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Does Urea Alter the Collective Hydrogen-Bond Dynamics in
Water? A Dielectric Relaxation Study in the Terahertz-Frequency
Region

Nirnay Samanta, Debasish Das Mahanta, and Rajib Kumar Mitra*[a]

Abstract: We report the ultrafast collective hydrogen-bond
dynamics of water in the extended hydration layer of urea
by using terahertz time-domain spectroscopy in the frequen-
cy region of 0.3–2.0 THz. The complex dielectric function has
been fitted using a Debye relaxation model, and the time-
scales obtained are in the order of approximately 9 ps and
200 fs for bulk water ; this exhibits a considerable accelera-
tion beyond the 4 m urea concentration and indicates a pos-
sible disruption in the collective hydrogen-bonded water-

network structure, which, in turn, provides an indirect sup-
port for the water “structure-breaking” ability of urea. With
5 m urea in the presence of different concentrations of trime-
thylamine-N-oxide (TMAO), it was found that these parame-
ters essentially follow the trend observed for TMAO itself,
which signifies that any possible disruption of the water
structure by urea is outdone by the strong hydrogen-bond-
ing ability of TMAO, which explains its ability to revive urea-
denatured proteins to their respective native states.

Introduction

Urea is a neutral molecule that has a size comparable to that
of water and has historically been recognized to offer unique
physicochemical properties such as protein denaturation,[1] hy-
drocarbon solubilization,[2] and so forth; however, the exact
molecular mechanism of the processes involved still remains
a strongly debatable issue. The interaction of urea with protein
molecules during its denaturation process has been envisaged
either as a result of its direct interaction with the protein back-
bone or as an indirect effect in which urea perturbs the water-
network structure.[3] One of the earliest discussions on the
mechanism of the denaturation ability of urea was based on
the water “structure-breaking” hypothesis,[4] which encompass-
es the concept that incorporation of urea molecules breaks hy-
drogen-bonded networks in water. This hypothesis has, howev-
er, not received considerable support from experimental or
simulation studies with only a few reports documented in the
literature.[5] Koga et al.[6] made detailed solution thermodynam-
ics consideration and concluded that urea does form direct hy-
drogen bonds and thereby perturbs the hydrogen-bond net-
work of water. Vanzi et al.[7] showed that the hydrogen-bonded
network of water predominates around the amine groups;
however, the structure gets distorted around the carbonyl
group. Simulation studies by Zou et al.[8] showed that the aver-

age number of hydrogen bonds per water molecule as well as
the average water–water hydrogen-bond lifetime decreases in
the presence of urea. A molecular dynamics simulation study
by Wei et al.[9] concluded that urea induces considerable reduc-
tion in the distances of the second hydration shell of the hy-
drogen-bonded network in water. The concept of urea being
used as a water-structure breaker has been challenged by
a series of simulation and experimental studies.[10] A polariza-
tion-resolved mid-infrared pump–probe spectroscopic experi-
ment by Rezus et al.[10a] clearly demonstrated that urea has
a negligible effect on the hydrogen-bond dynamics of water.
They concluded that urea efficiently fits in the water network
and thus hardly affects its network structure. NMR spectrosco-
py studies of orientational relaxation and analysis of spin–lat-
tice relaxation time of the 17O nucleus of water molecules in
a urea/water system by Shimizu et al.[10b] concluded that water
remained mostly unaffected in the presence of urea. A similar
observation has also been reported for mid-infrared (MIR)
FTIR[11] and dielectric[12] measurements, as well as several simu-
lation studies that unambiguously concluded that the water
structure remains unaltered in urea solutions.[13] Some recent
results have suggested a direct interaction of urea with the
protein backbone, which eventually leads to its denatura-
tion.[14] According to the ‘two-stage denaturation process’ as
proposed by Hua et al.[10c] the process begins with a preferen-
tial solvation of the globular protein by urea and exclusion of
water from the protein solvation shell followed by solvation of
the protein interior by both urea and water. Such a direct
mechanism, which manifests a causative interaction between
urea and the protein backbone, finds support with earlier sim-
ulation studies.[15] The preferential solvation of urea is usually
driven by van der Waals interactions along with an additional
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solvent entropy gain as initially constrained water is displaced
by urea.[16] There have also been studies that even support the
electrostatic basis of urea activity.[17] The interaction of urea
with protein thus still remains debatable, and it is now com-
monly believed that the ‘direct’ interaction that involves van
der Waals attraction, hydrogen bonding, and hydrophobic ef-
fects plays the key role in the protein denaturation process;
however, the role of ‘indirect’ interaction through a possible
water-structure perturbation can not a priori be neglected.[3]

