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Time resolved optical Kerr effect analysis of urea—water system
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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 7&ant by a shoulder at around 160 ¢t

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 motiongcaging effectand in terms of rotational motioftibration) of urea molecules.

© 2001 American Institute of Physic§DOI: 10.1063/1.1355019

I. INTRODUCTION tal and theoretical techniques were used to study this system.
The interpretation of these results was made in the frame of
The importance of urea/water solution is due to the propthe two previous models. The low frequency Raman
erties of this solution in biOIOgical studies. In faCt, at hlgh experimer& has demonstrated that urea is a “structure
urea Concentratio(higher than 4 mol El) the solution has breaker” of water. The nuclear magnetic resona(‘NMR)
the effect Of a denaturant Of proteilﬁﬁom heIiX form to experimenﬁ the Raman Spectroscopy experim%me X_ray
coil)! and the effect of an inhibitor of micellar aggregatfon. experiment, and the calorimetric experiméfliishow no evi-
Two models were developed to describe urea’s aqueous sgence of the urea dimer. These experiments support the FF
lution properties. The SKSS modalescribes those proper- model. However, the osmotic pressure experirhesemon-
ties in terms of the ability of urea molecules to form hydro- girates the existence of urea oligomers in solution. Results
gen bonds to give dimers or oligomers of urea moleclites  gptained by other techniques prove neither of the two mod-
this model, the water—water and urea—water interactions args |n fact, a dielectric relaxation experim&nteports two
neglectedl The second model known as the Frank—Franksjightly different relaxation times for pure water and for wa-
(FF) modef associates these properties with the changes igyr in urea solutions; no dimers of urea were found. Neutron
water structure. In the later model, the water exists in tWQgitfraction analysi&® of urea/O showed that urea does not
states which are in equilibrium, namely the solid icelike change water structure appreciably. Results from molecular
structure and the free water molecule structure. The effect Q‘flynamics simulation results show that the overall water—
urea is to move the equilibrium between the two structures tQyater radial distribution functions are not strongly affected
the free water molecule structure. Both of the two models,y the yrea concentratibhand no evidence of urea dimers
explain the experimental thermodynamic properties of the, s found.
solutionl characterized by a large enthalpy chariges We undertake an analysis of the urea/water system by
kJmol™!) and a small free energy changblany experimen- e resolved time optical Kerr effe@OKE). This technique
has the advantage of analyzing the data by using both the
dElectronic mail: nacer.idrissi@univ-lillel.fr model-dependent approadbxponential decay in geneyal
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which assumes distinct temporal responses, and the modédhe signal. We fitted the long time part of the OKE relaxation
independent Fourier transform approach, which generatesta a multiexponential function of the type
power spectrum. The analysis in the time domain makes it i
possible to identify the different components in the multiex-  R(t)= >, A ex;< - —)(1—exp(—2t/,8). )
ponential decay and to assign physical meaning to them. The i=1 Ti
second approach allows the comparison with DLS, low fre-the relaxation timer, characterizes the process involved in
quency Raman, and far-infrared spectroscopies. the respons&(t) of the systemA, is the amplitude of the
As pointed out in previous worK;'°the role of the local  conribution to the respons&(t). B is the rise time, it is
environment in determining the intermolecular structure angntroduced phenomenologically to account for a delayed on-
dynamics of liquids can be revealed in a controlled mannegegt of the diffusion. As it was demonstrated in previous
through dilution studies. In consequence, the analysis of thgork 17 the particular choice o8 has only a minor influence
urea/water system was extended to include the effect of thgp the shape of the remaining signal.
concentration of urea on the structural and dynamical prop- p frequency domain analysis was used for the signal of
erties of the system. In fact, the denaturation effect of ureghe OKE after subtraction of the contribution at long time.
occurs at high concentrations, and hence it is possible thathis analysis is based on a recent Fourier transform
quite different molecular mechanisms could be involved akechniquée' It enables both the separation of nuclear contri-
low and high mole fractions of urea. butions from electronic contributions to the Kerr signal and
the deconvolution of the instrument respoiiee cross cor-
relation in time between the probe and pump pyl$esm
the molecular response function. In fact, the time-dependent
The solution was used right after preparation. TheresponseT(r), measured in the OKE experiment, is a con-
sample was placedhia 2 mmquartz cuvette. The specifica- Volution of the nonlinear response functidt(t), with the
tions of the experimental apparatus have been described iAstrument responsé(?)(t),
detail previously!® The femtosecond OKE measurements Foo
were carried out by the use of 60 fs linearly polarized optical ~ T( T)Ooj R(t— 7)G?(t)dt. (2
pulses centered at 805 nm. The pulses were generated by a o
laser system consisting of a Kerr lens Ti:sapphire modeThe response functioR(t) is a result of the electroniRy(t)
locked oscillator(20 fs pulses and of a Nd-YLF pumped and nucleaR,(t) contributions. The separation between the
Ti:sapphire regenerative amplifié@MI Alpha-1000US, de-  two contributions is achieved by means of the following
livering 600 uJ, 60 fs pulses at the repetition rate of 1 kHz. facts: the electronic contribution has short time duration. It is
Part of the output beam was split off and directed to thesymmetric relative to time zero. Thus, its contribution is
experiment area. About 20% of that beam was used as thgresent only in the real part of the Fourier transform of rela-
probe beam, after passing through a computer controlled deion (1), while the nuclear contribution is the only one
lay line. The pump and probe beams which were polarized gresent in the imaginary part. Thus, we have the following
45° with respect to each other, were focused on to the samplelations where FT designates the Fourier transform:
by a 600 mm lengL1). The probe beam crossed a polarizer

