostatic pressure (HHP) (ca. 300 bar) and high
temperature (up to ≈ 120 °C) [2,3].
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Biological species which are subject to high hydrostatic pressure are
known to have developed a variety of mechanisms in order to coun-
teract the adverse effects of their environment towards cellular func-
tioning: [4] Organic osmolytes such as amino acids, sugars, trimethy-
lamine-N-oxide (TMAO) and urea have been found to be accumulated
in life under extreme conditions regarding pressure and thermal stress
[5].

It is a prerequisite for life under extreme conditions that denatura-
tion of proteins by high pressure must be avoided. However, upon
compression, a different state of the protein can become thermo-
dynamically more favorable, thus initiating aggregation or unfolding.
As a consequence, buried polar groups may become accessible which
will change the hydration at the surface [6]. Previously, we could show
that the dynamics of the hydrogen bond network in the hydration shell
of proteins differs from bulk water or the buffer [7,8]. These changes in
hydration dynamics are found to be correlated with protein function. In
a ternary mixture, we have a more complex scenario which involves the
interaction between protein, solvent and the cosolvent. The binding
sites of the protein can either preferentially bind a cosolvent or pre-
ferentially exclude a cosolvent (preferential hydration) [9]. For osmo-
lytes that stabilize the protein by direct interaction, such as urea, pre-
ferential binding to the protein backbone has been found to play a
major role [10]. For TMAO, on the other hand, THz absorption studies
suggest that an indirect, water-mediated effect might be responsible for
its osmoprotective properties [11].

In deep sea animals living under high pressure, a mixture of TMAO
and urea has been found to be enriched in cells, counteracting the de-
naturing effect of high pressure.

Typically, the amount of TMAO in cells and the ratio of con-
centrations (cTMAO/cUrea) was found to increase from 1 : 2 for fishes
which live close to the surface up to 2 : 1 for fishes thriving around
2850m below sea level [12–14].

On a molecular level, it is unclear whether and how these two os-
molytes are counteracting the adverse effects of high hydrostatic pres-
sure. High-pressure X-ray, FTIR and computational studies on TMAO
showed, that upon addition of TMAO the H-bonds are strengthened and
the second hydration shell is found to be moving slightly outward. This
counteracts the effect of high hydrostatic pressure [15–19].

Interestingly, Meersman et al. observed for a urea-TMAO mixture of
1 : 2 a counteracting effect on the interaction potential, with TMAO and
urea increasing and decreasing the attractive part of the protein-protein
interaction, respectively [20]. No further increase in interaction was
found for a 2 : 1 TMAO/urea solution above 2 kbar. It should be pointed
out, that a 2 : 1 ratio of TMAO/urea is also typically detected in deep
sea animals which have to withstand high hydrostatic pressure.

It could not yet be revealed whether the osmoprotective properties
of ternary mixture are related to any cooperative effect. In an inelastic
X-ray scattering study of osmolyte mixtures, Sahle et al. found a simple
spectral additivity of the binary solution contributions, and deduced
that the effect of direct interaction is small, if any [21]. In contrast to
this, Hunger et al. determined a nonlinear increase in solute reor-
ientation times in equimolar mixtures of TMAO and urea by means of
dielectric spectroscopy, which suggests a cooperative effect [22]. By
MD simulations, Smolin et al. could show that the presence of urea
drives TMAO out of the hydration shell of SNase and interpreted this in
terms of an osmophobic effect [23]. Studying RNase in naturally oc-
curing osmolyte mixtures, Arns et al. revealed that TMAO is the pre-
dominant factor for the osmoprotective properties of these cosolvent
mixtures. Glycine is suggested to stabilize proteins by direct interaction
with the backbone or amino acid side chains rather than affecting the
solvent-protein interaction [24]. Considering the denaturing properties
of urea via direct interaction with the protein, MD simulations by
Ganguly et al. on small peptides showed that TMAO inhibits the pre-
ferential interaction between proteins and urea [25]. This effect de-
pends on the composition of the peptide. The presence of both urea and
TMAO in osmolyte mixtures, which is found in fishes which survive

under high pressure conditions might be required in order to compen-
sate the perturbing effect on proteins of each of these osmolytes, as
revealed by Hong et al.. According to their study, they propose that
TMAO promotes aggregation of amyloidogenic intrinsically disordered
peptides [26].

In general, solvent-mediated effects are expected to play a major
role in protein stabilization under HHP conditions: Krywka et al. could
demonstrate a reduction of temperature and pressure stability of SNase
by urea using high-pressure SAXS measurements [27], which under-
lines the biological importance.