There have been several experimental studies to understand
the structure and dynamics of water around urea. Ultrafast op-
tical Kerr effect spectroscopy of an aqueous urea solution re-
veals several low-frequency bands at the 45–60, 80–100, and
175–200 cm�1 region.[18] The lowest-frequency band arises
owing to the vibrational motion of urea or water in a cage[18a]

or the absorption of water.[18b] The other two bands are related
to the hydrogen-bond interaction of water with urea and ab-
sorption of water, respectively. For pure water a prominent
peak is observed at approximately 200 cm�1, which corre-
sponds to the first-shell dynamics, whereas a concerted
motion that involves the second solvation shell contributes
most significantly in the 80 cm�1 region.[19] Raman spectroscop-
ic studies by Idrissi et al.[18a] and Mazur et al.[18b] have identified
that urea acts as a mild structure breaker. Recently, Funkner
et al.[20] studied the changes in the fast solvation dynamics of
water around urea in the frequency range of 1.5 to 10 THz
(50–350 cm�1). Their study concluded that the water structure
remains unperturbed in the thin hydration shell of urea. An
MIR pump–probe spectroscopic study by Rezus et al.[10a] identi-
fied unaltered hydration dynamics of water in the presence of
urea. It is, however, interesting to note here that most of these
earlier studies are either concerned with the first solvation
shell of urea in which water is strongly bound or with bulk-
type water. The IR-active modes of water in the MIR region are
generally sensitive to the first solvation shell and thus unable
to provide information on the extended solvation shell, which
extends up to 3–4 hydration layers.[19] The previous studies
were therefore not meant to detect any possible change in the
dynamics of urea solution in its extended solvation sheath. In
the present investigation we have made an elaborate attempt
to understand the ultrafast solvation dynamics of water by
using a Debye-type dielectric relaxation model in the terahertz
(0.3–2.0 THz) frequency region by using terahertz time-domain
spectroscopy (TTDS). TTDS that involves a coherent detection
mechanism can measure both the amplitude and the phase of
radiation in a single measurement and thus can provide us
with information on frequency-dependent optical parameters
of the system.[21] Dielectric relaxation studies have previously
been carried out in urea solution in the megahertz to 40 GHz
frequency range,[12, 22] which identified strongly associated
water to exhibit slower relaxation dynamics than that of bulk
water, as has also been identified in MIR pump–probe spectro-
scopic studies.[10a] The gigahertz as well as the MIR frequency
range are limited to the intramolecular stretching band of
water and do not protrude into the global collective motion of
water, which extends to more than one hydration layer.[19]

Such global collective information can only be realized in the

terahertz-frequency domain.[23] Spectroscopic study in the tera-
hertz (1 THz = 1012 Hz = 1 ps�1) frequency region has recently
been evolved as a potential and sensitive label-free tool to
probe the sub-picosecond intermolecular collective dynamics
of a water network that is otherwise wiped off in conventional
spectroscopic techniques[19, 24] To understand the nature of the
usual hydration structure around conventional osmolytes, we
initiated the measurements with a model solute, sucrose,
which then is extended to urea. To gain better insight, we
have also investigated water dynamics in two derivatives of
urea, namely, thiourea (TU) and 1,1,3,3-tetramethylurea (TMU).
Finally, we compare the results of urea with a well-known
structure maker, trimethylamine-N-oxide (TMAO), with the goal
of understanding the solvation behavior as a consequence of
the overwhelming protein stabilization behavior of TMAO over
urea.