Il. EXPERIMENT

(P1), a quarter wave platé\/4), the sample, and a second E(v)= fMR(t)ei%J‘dt, 3
polarizer (P2). To obtain a heterodyne signal thé4 plate -

was rotated by about 3°, yielding an out-of-phase oscillation, FTIT(1)]

so that the realbirefringence and the imaginarydichroism E(v)= = (4)
parts of the nonlinear response are both present in the re- FTIG(D]

corded signal. The latter contribution was verified to be neg- | = (7)]=Im FT[R(1)], (5)

ligible for the solutions investigated by performing an in- _ _
phase OHD measuremefiie., by rotating the analyzer where Ini:(T/_)] Is the power spectrum and reflects only the
polarizer P2. nuclear contribution.
The pure heterodyne signal was obtained as the differ-
ence between tvyo scans.ma(je W.ith Nié plate rotqted by Ill. RESULTS AND DISCUSSION
the same angle in opposite directions. The detection system
consisted of two large area photodiodes and a differential The resolved time OKE signal of urea/water at different
amplifier. The output of the amplifier was collected by aconcentration is presented in Fig. 1. All the signals were
boxcar-gated integrator and sent to the computer. To esthormalized to allow comparison between them. Figure 1
mate the base line, the response function was measured upgbows that the decay of the signal is exponential for delay
41 ps for the high mole fractions and up to 10 ps for the lowtimes longer than 2 ps. At short time, the time profile is
mole fractions of urea. definitely not exponential. Two striking features should be
Data analysis procedureThe signal measured in a het- noticed. First, at short time, the decay time increases with
erodyne detected OKE experiment is proportional to the maincreasing mole fraction of uregee the inset in Fig.)1
terial response function. Our data analysis was achieved i8econd, the signal at about 100 fs presents a shoulder for
time and frequency domains. The time domain analysis wasalues of mole fraction greater than 0.13. The first conclu-
used when there is no doubt about the exponential decay afon is that the dynamics of urea molecules in the range of
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FIG. 1. The time resolved OKE signal of urea/water at different mole frac-

tions of urea.
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entational relaxation time to the macroscopic viscosijtgf

the liquid, considering molecular reorientation as a diffusive
process driven by thermal energy and controlled by hydro-
dynamic friction. This results in the well-known Stokes—

Einstein—Debye relation:

T:fCVM%'FTo, (6)

whereV), is the molecular volume anfdand C represent a
form factor and a factor reflecting the hydrodynamic bound-
ary condition, respectivelyry is an additive term usually
introducedad hocin this equation to account for the nonzero
value of 7 at the extrapolated limit of the ratig/T. 7 is
identified with the free rotor relaxation time. The expression
of the factorf could be calculated analytically for reorienting

objects if their shape is sufficiently symmettitlt is clear
that in the frame of these approximations, only one reorien-

mole fraction 0.0% yes<0.12, which will be referred to as tation relaxation time is observed. However, the diffusive
low mole fractions, is different from that corresponding to reorientation of unsymmetrical, ellipsoidal molecules is ex-

the mole fraction range of 0.%3y,e<0.27, which will be ~ Pected to consist of a sum of exponential terms. They are
referred to as high mole fractions. associated with the reorientation of the principal axes of the

molecule. In the most general case of a completely asymmet-

ric body, five exponential terms appear to account for the
A nonlinear curve fitting based on Marquardt algorithm reorientation relaxatioff! By assuming certain symmetry

was used to characterize the different relaxation processé¥operties of the molecule, the reorientation could be de-

involved in the decay of the OKE signal. We found that threescribed by three relaxation times. In fact, a result on halogen-
exponential functions fit the OKE signal reasonably well inSubstituted benzefkhas demonstrated diffusive rotational

the range of 0.18 y,.-<0.27 while only two exponential Motion about more than one molecular axis. The evidence of
functions fit the OKE Signa| well in the range Ofckurea the reorientation along two distinct axes has already been
<0.11. In Fig. 2, we report the relaxation times obtained byobserved ir215 halobenzeﬁ%,poly-ph_enylsz,3 aniline?* and
the fitting procedure for all the mole fractions studied. benzonitrile?> Youngreen and Acrivd§ treated the rota-
The slow relaxation t|me-3 increases SlOle in the low tional motion of an eIIipSOidaI with three different principal
mole fraction range, whereas it increases rapidly in the higi@xes and they derived three different effective volumes and
mole fraction range. The relaxation t|m appears for two relaxation times for any given e"lpSOId. Accordlng to
Xures>0.11. It increases with increasinge,. The relaxation these facts, the different relaxation times observed in our
time 7, is almost constant in the whole range of urea moleexperiment could be related to the reorientation of the prin-
fraction. cipal axes of the urea molecules. The comparison of these
It is generally accepted that the long time decay of therélaxation times with those obtained by Raman and NMR
Kerr signal is related to the reorientational diffusion motiontechniques is not obvious, because, in general, only one re-

of the molecules. The hydrodynamic theory relates the reoriorientational relaxation time is reported. To carry out this
comparison, one should clarify the following points. First,

one has to define the precise axis whose reorientation is con-

A. Time domain analysis

L T sidered. Second, one should identify the nature of the reori-
g : T I entational relaxation time given by the technique used which
T. . . . . .
1w NMR I coyld pg collective or smgle particle. Considering the last
¢  Raman [ point, it is generally admitted that Raman and NMR spec-
. 6 troscopies give information on the single reorientation corre-
& s = 7 lation time. Thus, a direct comparison between our OKE data
g 4] ¥ and those obtained by Raman and NMR spectroscopies is not
= 1 [ [y possible because of the collective nature of the reorienta-
3] i . . E tional relaxation time given by the OKE. Despite this fact,
2+ some information can be drawn from the direct comparison
1] I z = % () between the OKE relaxation time and single particle reorien-
o] I X2 x x 2z tation relaxation timegsRaman, NMR given in Fig. 2. Re-
— sults from band shape analysisf the CN stretching fre-

— T T T T T T T _ v T T T T T 71 T
000 003 006 009 012 015 018 021 024 0Z quency have shown that the reorientational relaxation is
Kirea almost constant in the mole fraction range between 0.02 and

FIG. 2. The relaxation times obtained by the fitting procedure for all the0-09, and the value of 2.6 ps was reported. This time corre-

mole fractions studied. sponds to the reorientation of a unit vector along the CN
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a?qs. The CN axis lies in the plane O.f the ure.a moleqsim: FIG. 4. The reorientational correlation functions of the principal axes of the

Fig. 3. The values of the relaxation time obtained by Ramar,;c. molecule.