Under ambient conditions, urea serves as a well-known denaturant
for proteins. Still, there has been a long standing controversial debate of
whether urea can be regarded as structure breaker or a structure maker
under these conditions. Similarly, the molecular mechanism which
drives denaturation was controversially debated. Different mechanisms
have been discussed in the literature: Initially, urea was proposed to be
structure breaker of the water hydrogen bond network causing an in-
creased solvation of hydrophobic groups [28]. This model was sup-
ported by NMR measurements [29], Raman spectra [30,31], molecular
dynamics (MD) simulations [32] and by viscosity measurements of
aqueous urea mixtures [33,34]. However, pump-probe IR-measure-
ments [35], NMR [36], and neutron diffraction studies [37], as well as
THz studies questioned the structure breaking hypothesis [38].

MD simulations by Hua et al.[39] showed that for hen lysozyme,
urea unfolds the protein in a 2-stage process: In a first step, water is
excluded from the protein solvation shell by direct binding of urea,
causing a swelling of the lysozyme. In a second step, urea and water will
solvate the protein interior. The preferential binding of urea to the
hydrophobic parts of protein was suggested to lead to a dewetting and
weakening of the hydrophobic effect [40,41]

In a MD study of solvated urea by Stumpe et al.[42] no indication of
water structure breaking was found. Instead, the energy of the water-
water HB was found to increase with increasing urea concentration.
Idrissi et al. predicted a decrease of the tetrahedral arrangement of
water [32]. However, more recently, Bandyopadhyay et al.[43] showed
that the tetrahedral arrangement is conserved when taking into con-
sideration the urea-urea interaction in dense solutions. This theoretical
prediction is in agreement with the results of dielectric spectroscopy:
Hayashi et al. [44] observed no significant preference for hydrogen
bonding between urea with either urea or water.

Here, we use THz absorption spectroscopy to probe the hydration of
urea under high pressure conditions. In our previous THz study of
solvated urea under ambient conditions [38], we found that urea - in
stark contrast to TMAO [11] - has a very weak impact on the water
network and a small hydration shell with only ≈1−2 water molecules
bound to the urea on average. Using a semi-ideal chemical association
model and accompanying MD simulations, the observed spectra could
be decomposed into three contributions: One is attributed to bulk
water, a second was initially assigned to a rattling mode of weakly
solvated urea in the surrounding water cage and the third part accounts
for THz modes describing a doubly hydrogen-bonded strong solute-
solvent interaction. However, new measurements by Shiraga et al.45

showed that the mode at ~ 4 THz or ν0≈ 150 cm−1 is not only present
in an aqueous solution but is also observed in urea solutions with DMSO
as a solvent. Thus, they reassigned this mode to a librational motion of a
single urea molecule within the solvent cage [46]. Both THz studies
yielded a small number of water molecules (1–2) which are affected per
urea molecules: nhydration was determined to be 1–2 independent of
concentration. This implies that under ambient conditions the influence
is restricted to one or two water at the acceptor HeB of oxygenation of
urea only, which is significant less than the coordination number
(4.1–6.3), i.e. the number of water in the first hydration shell.

This conclusion was supported based on an X-ray Raman scattering
study of Sahle et al.21 who suggested a minor impact of urea on the
water structure. The small number of waters affected upon hydration of
urea is also in line with compressibility data and broadband dielectric
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studies [47].
In the following we will focus on the effect of high pressure on the

hydration properties of urea. So far, only few experimental studies have
been reported with controversial or ambiguous results [48]. Based on
thermodynamic data, i.e. the derivative of the apparent molar volume
of urea in the dilute limit and a negative shift of the point of maximum
water density, Makarov et al. concluded that under high pressure
conditions, urea acts as a structure breaking molecule [49].

2. Experimental results

We have measured the low frequency spectrum of 1.5 M solutions of
urea in the pressure range up to 11 kbar using a diamond anvil cell and
a FT spectrometer. The experiment has been described in detail in re-
ference [46].

The transmitted intensity at the detector is given by:

=I p I d d( ) exp{ }/exp{ },p p0 0 0 (1)

where Ip describes the transmitted intensity at given pressure p, I0 the
transmitted intensity at ambient pressure, αp(ν) the pressure dependent
absorption, α0(ν) the absorption coefficient of the solvated urea at
ambient conditions and dp the sample thickness, which varies with
pressure.

Here, we have to take into accout that the cell thickness can vary
with increasing pressure, thus we obtain:

=I p I d d d( ) exp{ ( )} exp{ },p p0 0 0 (2)

where α0 corresponds to the absorption of the solution at ambient
pressure, dp and d0 is the cell thickness at pressure p and at ambient
conditions, respectively and Δα= αp− α0.