Experimental Section

Urea (ultra pure), thiourea, 1,1,3,3-tetramethylurea (TMU), and tri-
methylamine-N-oxide (TMAO) were purchased from Sigma Aldrich
and used without further purification. All the solutions were made
in deionized Milli-Q water. TTDS measurements were carried out in
a commercial terahertz spectrophotometer (TERA K8, Menlo
System). The details of the spectrometer can be found in our previ-
ous studies.[24b, 25] In brief, a 780 nm Er-doped fiber laser with
a pulse width of less than 100 fs and a repetition rate of 100 MHz
excited a terahertz emitter antenna to produce terahertz radiation
with a bandwidth up to 3.0 THz (>60 dB). This terahertz radiation
was then focused on the sample, and the transmitted terahertz ra-
diation was further focused on a terahertz detector antenna, which
was gated by the probe laser beam. Both the terahertz antennas
are gold dipoles with a dipole gap of 5 mm deposited on an low-
temperature-grown GaAs substrate. To avoid water-vapor absorp-
tion, all the measurements were carried out under a dry nitrogen
atmosphere with a controlled humidity of less than 10 % at 293 K
using a liquid cell (Bruker, model A 145) with z-cut quartz windows
and Teflon spacer of 100 mm thickness. Samples were reloaded
four times in the sample cell, and nine full scans were averaged to-
gether to minimize the error in the results. By varying the time
delay between the probe and the pump beam, the amplitude and
phase of the terahertz electric field were measured as a function of
time.

Frequency-dependent power and phase of the transmitted pulse
were obtained using Fourier analysis of the measured electric-field
amplitude ETHz(t). Subsequently, The frequency-dependent real (e’)
and imaginary (e’’) dielectric constants of the samples were extract-
ed as e’= n2(v)�k2(v) and e’’= 2n(v)k(v) in which the complex re-
fractive index is given as Ç(v) = n(v)�ik(v).[26] The ultrafast relaxation
dynamics of water in various solutions were deduced using the fre-
quency-dependent complex dielectric constant, ẽ(v) =e’(v)�ie’’(v),
of the solutions. We employed a Debye model[24b, 26, 27] to describe
the dynamics of water molecules in various urea solutions. Accord-
ing to the Debye model, the complex frequency-dependent dielec-
tric response can be described as [Eq. (1)]:

~eðvÞ ¼ e1 þ
X

m

j¼1

ej � ejþ1

1þ i2pvtj
ð1Þ

in which tj is the relaxation time for the j-th relaxation mode, e1 is
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the static dielectric constant, ej are the dielectric constants for dif-
ferent relaxation processes, e1 is the extrapolated dielectric con-
stant at a very high frequency, and m describes the number of re-
laxation modes. The magnitude of induced polarization is given by
the dispersion amplitude, Sj =ej�ej + 1. The Debye model with m =

1 is the simplest case associated with a single relaxation mode that
describes the total motion. In general, the total dielectric function
of a polar liquid in the low-frequency regime is determined by the
dielectric relaxation (DR) processes and by intermolecular and in-
tramolecular vibrational modes at higher frequencies.[27g] In our
earlier studies we fitted the relaxation data of water in this fre-
quency range by using three different timescales.[24b] Keeping in
mind that a considerable fraction of water molecules in these con-
centrated solutions moves rather slowly, we modeled the DR by in-
troducing an additional Debye mode;[28] the following equation de-
scribes the frequency-dependent complex permittivity, ẽ(w)
[Eq. (2)]:

~eðwÞ ¼ e1 þ
Sslow

1þ iwtslow
þ S1

1þ iwt1
þ S2

1þ iwt2
þ S3

1þ iwt3

ð2Þ

in which Si is the relaxation strength of the ith mode, and w is the
angular frequency. The tslow values have been fixed using the litera-
ture data for urea,[12] TU,[22] TMU,[29] and TMAO.[30]

Results and Discussion

We began our investigation with a rather inert biomolecule su-
crose, which is known to impart protein stability[31] and often
act as an osmolyte.[32] Figure 1A depicts a representative tera-
hertz signal and the corresponding fast Fourier transform (FFT)
spectra of sucrose solutions at different concentrations. The ex-
tracted frequency-dependent optical parameters, namely, the
refractive index (n) and absorption coefficient (a), are shown at
different sucrose concentrations in Figure 1B, C. We plotted the
measured a at 1 THz as a function of sucrose concentration in
Figure 1C (inset). It can be observed that a decreases almost
linearly with increasing sucrose concentration, a phenomenon
highly consistent with earlier reports for another disaccharide,
lactose, in the 2.4–2.8 THz frequency region.[24a, 33] The observed
decrease in a can be rationalized as highly absorbing water
molecules being replaced by comparatively lower-absorbing
sucrose molecules. However, it should be taken into consider-
ation that carbohydrate molecules are associated with a dy-
namic hydration shell that extends up to 5–7 � from the solute
surface and offers an absorption coefficient different from that
of bulk water.[33] Thus the overall change in a(n) is a collective
contribution from the solvent, solute, and the hydration water,
which often makes the a(n) profile vary nonlinearly with the
solute concentration. We fitted the obtained ere and eim in the
0.3–1.5 THz frequency window by considering a multiple
Debye relaxation model ; some representative fitted plots are
shown in Figure 1D. Dielectric relaxation of carbohydrate solu-
tions in the kilohertz to gigahertz region has previously been
studied by several groups.[34] A broadband dielectric spectro-
scopic study by Kaminski et al. concluded that aqueous su-
crose solutions exhibit three different relaxation modes in the
low-frequency region, namely, the a (�10�6 s), g (�10�7 s),