spectroscopy are close to the reorientation relaxation tigne

determined by OKE. This result suggests that the relaxation

time 75 is related to the reorientation along an axis in thethe reorientation dynamics of urea molecule is anisotropic in

plane of the urea molecule. high mole fraction in comparison to the one in the low mole
The reorientational relaxation times of urea in waterfraction. This anisotropy is also suggested by the comparison

molecules obtained froN NMR studies of aqueous urea of the correlation time associated with the reorientation of

solution’ were extrapolated from Fig. 2 in this reference andurea molecule along its principal axes in the low and high

superposed to the corresponding time obtained by OKE. Theole fractions(see Table IX of Ref. 2) It is expected that

YN NMR spin-lattice relaxation time is most strongly the reorientation dynamics of urea molecules is influenced

weighted by the axis, which reorients the N—H bond mostby the hydrogen bond interactions. These later interactions

quickly. The N—H axis lies in the plane of the urea moleculeare known to be directional and could explain the anisotropy

(see Fig. 3. This result also suggests that the relaxation timeobserved in the short time reorientation dynamics.

743 IS related with a reorientation about a principal axis,

which lies in the plane of the urea molecule. B. Frequency domain analysis

The direct comparison betweeg obtained by OKE and .
the corresponding time obtained by NMR and Raman spec- The power spectra I&(3)] of urea/water solution were

qerived from the OKE data by using the Fourier transform

troscopies indicates also that there is almost no correlation . . .
reorientational motion along a unit vector in the plane bef{'aChanue by using Eq44) and(5). First, we subtract the

. . . different diffusive contributions to the OKE signal. These
tween two different urea molecules in all the mole fractions . . A
of urea operations are illustrated foy,..s=0.27 in Figs. %a)—5(c).

To obtain further insight into the microscopic reorienta- The power spectra IfEE(v)] were obtained by the Fourier

tion process, the autocorrelation function of the unit vector

along the principal axes of the urea molecule was calculatec’ 1, Yo =027 10
by molecular dynamics simulatidi: %‘ 1 2 ’ °
g 01
C5(1)=(PA(uf(0)-u{ (1)), o = o1
= 0.
wherei labels the molecule, and=x,y,z. The unit vectors 2 13 ” ooty
u*,u¥,u” are defined in Fig. 3. Pis the second Legendre E 1E4 o B3
polynomial S E 0 5% % % 3% 4’0%13 0 2 4 6 8
Py(Us+Up) = § cOS'( £ UyUip) — . ®) * K
- . . . L 1 d
As shown in Fig. 4, the reorientation of the urea molecule is o °
more hindered at the high mole fractions than at the low ) 01
mole fractions of urea. At all mole fractions, the reorienta- %% 0.014
tion of the principal axes lying in the plane of the urea mol- €3] 1E-3 SN |
ecule is more hindered than that of the perpendicular axis tc g4 D | LA f“
that plane. This result suggests that the relaxation tige o0 I e E % e oo

obtained by OKE measurement could be related to the reori-
entation of an axis which lies in the plane of the urea mol-FIG. 5. The different steps to obtain the time behavior of the nondiffusive

. . . . part of OKE signal foryes=0.27. The subtraction of the different diffusive
ecule, while the reorientation time, could be related to the contributions to the OKE signal. These operations are illustratedfQx

reorieptation Of_ an axis perpendigular to this plane'. It is IN-=0.27 in (a)~(0). (d) The time profile of the OKE signal after the subtrac-
teresting to notice that the short tingg0.5 p9 behavior of  tion of the different diffusive contributions.
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FIG. 7. The low frequency Raman spectra of urea/water solution in the

so-called reduced frorﬁ(ﬂ and the power spectra obtained by Fourier
transform of the OKE signal.
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FIG..G. The imaginary part obtained by Fourier transform of the OKE signalsequence our frequency domain data provide analysis in the
for different mole fractions of urea. frame of this limitation. The comparison between the low
frequency Raman spectrum of urea/water solution in the so-

. . __ called reduced fronR(») and InfE(»)] is given for
transform of the remainder experimental data shown in Fig._ 5 94 and 0.27 in F(I? 7 Ong[né?c]es t%at the S)r:“argzs of
5(d). Th tral lution is about 16.7 €mThe fi — = L

