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The nuclear dynamics of urea aqueous solution was analyzed by time resolved optical Kerr effect
~OKE!. The data analysis was achieved in time and in frequency domains. Three relaxation times
characterize the time decay of the OKE signal at high mole fractions of urea, while only two
relaxation times characterize this decay for the low mole fractions. The observed slowest relaxation
time increases with increasing the mole fraction of urea. The comparison between this relaxation
time and the ones determined by Raman and nuclear magnetic resonance spectroscopies suggests
that the slow relaxation time is related to the reorientation of an axis lying in the plane of the urea
molecule. At high mole fractions, the power spectra derived from the Fourier transform of the OKE
signal are characterized by one broad peak at around 70 cm21 and by a shoulder at around 160 cm21

in the high frequency part of the former peak. This shoulder is related to the hydrogen bond
interactions which involve urea molecules. Molecular dynamics simulation results on urea/water
system suggest that the power spectra derived from OKE data could be interpreted in terms of
translational motions~caging effect! and in terms of rotational motion~libration! of urea molecules.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1355019#
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I. INTRODUCTION

The importance of urea/water solution is due to the pr
erties of this solution in biological studies. In fact, at hig
urea concentration~higher than 4 mol L21! the solution has
the effect of a denaturant of proteins~from helix form to
coil!1 and the effect of an inhibitor of micellar aggregation2

Two models were developed to describe urea’s aqueous
lution properties. The SKSS model3 describes those prope
ties in terms of the ability of urea molecules to form hydr
gen bonds to give dimers or oligomers of urea molecules~in
this model, the water–water and urea–water interactions
neglected!. The second model known as the Frank–Fran
~FF! model4 associates these properties with the change
water structure. In the later model, the water exists in t
states which are in equilibrium, namely the solid iceli
structure and the free water molecule structure. The effec
urea is to move the equilibrium between the two structure
the free water molecule structure. Both of the two mod
explain the experimental thermodynamic properties of
solution characterized by a large enthalpy change~115
kJ mol21! and a small free energy change.5 Many experimen-

a!Electronic mail: nacer.idrissi@univ-lille1.fr
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tal and theoretical techniques were used to study this sys
The interpretation of these results was made in the fram
the two previous models. The low frequency Ram
experiment6 has demonstrated that urea is a ‘‘structu
breaker’’ of water. The nuclear magnetic resonance~NMR!
experiment,7 the Raman spectroscopy experiment,8 the x-ray
experiment,9 and the calorimetric experiment10 show no evi-
dence of the urea dimer. These experiments support the
model. However, the osmotic pressure experiment11 demon-
strates the existence of urea oligomers in solution. Res
obtained by other techniques prove neither of the two m
els. In fact, a dielectric relaxation experiment12 reports two
slightly different relaxation times for pure water and for w
ter in urea solutions; no dimers of urea were found. Neut
diffraction analysis13 of urea/D2O showed that urea does no
change water structure appreciably. Results from molec
dynamics simulation results show that the overall wate
water radial distribution functions are not strongly affect
by the urea concentration14 and no evidence of urea dimer
was found.

We undertake an analysis of the urea/water system
the resolved time optical Kerr effect~OKE!. This technique
has the advantage of analyzing the data by using both
model-dependent approach~exponential decay in general!,
4 © 2001 American Institute of Physics
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which assumes distinct temporal responses, and the mo
independent Fourier transform approach, which generat
power spectrum. The analysis in the time domain make
possible to identify the different components in the multie
ponential decay and to assign physical meaning to them.
second approach allows the comparison with DLS, low f
quency Raman, and far-infrared spectroscopies.

As pointed out in previous work,15,16the role of the local
environment in determining the intermolecular structure a
dynamics of liquids can be revealed in a controlled man
through dilution studies. In consequence, the analysis of
urea/water system was extended to include the effect of
concentration of urea on the structural and dynamical pr
erties of the system. In fact, the denaturation effect of u
occurs at high concentrations, and hence it is possible
quite different molecular mechanisms could be involved
low and high mole fractions of urea.