and b (�10�9 s) relaxation mode.[35] A double-Debye (and/or
Cole–Cole) relaxation fitting of dielectric measurements in the
200 MHz–40 GHz region by Fuchs et al.[34a] and Weing�rtner
et al.[34b] have extracted two gross relaxation times, which are
on the order of approximately 10 ps and approximately 35–
45 ps for a 1 m sucrose solution, the former being the rotation
of water, whereas the second one is subdiffusive in nature. The
focus of our present investigation is the change in the ultrafast
collective hydrogen-bond dynamics, which extend up to sever-
al hydration layers and leaves its imprint in the terahertz-fre-
quency region only. Thus, the timescale of approximately 35–
45 ps is rather slow for the present frequency window to
detect. It can be noted here that water exhibits a strong IR-
active mode at approximately 200 cm�1, which is due to the
hydrogen-bond stretching,[36] and another very weak band at
approximately 60 cm�1, which emanates from hydrogen-bond
bending[19, 36] and does not contribute to the diffusive and reor-
ientational relaxation processes. For water, the obtained time-
scales are approximately 9 ps, approximately 200 fs, and ap-
proximately 80 fs, which are in excellent agreement with previ-
ous studies.[24b] The approximately 9 and approximately 200 ps
timescales are due to the well-known cooperative rearrange-
ment of the hydrogen-bonded network and the rotational
modes of individual polar water molecules, respectively.[26] The
approximately 80 fs timescale has its origin rooted to the
60 cm�1 vibrational band owing to the hydrogen-bond bend-
ing and the related transverse acoustic phonons, which propa-

Figure 1. A) The inset shows representative terahertz signals in air (black
dashed line), through the cell (gray dashed line), and the cell containing
water (gray solid line). The corresponding FFT curves are shown in the main
figure. The black solid line represents the FFT signal for a 1.5 m sucrose solu-
tion. B) Frequency-dependent refractive index, n, of aqueous sucrose solu-
tions at different concentrations. The arrow indicates increasing sucrose con-
centration. C) Frequency-dependent absorption coefficient, a, of aqueous
sucrose solutions at different concentrations. The inset shows the absorption
coefficient of sucrose solutions at 1 THz as a function of its concentration.
D) Frequency-dependent real and imaginary dielectric constants of water
and various sucrose solutions. The solid lines are the Debye relaxation fits. E
and F) Timescales (t1 and t2) as a function of sucrose concentration.
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gate in a direction normal to the hydrogen bonds between
two neighboring water molecules.[37] It can be observed from
Figure 1E, F that the timescale t1 increases with an increase in
sucrose concentration, whereas t2 suffers only a marginal
change within the error limit. The increase in t1 clearly indi-
cates that the cooperative rearrangement of the hydrogen-
bonded water molecules is restrained relative to bulk water,
which perhaps manifests the formation of a highly structured
hydration layer around sucrose. The DR study in sucrose thus
affirms the formation of structured water around the solute ac-
cording to previous reports in the literature.[24a, 33]