We use

=
I

I d
ln 1

p
p

ref p (3)

= I
I d

ln 1
ref

0
0

0 (4)

and αp= α0+Δα= α0+ (αp− α0), with Iref corresponding to the
transmission of the empty cell.

Iref is a scaling factor for the recorded transmitted intensity, as can
be seen in Eqs. (3) and (4). Since α0 is well known from our previous
measurements [38], we can adjust Iref such that it reproduces the ab-
sorption of the solution under ambient conditions. For the pressurized
sample the same value Iref is used, since this will be unaffected by
changes in the sample thickness. If we define our scale such that
Iref=1, we obtain:

= +I
d

I
d

ln{ } ln{ }
.p

p

p

0

0
0

(5)

Three data sets have been recorded separately using our high
pressure THz set-up in Bochum. In addition to the data set in Bochum
(up to 8 kbar, one high-resolution data set has been recorded at the
synchrotron source SOLEIL, beam line AILES which provides data up to
12 kbar. The absorption spectra are shown in Fig. 1.

In order to determine spectral changes due to the presence of urea,
first, the spectrum of pure water at the same pressure is subtracted.

= p
sol

p
w (6)

with sol and w referring to the solution and water, respectively.
This would hold in case that changes in water concentration in the

aqueous solution upon increasing pressure could be neglected.
However, in order to correct for pressure induced changes, in a second
step, we corrected for changes in density:

= +p x c p p x c p p[ ] [ ] [ ] [ ] [ ]tot s s w w (7)

where w and s refer to contributions of water and solute s, respectively.
c[p]= csol[p]+ cw[p] denotes the pressure-dependent total molar con-
centration in the solution. (Mole fractions xs and xw are used in order to
reduce the number of pressure-dependent parameters.) The correction
for the change in water concentration can now be described by

=p
c p

x p x p[ ]
[ ]

[ ] [ ](1 )s s w w (8)

and

=
p M x c p

p
[ ] [ ]

[ ]
sol S s

w (9)

with ρsol, ρw and MS being the density of the solution. Based upon (8)
and (9), we can deduce the following relation for the partial solute
extinction:

= +p
x

p
c p

x
p M x c p

p
[ ] 1 [ ]

[ ]
1

[ ] [ ]
[ ]s

s
w w

sol S s

w (10)

However, in order to determine the partial solute extinction, the
volumetric properties at high hydrostatic pressures, namely c[p], ρsol[p]
and ρw[p] must be known. Whereas for bulk water, ρ[p] data are
available (see [50]), for most of the aqueous solutions c[p], ρsol[p] is
not easy to determine experimentally. Thus, we fitted simultaneously a
set of both experimental studies and results from theoretical modeling
to deduce the pressure dependence of the density of urea solutions at
high hydrostatic pressure [49,51–53]. For details, see the SI.

In Fig. 2, we show the partial solute extinction coefficient ( )s at
1 bar, 4 kbar, 8 kbar and 10 kbar. An overview of all results is shown in
the inset and in the SI.

At ambient conditions, the concentration and temperature depen-
dent THz spectra of urea could be decomposed into three partial con-
tributions: One is attributed to bulk water, a second one to rattling
modes of weakly solvated urea in the surrounding water cage, and the
third part accounts for THz modes describing a doubly hydrogen
bonded strong solvent solute interaction. The latter one is increasing
non-linearly with concentration and can be neglected for more dilute
solutions. Even at 10 M (urea/water =1 : 3) concentration, 80 of urea is
not forming a strong urea water complex and the fraction of water in
such complexes is on the order of a few percent [45].

In the present study of a urea solution with a concentration of 1.5 M,
we restricted the decomposition of the THz spectra (after subtraction of
bulk water) into a superposition of two damped harmonic oscillators,
see: [11,54,55].

=
+ +( )( ) ( )

f I I( , , , )
4 4
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3
0
2

2
2 2

2

2
2 2

(11)

where I0, Δ and ν0 are the amplitude, the line-width and the reduced
center frequency. For convenience, the wave number is used instead
of the frequency ν.