II. EXPERIMENT

The solution was used right after preparation. T
sample was placed in a 2 mmquartz cuvette. The specifica
tions of the experimental apparatus have been describe
detail previously.16 The femtosecond OKE measuremen
were carried out by the use of 60 fs linearly polarized opti
pulses centered at 805 nm. The pulses were generated
laser system consisting of a Kerr lens Ti:sapphire mo
locked oscillator~20 fs pulses! and of a Nd-YLF pumped
Ti:sapphire regenerative amplifier~BMI Alpha-1000US!, de-
livering 600mJ, 60 fs pulses at the repetition rate of 1 kH
Part of the output beam was split off and directed to
experiment area. About 20% of that beam was used as
probe beam, after passing through a computer controlled
lay line. The pump and probe beams which were polarize
45° with respect to each other, were focused on to the sam
by a 600 mm lens~L1!. The probe beam crossed a polariz
~P1!, a quarter wave plate~l/4!, the sample, and a secon
polarizer ~P2!. To obtain a heterodyne signal thel/4 plate
was rotated by about 3°, yielding an out-of-phase oscillati
so that the real~birefringence! and the imaginary~dichroism!
parts of the nonlinear response are both present in the
corded signal. The latter contribution was verified to be n
ligible for the solutions investigated by performing an i
phase OHD measurement~i.e., by rotating the analyze
polarizer P2!.

The pure heterodyne signal was obtained as the dif
ence between two scans made with thel/4 plate rotated by
the same angle in opposite directions. The detection sys
consisted of two large area photodiodes and a differen
amplifier. The output of the amplifier was collected by
boxcar-gated integrator and sent to the computer. To e
mate the base line, the response function was measured
41 ps for the high mole fractions and up to 10 ps for the l
mole fractions of urea.

Data analysis procedure. The signal measured in a he
erodyne detected OKE experiment is proportional to the m
terial response function. Our data analysis was achieve
time and frequency domains. The time domain analysis
used when there is no doubt about the exponential deca
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the signal. We fitted the long time part of the OKE relaxati
to a multiexponential function of the type

R~ t !5(
i 51

Ai expS 2
t

t i
D ~12exp~22t/b!. ~1!

The relaxation timet i characterizes the process involved
the responseR(t) of the system.Ai is the amplitude of the
contribution to the responseR(t). b is the rise time, it is
introduced phenomenologically to account for a delayed
set of the diffusion. As it was demonstrated in previo
work,17 the particular choice ofb has only a minor influence
on the shape of the remaining signal.

A frequency domain analysis was used for the signa
the OKE after subtraction of the contribution at long tim
This analysis is based on a recent Fourier transfo
technique.18 It enables both the separation of nuclear con
butions from electronic contributions to the Kerr signal a
the deconvolution of the instrument response~the cross cor-
relation in time between the probe and pump pulses! from
the molecular response function. In fact, the time-depend
response,T(t), measured in the OKE experiment, is a co
volution of the nonlinear response functionR(t), with the
instrument responseG(2)(t),

T~t!`E
2`

1`

R~ t2t!G2~ t !dt. ~2!

The response functionR(t) is a result of the electronicRe(t)
and nuclearRn(t) contributions. The separation between t
two contributions is achieved by means of the followin
facts: the electronic contribution has short time duration. I
symmetric relative to time zero. Thus, its contribution
present only in the real part of the Fourier transform of re
tion ~1!, while the nuclear contribution is the only on
present in the imaginary part. Thus, we have the follow
relations where FT designates the Fourier transform:

J~n̄!5E
2`

1`

R~ t !ei2pcn̄tdt, ~3!

J~n̄ !5
FT@T~ t !#

FT@G~2!~ t !#
, ~4!

Im@J~n̄ !#5Im FT@R~ t !#, ~5!

where Im@J(n̄)# is the power spectrum and reflects only t
nuclear contribution.

III. RESULTS AND DISCUSSION

The resolved time OKE signal of urea/water at differe
concentration is presented in Fig. 1. All the signals we
normalized to allow comparison between them. Figure
shows that the decay of the signal is exponential for de
times longer than 2 ps. At short time, the time profile
definitely not exponential. Two striking features should
noticed. First, at short time, the decay time increases w
increasing mole fraction of urea~see the inset in Fig. 1!.
Second, the signal at about 100 fs presents a shoulde
values of mole fraction greater than 0.13. The first conc
sion is that the dynamics of urea molecules in the range
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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mole fraction 0.01,xurea,0.12, which will be referred to as
low mole fractions, is different from that corresponding
the mole fraction range of 0.13,xurea,0.27, which will be
referred to as high mole fractions.