The results of the urea measurements are depicted in
Figure 2. As can be observed from Figure 2A, the a(n) profile

of urea differs from that of sucrose and does not show any
near-linear dependency with urea concentration. An interest-
ing phenomenon of the intersection of a(n) curves of urea sol-
utions with that of bulk water has also been observed. The ap-
pearance of such a crossing point (CP) in aqueous solutions
has significance in the terahertz-frequency region, as it indi-
cates that beyond that particular frequency the solution offers
higher a values than that of pure water. It is interesting to
note that the a(n) profile has been reported to be rather regu-
lar in the 2.4–2.8 THz frequency region, with the hydration
water showing higher a(n) than that of bulk water.[24a, 33] In the
frequency range of 0.1–2 THz instead, the hydration water
offers lower a(n) values at lower frequency, and beyond the CP
it overturns the bulk water values.[38] The location of a CP usu-
ally depends on the extent of hydrophobicity (or hydrophilici-
ty) of the solute surface. The a(n) profile as observed in su-
crose is rather featureless relative to that of urea and decreases
gradually with increasing sucrose content, thus indicating that
the sucrose–water interaction only results in the formation of
a hydration layer. In Figure 2B, we show two representative
a(n) intersections for 2 and 5 m urea solution, and the CP at
different urea concentrations has been plotted in Figure 2B

(inset). It can be observed that the CP moves towards higher
frequency as the concentration of urea increases, with a consid-
erable hike in the 5–6 m region. Molecular dynamics (MD) sim-
ulation studies have concluded that when water interacts with
a hydrophilic surface, a CP is produced at a frequency blue-
shifted relative to that in the case of a hydrophobic surface.[19]

The observed blueshift thus suggests that with increasing urea
concentration, surface water experiences a more hydrophilic
environment. We plotted the measured a at 1 THz as a function
of urea concentration (Figure 2A, inset), and it was found that
a suffers a smaller decrease with urea concentration than that
of sucrose (Figure 1). This observation qualitatively leads to the
indication that urea brings about a change in the water struc-
ture, especially in the extended collective hydration layer,
which is markedly different from those offered by a rather
benign or structure-providing solute, sucrose.

To obtain a more quantitative understanding, the ultrafast
collective dynamics of water in the extended hydration layer of
urea were extracted using a multiexponential Debye relaxation
model [as discussed in Eq. (2)] after fixing the slower relaxation
times that arise out of the urea–water co-cluster interaction ac-
cording to previous literature reports.[12, 22] The results are de-
picted in Figure 2C, D and the Supporting Information. Earlier
studies concluded that the slow relaxation dynamics of water/
urea solution (�20–30 ps) that is associated with the rotation
of water in the urea–water cluster suffers only marginal
changes with urea concentration; however, the strength of this
relaxation mode increases with increasing urea concentra-
tion.[12] In this context it is important to understand that our in-
vestigation is aimed more towards the water–water collective
network dynamics, and the timescales reported in this study
are purely associated with the cooperative hydrogen-bond re-
arrangement and hydrogen-bond making/breaking dynamics
in water. Thus we focus our attention on the changes in the
timescales t1 and t2 as a function of urea concentration. It can
be observed that t1 suffers a marginal change within the error
limit up to a concentration of 4 m, beyond which it decreases
appreciably to a low value of 7.1 ps. This drastic decrease in t1

unambiguously points towards a faster cooperative hydrogen-
bond rearrangement dynamics, which might have originated
from a possible disruption in the extended hydration layer
around urea. A similar change has also been observed in the t2

values, wherein the timescale decreases sharply in the 4–6 m

urea region. Since t2 is associated with the rotational modes of
individual water diploes within the network, the observed de-
crease in t2 indicates an abundance of weakly bonded water
molecules in the network. The observed decrease in t1 and t2

is in strong accordance with the simulation results by Zou
et al. ,[8] who concluded a decrease in the average water–water
hydrogen-bond lifetime in the presence of urea. Our study also
experimentally verifies earlier MD simulation studies by Wei
et al.[9] that concluded a slight collapse of the second water
shell around a water molecule in urea solution relative to pure
water, and it also corroborates the results of Idrissi et al. ,[5d]

who concluded distortion of the tetrahedral distribution of
water in the presence of urea. It is also interesting to note that
the observed perturbation is more prominent in the 4–6 m

Figure 2. A) Frequency-dependent absorption coefficient, a, of aqueous urea
solutions at different concentrations. The inset shows the absorption coeffi-
cient of urea solutions at 1 THz as a function of urea concentration. B) The
circles demarcate the crossing point between the absorption coefficient of
water and that of 2 and 5 m urea solutions. The inset shows the crossing
point (CP) as a function of urea concentration. C and D) Timescales (t1 and
t2) as a function of urea concentration.
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region, which interestingly coincides with the threshold dena-
turing concentration of urea for most of the proteins.[39] It can
be taken into consideration that the TTDS technique is
a useful tool to understand the dynamics of water molecules
as it does not provide direct information on the structural as-
pects, thus our observation does not a priori offer direct sup-
port of the “structure-breaking” hypothesis of urea; however,
the observed acceleration of the dynamics perhaps offers
a direct manifestation of a perturbation of water structure in
the extended hydration sheath of urea. It is possible that the
change in the water dynamics could be intuited to play a pivo-
tal role in the protein denaturing ability of urea through the
“indirect mechanism”.