Two additional terms are added to describe a) the low frequency
part of the observed spectrum and b) the effect of volume exclusion of
bulk water: When studying sugars in a THz difference spectrometer, it
became evident, that a model of a simple three-component mixture fails
to describe the change in absorption [56,57]. Next to bulk water, the
solute itself and the lack of absorption due to volume exclusion by the
solute or density change, an additional component was required. The
latter was identified as hydration water, i.e. water within the solvation
shell of a molecule that is characterized by an absorption which differs
from those of bulk water. Thus, any change â€ “even after density
correction- can be described by a positive contribution describing the
spectral response of hydration water and a negative contribution, which
describes the lack of water molecules which show a bulk-like spectral
response. This latter is described as: εw(p) ⋅ nh, with εw(p) and nh, cor-
responding to the extinction coefficient of bulk water at a given
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pressure p, and the effective number of water molecules which are not
bulk-like, respectively. nh corresponds to the smallest number of water
molecules which have an absorption distinct from bulk water, yielding
a lower bound, i.e. the minimum, or effective number of hydration
water molecules.

The dissected spectrum is displayed in Fig. 3 for p= 1bar, 4 kbar,
8 kbar and 10 kbar.

The mode at 153 cm−1 (at p= 1bar) is assigned to the trans-
lational and rotational rattling mode of the weakly hydrated urea [38].

Up to 1 kbar, we observe an increase in the fitted amplitude of the
partial component attributed to the urea rattling mode. The pressure-
induced change of the peak frequency is plotted in Fig. 4. Up to 10 kbar
we find a pressure-induced blue shift of ca. 17 cm−1 which is linearly
correlated with the increase in density. We attribute the blue shift to a
stiffening of the urea-water potential due to the increase in density, and
hence a decrease in the average urea-water distance.

Under ambient pressure conditions, our THz study revealed a very
small average number of affected water molecules: The effective
number of water molecules in the hydration shell is ranging from 0.5
water molecules at 0 °C to 1.1 water molecules at 36 °C [38]. On
average ≈1 to 2 water molecules are affected by urea and show a THz
response distinct from bulk water. Based on the measurements reported
here, we can deduce the effective number of hydration waters nhydr as a
function of pressure. Up to 8 kbar, nhydr was found to increase from 0.7
to 4. For higher pressures (8 kbar – 12 kbar), this number is further
increased to 5≤ nhydr≤ 8, see Fig. 5.

The observed increase in nhydration is linearly correlated with the
pressure induced increase of density. Thus, we also plot in the inset of
Fig. 5, the number of hydration water nhydration as a function of density.

The increase in nhydration is in line with the results of Stumpe et al.,

who predicted an increase in the water-water-HB upon increasing urea
concentration. Our results clearly reveal that more water are affected at
high pressure than under ambient conditions. Thus urea is affecting
more and more water molecules which are still “bulk-like” under am-
bient conditions.

In summary, we recorded the low frequency spectrum of solvated
urea as a function of pressure up to 10 kbar. Our study reveals an in-
crease in the hydration shell which is linearly correlated with an in-
crease in density. The pressure induced blue shift of solvated urea is
smaller than the pressure induced blue shift of the intermolecular
stretch of the hydrogen-bond network of bulk water. This observation
confirms the reassignment of the 140 cm−1 mode to the librational
mode of urea in its hydration cage, which is not strongly coupled to the
water network.

3. Conclusion

Here, we present results of a THz spectroscopic study of solvated
urea under HPP conditions.

Our measurements reveal a blue shift of 17 cm−1 for the band
centered at 150 cm−1 which is assigned to an intermolecular mode, i.e.
a librational mode of urea in the H-bond network. We propose that the
frequency shift is caused by a stiffening of urea-water network potential
which causes a blue shift of the librational mode. This is supported by
the fact that the blue shift is linearly correlated with an increase in
density. Interestingly, the number of water molecules which are af-
fected or retarded by urea increases from n=1–2 at ambient condition
to 5≤ n≤7 at pressures up to 10 kbar. We want to point out, that 6
water molecules correspond to the geometrical coordination number of
urea. The HB lifetime of the non hydrogen bonded water is decreased in

Fig. 1. Absorption coefficient ( ) of aqueous (1.5M) solution of urea at ambient T≈296K as a function of pressure.

Fig. 2. Partial solute extinction coefficient ( )s of urea at ambient conditions (p= 1bar, T≈ 296 K) and at the pressures p= 4kbar, 8 kbar and 10 kbar. The full set
of recorded spectra is shown in the inset.
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the vicinity of the NH2 group compared to the in-plane water molecules
at the acception in H-bond. It was argued that the NH2 inversion motion
which facilitates HB switching of HB partners and the formation of
bulk-like HB in urea's out of plane direction, in contrast to the in-plane
direction where the movement is restricted. In line with this model we
propose now, that upon increasing the density, the large amplitude NH2
inversion is more and more hindered. This pressure induced sterical
constraint hinders the rapid switching of HB partners. We propose that
as a result water around urea becomes less and less bulk-like upon in-
crease of pressure. Thus, at 10 kbar not only the in-plane but also the
out of plane water molecules are hindered. The effective number of

water which are affected increases from 1 to 2 localized at the urea
oxygen atom to 5–7, which corresponds to the geometrical coordination
number.