A. Time domain analysis

A nonlinear curve fitting based on Marquardt algorith
was used to characterize the different relaxation proce
involved in the decay of the OKE signal. We found that thr
exponential functions fit the OKE signal reasonably well
the range of 0.13,xurea,0.27 while only two exponentia
functions fit the OKE signal well in the range 0.01,xurea

,0.11. In Fig. 2, we report the relaxation times obtained
the fitting procedure for all the mole fractions studied.

The slow relaxation timet3 increases slowly in the low
mole fraction range, whereas it increases rapidly in the h
mole fraction range. The relaxation timet2 appears for
xurea.0.11. It increases with increasingxurea. The relaxation
time t1 is almost constant in the whole range of urea m
fraction.

It is generally accepted that the long time decay of
Kerr signal is related to the reorientational diffusion moti
of the molecules. The hydrodynamic theory relates the re

FIG. 1. The time resolved OKE signal of urea/water at different mole fr
tions of urea.

FIG. 2. The relaxation times obtained by the fitting procedure for all
mole fractions studied.
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entational relaxation time to the macroscopic viscosityh of
the liquid, considering molecular reorientation as a diffus
process driven by thermal energy and controlled by hyd
dynamic friction. This results in the well-known Stokes
Einstein–Debye relation:

t5 f CVM

h

kT
1t0 , ~6!

whereVM is the molecular volume andf andC represent a
form factor and a factor reflecting the hydrodynamic boun
ary condition, respectively.t0 is an additive term usually
introducedad hocin this equation to account for the nonze
value of t at the extrapolated limit of the ratioh/T. t0 is
identified with the free rotor relaxation time. The expressi
of the factorf could be calculated analytically for reorientin
objects if their shape is sufficiently symmetric.19 It is clear
that in the frame of these approximations, only one reori
tation relaxation time is observed. However, the diffusi
reorientation of unsymmetrical, ellipsoidal molecules is e
pected to consist of a sum of exponential terms. They
associated with the reorientation of the principal axes of
molecule. In the most general case of a completely asymm
ric body, five exponential terms appear to account for
reorientation relaxation.20 By assuming certain symmetr
properties of the molecule, the reorientation could be
scribed by three relaxation times. In fact, a result on halog
substituted benzene21 has demonstrated diffusive rotation
motion about more than one molecular axis. The evidenc
the reorientation along two distinct axes has already b
observed in halobenzene,22 poly-phenyls,23 aniline,24 and
benzonitrile.25 Youngreen and Acrivos26 treated the rota-
tional motion of an ellipsoidal with three different principa
axes and they derived three different effective volumes
two relaxation times for any given ellipsoid. According
these facts, the different relaxation times observed in
experiment could be related to the reorientation of the p
cipal axes of the urea molecules. The comparison of th
relaxation times with those obtained by Raman and NM
techniques is not obvious, because, in general, only one
orientational relaxation time is reported. To carry out th
comparison, one should clarify the following points. Firs
one has to define the precise axis whose reorientation is
sidered. Second, one should identify the nature of the re
entational relaxation time given by the technique used wh
could be collective or single particle. Considering the la
point, it is generally admitted that Raman and NMR spe
troscopies give information on the single reorientation cor
lation time. Thus, a direct comparison between our OKE d
and those obtained by Raman and NMR spectroscopies is
possible because of the collective nature of the reorie
tional relaxation time given by the OKE. Despite this fa
some information can be drawn from the direct comparis
between the OKE relaxation time and single particle reori
tation relaxation times~Raman, NMR! given in Fig. 2. Re-
sults from band shape analysis8 of the CN stretching fre-
quency have shown that the reorientational relaxation
almost constant in the mole fraction range between 0.02
0.09, and the value of 2.6 ps was reported. This time co
sponds to the reorientation of a unit vector along the C
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axis. The CN axis lies in the plane of the urea molecule~see
Fig. 3!. The values of the relaxation time obtained by Ram
spectroscopy are close to the reorientation relaxation timt3

determined by OKE. This result suggests that the relaxa
time t3 is related to the reorientation along an axis in t
plane of the urea molecule.