To further support the conclusions, we studied the relaxation
dynamics of water in the presence of two derivatives of urea,
namely, thiourea (TU) and tetramethyl urea (TMU), which are
also known to be protein denaturants.[28, 40] The fitted parame-
ters are depicted in Figure 3 and the Supporting Information,

respectively. TU has a lower water solubility than urea and the
relaxation time constants also do not suffer appreciable
changes within the error limit in the studied concentration
range. It can be noted that only TU has the carbonyl oxygen
of urea being replaced by a sulfur atom. The observed result
excellently corroborates the simulation results by Venzi et al. ,[7]

who concluded that the water structure remains unaltered
around the amine groups and becomes perturbed only in the
carbonyl part of urea.

It thus appears that the interaction of the carbonyl oxygen
of urea with water plays a predominant role in determining
the dynamics of water in the extended hydration sheath of
urea. The Debye fitted parameters for TMU are provided in Fig-
ure 3C, D and the Supporting Information. It can be observed
that t1 increases mildly within the error limit up to 4 m concen-
tration, beyond which it decreases sharply to 2.6 ps at 8 m con-
centration. The t2 values also offer a regular decrease beyond
4 m concentration. The observed change somewhat recipro-
cates the trend observed in case of urea (Figure 2C, D). The de-
crease in the time constants clearly indicates a perturbation of
the network water structure in the presence of TMU. Such a tet-
rahedral network “structure-breaking” ability of TMU has previ-

ously been concluded on the basis of the change in the distri-
bution function of the O-O-O angle of water molecules by
TMU.[9] A detailed dielectric relaxation and polarization-re-
solved femtosecond MIR pump–probe experiment on an aque-
ous solution of TMU has been reported by the group of Bakker
et al.[29, 41] Their studies have identified immobilized water at
the surface of the solute TMU, which offers relaxation dynam-
ics as slow as approximately 80 ps, the immobilization being
significantly prominent with respect to that in urea. The au-
thors concluded that water forms small clusters around TMU,
in which the directly hydrogen-bonded OH group is responsi-
ble for the observed retardation of water dynamics, whereas
those in the interior of the cluster can take part in the cooper-
ative hydrogen-bond exchange and show fast dynamics. At
high TMU concentration, however, there does exist certain un-
bound OH groups that are mobile and contribute to the fast
dynamics.[41b] The observed acceleration of t1 and t2 at
a higher TMU concentration perhaps manifests the occurrence
of the unbound OH groups.

In contrast to urea and its derivatives, TMAO is well known
to bias the unfolded structure of proteins toward the folded
state.[42] The exact mechanism of the opposing effect of TMAO
on urea denaturation is, however, still not clearly understood.
It has experimentally been shown that TMAO does not directly
interact with urea;[43] however, neutron-scattering experiments
have concluded that the oxygen atom of TMAO preferentially
forms hydrogen bonds with urea.[44] There have been several
counterintuitive proposals, which include preferential exclusion
of TMAO from protein[45] by altering the water structure[8] and
preferential solvation of TMAO by water and urea.[46] In the
present study we attempt to address the question of whether
the water dynamics suffer any significant alteration when
TMAO is added to urea solutions. Figure 4A, B shows the n(n)
and a(n) profiles of TMAO at different concentrations. It can be
observed that a(n) decreases almost linearly with increasing
TMAO concentration. The Debye relaxation fitting parameters
are depicted in Figure 4C, D and the Supporting Information. It
can be observed that t1 increases rapidly with increasing
TMAO concentration, which clearly indicates that TMAO
strengthens the collective hydrogen-bonded network in water,
as has also been observed in the case of sucrose. Such an ob-
servation is in excellent agreement with previous IR studies[47]

