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aqueuses 
de ZnCl2 (pour des concentrations s'étendant jusqu'à la saturation). Des 
techniques de diffusion inélastique de neutrons par temps de vol et de spec
troscopic Raman ont été uti l isées oour déterminer les distributions de f ré 
quence dues aux vibrations et la dépendance en fréquence de la fonction de 
couplage Raman entre les états électroniques et les états vibrationnels des 
systèmes. Des temps de relaxation structurale ont été déterminés par d i f fu 
sion de la 1 unière Rayleigh déoolarisëe. Les résultats confirment que ces 
systèmes peuvent être considérés comme des "solides localement amorphes". La 
discussion est fa i te en termes d'amas localement ordonnés et dynamiquement 
corrélës dont la structure et la dynamique sont fortement influencées par le 
soluté et en part icul ier par l 'action de celui-ci sur les liaisons hydrogène 
de 1'eau. 

Abstract - In this paper we report the results of a comprehensive investiga
tion on the low (w <, 400 cm"1) and very low (0.2 cm"1 <, u» <, 40 cm"1) f re
quency vibrational and structural dynamics in water and aqueous solutions 
of ZnCl2 (for concentrations up to saturation). Time-of-flight inelastic 
neutron scattering and Raman spectroscopy were used to obtain the vibrational 
frequency distributions and the frequency dependence of the Raman electron 
vibration coupling function. Structural relaxation times were determined by 
depolarized Rayleigh wing scattering. The results, which confirm that these 
systems are best viewed as "locally amorphous solids", are discussed in terms 
of locally ordered, dynamically correlated patches in which structure and 
dynamics are strongly influenced by the solute, especially by i ts action 
on the water hydrogen bond. 

I - INTRODUCTION 

Several exoerimental techniques can yield information on the relaxation times which 
characterize the short time microscopic motion in water and aqueous solutions (or, 
more generally, in l iquids and amorphous or disordered solids). Most of these tech
niques (for instance NMR, ultrasonic attenuation, dielectric relaxation, neutron, 
X-ray and l ight scattering) rely to some extent on a dynamical model of the system 
to connect the experimental results with the fundamental dynamical quantities of 
interest. We feel however that in the short time domain (T <, 10" 1 0 sec.) scattering 
spectroscopy yields experimental quantities which are closest to the intr insic dy
namics of the system, i .e . , they require the smallest amount of intermediary mode
l ing. Thus the connection between what is actually measured and what one wishes to, 
or thinks he is measuring is clearer and more direct. A further advantage of this 
is the possibil ity of quantitative comparisons between the quantities determined 
by different types of scattering spectroscopy applied to the same system, and obtain 
thus a self-consistent and detailed picture of the time development of the micros-
cooic motions in the system. 

To our knowledge such aporoach has never been tested fu l l y in any system. In this 



paper we present the results of such a type of study on pure HoO, D2O, and aqueous 
solut ion of ZnCl2- Our main interest was the determination of the low frequency 
(<u <, 50 meV) and very low frequency (0.01 meV & ID ^ 5 meV) v ibrat ional and d i f f u -
sional motions in such systems and the i r in terpretat ion in terms of co l lec t ive 
motion in loca l ly ordered structures, in which the corre la t ion range and the s t ruc
ture could be varied by changing the solute concentration at constant temperature. 

The experimental techniques used were t ime-o f - f l i gh t ine las t ic and quasi-elast ic 
neutron scat ter ing, Raman and depolarized Rayleigh wing spectroscopy. Our results 
concerning quasi-elast ic scattering are reported elsewhere / l / , although we shal l 
use them i n th is paper a lso. An obvious extension of our measurements is the study 
of the effects of temperature var ia t ion , esoecially i n the supercooled region. 
Actually B r i l l o u i n and Rayleigh wing spectra have already been taken in supercooled < 
water down to 247K, and the results w i l l be published elsewhere 111. 

Thus i n th is paper we shal l l i m i t our account to room temperature (e .g . 298K) v ib ra
t ional and di f fus ional dynamics, with par t icu lar emphasis on what can be learned 
by the simultaneous appl icat ion of the three experimental techniques j us t mentioned. 
In par t icu lar , we shall compare the vibrat ional information obtained by ine las t ic 
neutron and by Raman scat ter ing, and we shall show the complementary nature of the 
information obtained by quasi-elast ic neutron and by depolarized Rayleigh wing scat
ter ing respectively. F ina l l y , we shall present a reasonably detai led parametrization 
of the time evolution of or ienta t iona l , s t ructural and v ibrat ional degrees of f ree
dom in water and how a l l th is is affected by the addi t ion of ZnCl2. 