The reorientational relaxation times of urea in wa
molecules obtained from14N NMR studies of aqueous ure
solution7 were extrapolated from Fig. 2 in this reference a
superposed to the corresponding time obtained by OKE.
14N NMR spin-lattice relaxation time is most strong
weighted by the axis, which reorients the N–H bond m
quickly. The N–H axis lies in the plane of the urea molecu
~see Fig. 3!. This result also suggests that the relaxation ti
t3 is related with a reorientation about a principal ax
which lies in the plane of the urea molecule.

The direct comparison betweent3 obtained by OKE and
the corresponding time obtained by NMR and Raman sp
troscopies indicates also that there is almost no correlatio
reorientational motion along a unit vector in the plane b
tween two different urea molecules in all the mole fractio
of urea.

To obtain further insight into the microscopic reorient
tion process, the autocorrelation function of the unit vec
along the principal axes of the urea molecule was calcula
by molecular dynamics simulation:27

C2
a~ t !5^P2~ui

a~0!"ui
a~ t !&, ~7!

wherei labels the molecule, anda5x,y,z. The unit vectors
ux,uy,uz are defined in Fig. 3. P2 is the second Legendr
polynomial

P2~u1"u2!5 3
2 cos2~/u1u2!2 1

2. ~8!

As shown in Fig. 4, the reorientation of the urea molecule
more hindered at the high mole fractions than at the l
mole fractions of urea. At all mole fractions, the reorien
tion of the principal axes lying in the plane of the urea m
ecule is more hindered than that of the perpendicular axi
that plane. This result suggests that the relaxation timet3

obtained by OKE measurement could be related to the re
entation of an axis which lies in the plane of the urea m
ecule, while the reorientation timet2 could be related to the
reorientation of an axis perpendicular to this plane. It is
teresting to notice that the short time~,0.5 ps! behavior of

FIG. 3. Geometry of urea molecule.
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the reorientation dynamics of urea molecule is anisotropic
high mole fraction in comparison to the one in the low mo
fraction. This anisotropy is also suggested by the compari
of the correlation time associated with the reorientation
urea molecule along its principal axes in the low and h
mole fractions~see Table IX of Ref. 27!. It is expected that
the reorientation dynamics of urea molecules is influen
by the hydrogen bond interactions. These later interacti
are known to be directional and could explain the anisotro
observed in the short time reorientation dynamics.

B. Frequency domain analysis

The power spectra Im@J(n̄)# of urea/water solution were
derived from the OKE data by using the Fourier transfo
technique by using Eqs.~4! and ~5!. First, we subtract the
different diffusive contributions to the OKE signal. Thes
operations are illustrated forxurea50.27 in Figs. 5~a!–5~c!.
The power spectra Im@J(n̄)# were obtained by the Fourie

FIG. 4. The reorientational correlation functions of the principal axes of
urea molecule.

FIG. 5. The different steps to obtain the time behavior of the nondiffus
part of OKE signal forxurea50.27. The subtraction of the different diffusiv
contributions to the OKE signal. These operations are illustrated forxurea