@ © spectra’ resoltion 1S abou e fine Im[E(v)] andR(v) are similar aty,;=0.27. The peak and

tuning of the relative time origins of(t) (the experimental . / o
OKE data after subtraction of the exponential long time de—Its shgulder maximum in 1fE(2)] are located at lower fre-

cay) andG®@)(t) in Eq. (4) was achieved using the fact that quencies with respect to those R{v). At xres=0.04, two

the final spectrum was positive in all the frequency rangepeaks at, respectively, 60 and 190 Chare present ifR(7).
considered400 cni'l), with vanishing intensity at its high However, only one asymmetric broad peak is present in
frequency end. The power spectra[ Bfr)] as a function of  IM[Z(¥)]. As pointed out before, this peak is decomposed by
the mole fractions of urea are presented in Fig. 6. At higha curve fitting procedure in two contributions, centered at 70
mole fractions, the IfiE(7)] is characterized by one broad and 200 cm’, respectively.

peak at around 70 cnt and by a shoulder at around 160 In the case of a liquid mixture, it is more difficulthan
cm tin the high frequency part of the former peak. At low for pure liquid to rationalize the nature and the origin of the
mole fractions’® the IN[E(»)] is characterized by one asym- OKE signal. One should cope with the fundamental prob-
metric broad peak at around 70 CMA curve fitting proce- lems of a large number of different interaction mechanisms
dure using a Gaussian function reveals that two bands cor@nd their cross terms which contribute to the OKE signal, in
tribute to this asymmetric peak, centered, respectively, afect, in our case, the intermolecular interactidnsea—urea,
around 70 and 200 cnt. The power spectrum of water is urea—water, and water—watenodulate the susceptibility of
also included in Fig. 6. It is characterized by an asymmetridhe solution. To make a hypothesis on the main contribution
broad peak centered at around 110 émwhich is decom- to the OKE signal, we take in to account the following facts.
posed by a curve fitting procedure in two contributions, cenfor a series of nitrile solventS,it was demonstrated that the
tered, respectively, at around 80 and 190 ¢mPrevious contribution to the Kerr signal strongly correlates with the
work®® on water using a time resolved OKE with a pulse degree of differences in principal polarizabilities of the indi-
width as short as 38 fs has shown that the power spectrum #fdual molecules, the more anisotropic in polarizability, the
water is composed of two well-resolved peaks at 40 and 16810re intermolecular contribution is present in the optical
cm™ !, respectively. The discrepancy between the powekKerr response. The degree of anisotropy is directly reflected
spectra obtained from the former experiment and our OKEdY the factork, which is given by

experiment could be related to the difference in the pulse

width used in the two experiments. In fact, it was shown that  k?=——[(a;— a)?+ (ay— a)?+ (a3— a)?, 9

the pulse width has a spectral-filter effect on the intrinsic ba

frequency response of the medidf?) This means that only where a;,a,,a5 are the polarizabilities in the three direc-
the vibrational modesgassociated with intermolecular or in- tions of the principal axes and is the average mean polar-
tranolecular interactionswithin the coherent bandwidth of izability. The values ofx for water and urea are 0.069 and
the laser pulses are efficiently excited by stimulated Ramaf.255, respectively. The different values of polarizability for
mechanism. Thus, the higher frequency part of the poweurea were taken from Ref. 30. This result shows that the
spectra is underestimated by this filter effect. This could exdegree of anisotropy of the urea molecule is almost four
plain that the power spectrum of pure water derived from th@imes higher than the one corresponding to water molecule.
OKE data is not resolved in two clear distinct peaks. In con+urthermore, the nonlinear coefficient of urea in aqueous so-
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lution of ured! is seven times greater than the corresponding ; Xos=027
one to water. Thus, in our analysis, we made the hypothesis
that the shoulder, which appears in[E{7)], at high mole
fractions of urea could be an expression of the hydrogen
bond intermolecular interactions which involve urea mol- ~
ecule. More information is needed to identify whether these &
interactions are due to the hydrogen bond between urea an"%’
water molecules or between urea and urea molecules§
(dimers.