4. Experimental

Samples of 1.5 M urea solution were prepared from urea (CAS 57–13-6)
as purchased from Sigma (purum ≥99.0%, Sigma-Aldrich, München,
Germany). The substance was weighed into ultra pure water from a water

Fig. 3. Dissection of the partial solute extinction of urea at ambient pressure (A), 4 kbar (B), 8 kbar (C) and 10 kbar (D). The spectra were fitted using a low-frequency
contribution [purple], a rattling mode of urea at 153 cm−1 [red] and a barely resolved high frequency contribution [green]. The negative contribution describes
the lack of bulk-like water - which is replaced by hydration water [blue]. The overall fit is shown in black. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 4. Fitted center frequency νc of the intermolecular mode of urea.
Fig. 5. Increase in nhydration as function of pressure and inset: as function of
density.
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treatment system (ASTM I, TKA Wasseraufbereitungssysteme,
Niederelbert, Germany) using a precision scale (ABT 220–5 DM, Kern,
Balingen, Germany). The concentration was verified by density measure-
ments, using a vibrating tube density-meter (Anton Paar DMA 58, Anton
Paar, Graz, Austria). Prior to using the sample for measurements, the
aqueous solution was subject to a treatment of about 30min in an ultra-
sonic bath in order to reduce the amount of dissolved gas.

Measurements at pressures up to 8 kbar were carried out using a
commercial FTIR spectrometer (Bruker Vertex 80 V, Bruker, Ettlingen,
Germany) with an external liquid He-cooled bolometer (Infrared
Laboratories, Inc., Tucson, AZ, USA) as the detector and a mercury gas
lamp as the source. Details concerning specific adaptations can be
found elsewhere [46,58]. For these measurements, a commercially
available Diamond Anvil Cell [DAC] (Almax Easylab VivoDAC, Almax
Easylab, Diksmuide, Belgium), consisting of a diamond anvil and a flat
diamond window, was used. Brass rings with an outer diameter of 3.95
mm, an inner diameter of 0.5 mm and a thickness of approximately
40μm, as manufactured by LMB Automation (Iserlohn, Germany), were
used as gaskets without any preindentation. After filling the cell with
the sample, the DAC was closed by applying a torque of 3.5 Nm using a
torque wrench. The spectrometer was evacuated and spectra were re-
corded with a resolution of 1 cm−1, averaging over 64 datasets. The
absolute pressure inside the cell was determined with an accuracy of
about 300 bar, employing a pressure-dependent shift of an absorption
band in crystalline quartz, see Ref. 46. In order to avoid artifacts due to
contributions of interfacial water at the quartz-water interface, we first
determined the relation between internal sample pressure and external
gas membrane pressure and used this relation to determine pressure.
The changes in the thickness of the sample cell as a function of gas
membrane pressure were measured ex-situ using two confocal distance
sensors (Micro-Epsilon IFS 2403, Micro-Epsilon, Ortenburg, Germany).
We could reach pressures up to 8 kbar. Details are described in58 and
the corresponding supplementary information.

Additional measurements have also been performed at the beamline
AILES [59] at SOLEIL. In these measurements, higher intensities and
higher pressures (up to 11 kbar) could be achieved. For the high
pressure setup at AILES a commercial FTIR spectrometer has been
adapted. The full setup has been described elsewhere [60]. For these
measurements a diamond anvil cell from BETSA (Nangis, France),
consisting of two diamond anvils, was used. Thinner gaskets with a
thickness of approximately 30 μm, manufactured by LMB Automation
(Iserlohn, Germany), could be used as well in order to obtain a higher
intensity at the detector. Using the fluorescence of small Ruby spheres
that could be excited in-situ the pressure in the cell was determined
[60,61] with an accuracy of about 0.4 kbar, only restrained by the
calibration curve in the relevant regime [62]. For these measurements,
the thickness was determined by minimizing the distance-squared be-
tween spectra recorded in Bochum and measurements performed at
AILES and by linear extrapolation towards higher pressures. In both
setups, the DAC was pressurized by means of a gas membrane using an
automated pressurizing system (Pace 5000, GE Measurement, Billerica,
MA, USA) In order to achieve pressure equilibration, spectra were re-
corded 3 minutes after the pressure was adjusted.

All calculations have been performed using Mathematica 10.
(Wolfram Research, Champaign, IL, USA).
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