50.27 in ~a!–~c!. ~d! The time profile of the OKE signal after the subtra
tion of the different diffusive contributions.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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transform of the remainder experimental data shown in F
5~d!. The spectral resolution is about 16.7 cm21. The fine
tuning of the relative time origins ofT(t) ~the experimental
OKE data after subtraction of the exponential long time
cay! andG(2)(t) in Eq. ~4! was achieved using the fact th
the final spectrum was positive in all the frequency ran
considered~400 cm21!, with vanishing intensity at its high
frequency end. The power spectra Im@J(n̄)# as a function of
the mole fractions of urea are presented in Fig. 6. At h
mole fractions, the Im@J(n̄)# is characterized by one broa
peak at around 70 cm21 and by a shoulder at around 16
cm21 in the high frequency part of the former peak. At lo
mole fractions,28 the Im@J(n̄)# is characterized by one asym
metric broad peak at around 70 cm21. A curve fitting proce-
dure using a Gaussian function reveals that two bands
tribute to this asymmetric peak, centered, respectively
around 70 and 200 cm21. The power spectrum of water i
also included in Fig. 6. It is characterized by an asymme
broad peak centered at around 110 cm21 which is decom-
posed by a curve fitting procedure in two contributions, c
tered, respectively, at around 80 and 190 cm21. Previous
work29 on water using a time resolved OKE with a pul
width as short as 38 fs has shown that the power spectru
water is composed of two well-resolved peaks at 40 and
cm21, respectively. The discrepancy between the pow
spectra obtained from the former experiment and our O
experiment could be related to the difference in the pu
width used in the two experiments. In fact, it was shown t
the pulse width has a spectral-filter effect on the intrin
frequency response of the medium.17~a! This means that only
the vibrational modes~associated with intermolecular or in
tranolecular interactions! within the coherent bandwidth o
the laser pulses are efficiently excited by stimulated Ram
mechanism. Thus, the higher frequency part of the po
spectra is underestimated by this filter effect. This could
plain that the power spectrum of pure water derived from
OKE data is not resolved in two clear distinct peaks. In co

FIG. 6. The imaginary part obtained by Fourier transform of the OKE sig
for different mole fractions of urea.
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sequence our frequency domain data provide analysis in
frame of this limitation. The comparison between the lo
frequency Raman spectrum of urea/water solution in the
called reduced fromR̃( n̄) and Im@J(n̄)# is given for xurea

50.04 and 0.27 in Fig. 7. One notices that the shapes
Im@J(n̄)# andR̃( n̄) are similar atxurea50.27. The peak and
its shoulder maximum in Im@J(n̄)# are located at lower fre-
quencies with respect to those ofR̃( n̄). At xurea50.04, two
peaks at, respectively, 60 and 190 cm21 are present inR̃( n̄).
However, only one asymmetric broad peak is present
Im@J(n̄)#. As pointed out before, this peak is decomposed
a curve fitting procedure in two contributions, centered at
and 200 cm21, respectively.

In the case of a liquid mixture, it is more difficult~than
for pure liquid! to rationalize the nature and the origin of th
OKE signal. One should cope with the fundamental pro
lems of a large number of different interaction mechanis
and their cross terms which contribute to the OKE signal
fact, in our case, the intermolecular interactions~urea–urea,
urea–water, and water–water! modulate the susceptibility o
the solution. To make a hypothesis on the main contribut
to the OKE signal, we take in to account the following fac
For a series of nitrile solvents,30 it was demonstrated that th
contribution to the Kerr signal strongly correlates with t
degree of differences in principal polarizabilities of the ind
vidual molecules, the more anisotropic in polarizability, t
more intermolecular contribution is present in the optic
Kerr response. The degree of anisotropy is directly reflec
by the factork, which is given by

k25
1

6a2 @~a12a!21~a22a!21~a32a!2, ~9!

wherea1 ,a2 ,a3 are the polarizabilities in the three direc
tions of the principal axes anda is the average mean pola
izability. The values ofk for water and urea are 0.069 an
0.255, respectively. The different values of polarizability f
urea were taken from Ref. 30. This result shows that
degree of anisotropy of the urea molecule is almost f
times higher than the one corresponding to water molec
Furthermore, the nonlinear coefficient of urea in aqueous

l

FIG. 7. The low frequency Raman spectra of urea/water solution in

so-called reduced fromR̃( n̄) and the power spectra obtained by Fouri
transform of the OKE signal.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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lution of urea31 is seven times greater than the correspond
one to water. Thus, in our analysis, we made the hypoth
that the shoulder, which appears in Im@J(n̄)#, at high mole
fractions of urea could be an expression of the hydro
bond intermolecular interactions which involve urea m
ecule. More information is needed to identify whether the
interactions are due to the hydrogen bond between urea
water molecules or between urea and urea molec
~dimers!.