It is known that the different motions of urea molecules
(reorientation, rotation, and translatiohave different char-
acteristic times, and it is interesting to find out to which e, I L
frequency domain they contribute. Thus, we have carried oul 50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
a molecular dynamics simulation on the urea/water system. wavenumber (cm”) wavenumber (em”)

The following correlation function€,(t), Q(t), andW(t) FIG. 8. The comparison of the power spectra derived from the OKE data
were calculated. These functions are associated with the rand the ones obtained by molecular dynamics simulations for the reorienta-
orientation, rotation, and translation motions of urea mol-tion[C,(¥)], rotation[ ()], and translatiof¥ ()] motions of uredsee
ecules, respectively. The corresponding power spectra o€ ©x-

tained by the Fourier transform of these functions were

calculated in order to compare them with[B{(7)].

C,(t) is the autocorrelation function of the unit vector
along the axis of the dipole moment of the urea moleculewhere &; is the polarizability of a single moleculein the
This function was calculated using Eg®) and (9). The laboratory frame anfij is the dipole—dipole interaction ten-
power spectrum is given by the Fourier transfoffl)  sor between moleculdsandj. T;; depends on the transla-
C,(v)=FT[Cy(t)]. Co(») was calculated as follow: First, tional parameters of the molecule arg is modulated
we fit the long time decay of,(t) by an exponential func- through a rotational movement of the molecule.
tion. Second, the long time contribution is removed by sub-  Analysis of the results obtained by OKE, those obtained
tracting the exponential decay fro@y(t). Thus, doing this by molecular dynamics simulation, and those obtained by
operation, it is the short time dynamics of the reorientationlow frequency Raman spectra is in progress to interpret the

which contributes t&C,(7). different correlation times observed and the change observed
The angular velocity autocorrelation functidd(t) is  in the power spectréthe position and the widjhwith in-
given by creasing the mole fraction of urea. This analysis will help to

5 understand the particular properties of the urea/water system.
Q) =(w(t) - (0)), Q@)=FTQ(1)]. (10

The velocity autocorrelation function of the center of mass of

water molecule is given by V. CONCLUSIONS

V() =(v()-v(0)), V(@) =FT[¥()]. 11 .

In summary, the nuclear dynamics of the urea molecule
The comparison of the calculated power spectra from moin aqueous solution was analyzed by time resolved optical
lecular dynamics and If&E(v)] is shown in Fig. 8. It appears Kerr effect. A multiexponential decay characterizes the time
that the reorientationalshort time, rotational dynamics of decay of the OKE signal. The comparison between the relax-
the urea molecule contribute in almost the same frequencstion times derived by the OKE data, those obtained from the
domain. This shows the equivalence between the two dyRaman, and NMR spectroscopies suggest that the slowest
namics. The contribution of the translation and rotationrelaxation time is related to the reorientation of an axis in the
movements of the urea molecule lies in the same frequencglane of the urea molecule. The analysis of the short time
domain as that of IYE(7)]. Accordingly, the power spectra reorientational dynamics of the principal axes of urea mol-
Im[Z(v)] could be interpreted in terms of translational dy- ecule suggests an increase of anisotropy when the mole frac-
namics(caging effeckt and in terms of rotational dynamics tion of urea increases. This anisotropy is a result of highly
(libration) of urea molecules. This gives a transparent way ofdirectional hydrogen bonding interactions.
interpreting the power spectra derived from OKE data. This  The power spectra derived from the OKE show that the
interpretation is related to the generally used interpretatiomow mole fractions are characterized by one sole asymmetric
based on the interaction-induced dipoles. In fact, the powepeak, while at high mole fraction, a shoulder appears at
spectrum is regarded as due to modulation of the susceptibiiround 160 cm® in the high frequency part of the former
ity by intermolecular interactionginteraction-induced di- peak. Molecular dynamics simulation results on the urea/

poles. The susceptibility is given by water system suggest that these power spectra could be in-
terpreted in terms of translational motiofsaging effeck
)?(UZE &i+z E ﬁi'ﬁj'ﬁj, (12) andI in terms of rotational motiofibration) of urea mol-
i T ecules.
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