as well as simulation results that concluded the enhancement
of the water structure by TMAO.[9, 13d, 46] The restricted dynamics
are thus related to the structured water molecules at the
TMAO surface. We then extended our study to the mixture of
urea and TMAO solution. Figure 4E depicts the a(n) profile of
5 m urea in the presence of different concentrations of TMAO.
It is clearly evident that a(n) decreases steadily with increasing
TMAO concentration. To achieve at a more comprehensive in-
sight, we plotted the absorption coefficient of aqueous TMAO
solution in the absence and in the presence of 5 m urea in Fig-
ure 4F. The striking comparability of the a values for the two
systems unambiguously specifies that the dynamic property of
water in the mixed system resembles that in the presence of
TMAO itself irrespective of its possible disruption in the pres-
ence of urea. This leads us to infer that the stronger hydrogen

Figure 3. A, B) Timescales (t1 and t2) as a function of thiourea and C, D) tetra-
methyl urea concentration in aqueous solutions.
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bonding of water with TMAO overwhelms the effect of urea to
govern the overall dynamics of water, which might have a pos-
sible influence on the observed stabilization effect of TMAO
over the urea destabilization. To obtain additional evidence for
our findings, we extended our study to the mixture of urea
and sucrose. The Supporting Information shows the a(n) pro-
file of 5 m urea in the absence and in the presence of sucrose
and also the a measured at 1 THz of 1.5 m sucrose in the pres-
ence of different concentrations of urea solutions. On the basis
of this comparative study, it is evident that the absorption pro-
file of the mixed system follows a trend similar to that of the
sucrose itself rather than that of urea. This firmly suggests that
the water-structure breaking ability of urea is outperformed by
the structure-making ability of sucrose. This results in excellent
accordance with a previous study,[48] which reported the ability
of sucrose to reduce the protein denaturing ability of chaot-
ropic agents and thus offers support to our notion that hydra-
tion of urea does play a pivotal role in the protein denatura-
tion process.

To summarize, the remarkable ability of urea and its deriva-
tives to denature proteins has been explained on the basis of
both “direct” as well as “indirect” interactions, with the latter
mechanism being involved with a possible “disruption” of the
water structure; however, it has not received much experimen-
tal support. In the present study we have attempted to under-
stand the effect of urea on the relaxation dynamics of water,
especially in the extended collective network regime, with a di-

electric relaxation study in the terahertz-frequency region
using TTDS techniques and its possible correlation to the hy-
pothesized water “structure breaking”. The advantage of TTDS
over the conventional spectroscopic techniques is that it meas-
ures both the phase and the intensity of terahertz radiation,
which enables one to obtain various optical parameters of the
solution. Also, most of the “collective” intermolecular rotational
and vibrational modes of water leave their signature in the ter-
ahertz-frequency range, and thus TTDS provides us with the
global dynamics of extended water network. The relaxation dy-
namics of small solutes as well as osmolytes is generally associ-
ated with strongly hydrogen-bonded water molecules at the
surface, which relax on a timescale of tens to hundreds of pi-
coseconds. Such rotation is rather slow to be detected in the
terahertz-frequency range. Our study is more focused on deter-
mining the collective dynamics (e.g. , the cooperative rear-
rangement of hydrogen bonds), which, in bulk water, occurs
on an approximately 9 ps and an approximately 200 fs time-
scale. It is important to note here that our study does not dis-
regard the formation of a strongly hydrogen-bonded solvation
layer, the existence of which has been realized by several ex-
perimental and simulation studies. It rather complements
these observations by extracting the relaxation dynamics in
the extended solvation shell. As a model osmolyte we have
studied the aqueous solution of sucrose, which shows retarda-
tion in the dynamics that correlate the formation of structured
water around itself. In case of urea and TMU, however, the re-
laxation dynamic shows considerable acceleration beyond
a threshold concentration. Such an acceleration is possibly as-
sociated with a disruption of the tetrahedral water-network
structure. It seems also intriguing that the observed collapse
occurs at a certain urea concentration that strikingly coincides
with the denaturation concentration of urea for many proteins.
Despite the fact that TTDS does not provide any direct infor-
mation on the structure of the solvents and thus does not di-
rectly support the notion of urea being a “structure breaker”,
the extracted dynamics essentially hints at a perturbation in
the extended hydrogen-bonded network in water, and also
possibly invokes the idea that the “indirect” mechanism of
water-structure breaking perhaps has a non-negligible role to
play in the protein denaturation process.
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