It is known that the different motions of urea molecul
~reorientation, rotation, and translation! have different char-
acteristic times, and it is interesting to find out to whi
frequency domain they contribute. Thus, we have carried
a molecular dynamics simulation on the urea/water syst
The following correlation functionsC2(t), V(t), andC(t)
were calculated. These functions are associated with the
orientation, rotation, and translation motions of urea m
ecules, respectively. The corresponding power spectra
tained by the Fourier transform of these functions w
calculated in order to compare them with Im@J(n̄)#.

C2(t) is the autocorrelation function of the unit vect
along the axis of the dipole moment of the urea molecu
This function was calculated using Eqs.~8! and ~9!. The
power spectrum is given by the Fourier transform~FT!

C̃2( n̄)5FT@C2(t)#. C̃2( n̄) was calculated as follow: First
we fit the long time decay ofC2(t) by an exponential func-
tion. Second, the long time contribution is removed by s
tracting the exponential decay fromC2(t). Thus, doing this
operation, it is the short time dynamics of the reorientat
which contributes toC̃2( n̄).

The angular velocity autocorrelation functionV(t) is
given by

V~ t !5^v~ t !•v~0!&, Ṽ~ ñ !5FT@V~ t !#. ~10!

The velocity autocorrelation function of the center of mass
water molecule is given by

C~ t !5^v~ t !"v~0!&, C̃~ ñ !5FT@C~ t !#. ~11!

The comparison of the calculated power spectra from m
lecular dynamics and Im@J(n̄)# is shown in Fig. 8. It appear
that the reorientational~short time!, rotational dynamics of
the urea molecule contribute in almost the same freque
domain. This shows the equivalence between the two
namics. The contribution of the translation and rotati
movements of the urea molecule lies in the same freque
domain as that of Im@J(n̄)#. Accordingly, the power spectr
Im@J(n̄)# could be interpreted in terms of translational d
namics~caging effect! and in terms of rotational dynamic
~libration! of urea molecules. This gives a transparent way
interpreting the power spectra derived from OKE data. T
interpretation is related to the generally used interpreta
based on the interaction-induced dipoles. In fact, the po
spectrum is regarded as due to modulation of the suscep
ity by intermolecular interactions~interaction-induced di-
poles!. The susceptibility is given by

xJ~ t !5(
i

aJ i1(
i

(
j Þ i

aJ i•TJ i j •aJ j , ~12!
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whereaJ i is the polarizability of a single moleculei in the
laboratory frame andTJ i j is the dipole–dipole interaction ten
sor between moleculesi and j. TJ i j depends on the transla
tional parameters of the molecule andaJ i is modulated
through a rotational movement of the molecule.

Analysis of the results obtained by OKE, those obtain
by molecular dynamics simulation, and those obtained
low frequency Raman spectra is in progress to interpret
different correlation times observed and the change obse
in the power spectra~the position and the width! with in-
creasing the mole fraction of urea. This analysis will help
understand the particular properties of the urea/water sys

IV. CONCLUSIONS

In summary, the nuclear dynamics of the urea molec
in aqueous solution was analyzed by time resolved opt
Kerr effect. A multiexponential decay characterizes the ti
decay of the OKE signal. The comparison between the re
ation times derived by the OKE data, those obtained from
Raman, and NMR spectroscopies suggest that the slo
relaxation time is related to the reorientation of an axis in
plane of the urea molecule. The analysis of the short ti
reorientational dynamics of the principal axes of urea m
ecule suggests an increase of anisotropy when the mole
tion of urea increases. This anisotropy is a result of hig
directional hydrogen bonding interactions.

The power spectra derived from the OKE show that
low mole fractions are characterized by one sole asymme
peak, while at high mole fraction, a shoulder appears
around 160 cm21 in the high frequency part of the forme
peak. Molecular dynamics simulation results on the ur
water system suggest that these power spectra could b
terpreted in terms of translational motions~caging effect!
and in terms of rotational motion~libration! of urea mol-
ecules.

FIG. 8. The comparison of the power spectra derived from the OKE d
and the ones obtained by molecular dynamics simulations for the reorie

tion @C̃2( n̄)#, rotation@Ṽ( n̄)#, and translation@C̃( n̄)# motions of urea~see
the text!.
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