I I - LOCAL STRUCTURE AND DIFFUSIONAL MOTION 

In pure water each molecule is surrounded on the average by 4-5 molecules i n preva
lent tetrahedral coordination, originated by the saturation of the four H-bonds of 
which the single molecule is capable / 3 / . Although each molecule w i l l re ta in i t s 
posi t ion i n the structure for an estimated time of the order of picoseconds, a t any 
given time there is a high probabi l i ty of f ind ing four molecules in the tetrahedral 
positions around a given one. From the point of view of d i f fus ional dynamics we 
should exoect therefore that the d i f fus ion be somewhat s o l i d - l i k e . Independently of 
the speci f ic model chosen / 4 / the most relevant parameter w i l l be the "residence 
time" T^ o f a molecule i n i t s pos i t ion, which can be defined as "quasi-equi l ibr ium" 
as long as T^ is larger that typical vibrat ional periods. I t is therefore th is quan
t i t y which is determined in a quasi-elast ic neutron scatter ing experiment, which 
probes0time correlat ions on the oicosecond to 100 osec scale over distances of up 
to 10 A. Is T§ synonimous with the so-called H-bond l i f e t i m e , or with the H-bond 
breaking time T S ? The answer may be found by an independent, d i rect measurement 
of T 5 . This can be obtained by depolarized Rayleigh wing scat ter ing. Such e f fec t 
is connected to the anisotropic po la r i zab i l i t y f luctuat ions induced by molecular 
motions in the long time l i m i t (at shorter times the v ibrat ional component would 
dominate). Therefore the non-vibrational part of the depolarized spectrum w i l l be 
act ivated, i . e . w i l l be v is ib le as in a f l ash , only when the molecules are in the 
process of breaking apart (or coming together). When in the i r "stable" tetrahedral 
posi t ions, the molecules may contribute only to the v ibrat ional density of states 
g(w). Assuming an exponentially decaying time corre la t ion funct ion of the anisotro
pic po la r i zab i l i t y f luc tua t ions , the resul t ing spectrum w i l l be a Lorentzian cen
tered at zero frequency sh i f t with a hal f-width at hal f maximum (HWHM) r~irJrf/T s. 
Therefore in pr inc ip le the combined quasi-elast ic neutron and l i gh t scattering 
measurements should resolve the question of whether the H-bond breaking time coin
cides with the molecular residence time. 

N Quasi-elastic neutron scattering y ie lds , for pure water at 298K, the value T Q « 1 . 7 
psec for the molecular residence time / 4 / . In f i g . l we show the depolarized 
Rayleigh wing spectra we obtained for pure H2O at 298K. Al l experimental procedures 
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F i g . l - Deoolarized Rayleigh wing spectra for oure H2O at 298K ; soectral resolution 
"/as varied according to the frequency s h i f t , from better than 0.01 meV to 0.06 meV. 

are described elsewhere / 5 / . Here we wish only to mention that in the lowest f r e 
quency s h i f t region, our spectral bandpass was better than 0.01 meV. The spectrum 
could be f i t t e d excel lent ly with a resolut ion l imi ted Lorentzian plus a broader one, 
from which the value x s = 0.7 psec was obtained. Since the difference in the experi
mental value of xg and T S is well outside the experimental er ror , our results clearly 
indicate that H-bond breaking time and molecular residence time are not synonimous. 
Actually any two molecules may break and re-form the i r H-bond several times before 
actual ly breaking away from the i r quasi-equil ibrium posit ions. This important resu l t 
i n turn implies a many-molecule co l lect ive in terac t ion , i . e . the structural cage 
which keeps n molecules together holds even i f some single bonds are broken here 
and there. 

The addit ion of ZnCl2 complicates the composition of the system considerably. 
However some ef fects on the residence and structural relaxat ion times are c lear ly 
evident. In par t i cu la r , TJJ is found to increase up to 8 psec at saturat ion. Since 
even at th is concentration, where the ZnC^/^O molecular ra t i o is about 0.5, the 
dominant contr ibut ion to the scattering of neutrons originates from the water 
orotons, th is resu l t indicates that ZnCl^ s tabi l izes the water molecules in a 
structure which, as we shall see and as has been discussed in previous papers / 6 / , 
is strongly connected to the local c rys ta l l ine structure of the solute. 

The structural relaxation time T S , which fo r nure water reduces to the H-bond 
breaking t ime, features a more comnlex behavior. At saturat ion, there seems to be 
only one relaxat ion t i n e , T S = 1.4 psec, whereas at intermediate concentrations 
there are at least two structural relaxation t imes, of which the shorter goes into 
the single relaxat ion time observed both at high and low (zero) concentrations 
(F ig .2) . Such time is therefore connected with the bond between water molecules 
among themselves and/or with the metal ion. I t must be emphasized that i t reduces 
to the H-bond breaking time only in the l i m i t of low concentrations. Otherwise, 
the bond is more complex, involv ing, and being modified by, the interact ion between 
the water molecule and the metal ions. At saturation (and'possibly also at lower 
concentrations), the existence of a single time implies that the water molecules, 
together with the Zn and CI ions are packed in a f a i r l y stable local s t ructure, 
and interact su f f i c i en t l y strongly to minimize differences in the respective bond 
dynamics. In th is framework the existence of a slower component ( T S = 5 psec) at 
intermediate concentrations may be ascribed to the breaking of the metal-halogen 
bond. Such bond however, in order to y ie ld a separate relaxation t ime, must belong 

T 1 r 
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Fig.2 - Depolarized Rayleigh wing snectra for 6M solution of ZnCl2 in H£0. Same 
experimental conditions as f i g . l . 

to isolated Zn-Cl complexes, or at least to complexes not embedded in the "polymeric" 
structure to which most of the solute and solvent belong in the saturated solution 
IH. Thus the intensity of the slower relaxation should yield the relative propor
t ion of "isolated" and "nolymeric" Zn-Cl complexes as concentration is increased. 
I ts disappearance at saturation is in good agreement with the observation that the 
Dolymeric structure dominates for c >, 10M and with EXAFS data, which indicate that 
near saturation at least 85 % of the Zn ions belong to such structure / 8 / . 

I l l - VIBRATIONAL EXCITATIONS, COUPLING AND CORRELATIONS 

All dynamical information on a system of many interacting particles is contained 
in the velocity time auto-correlation function, whose spectral density is the 
generalized frequency distribution gN(w). For relatively long times g**(w) describes 
the diffusive motion of the particles, whereas for short times i t is connected to 
the vibrational motion. In fact, far a so l id , and also for a strongly associated 
l iqu id , gN(w) should reduce to the vibrational density of states g(w). 

I t is well known that in a system with a sizeable contribution from incoherent 
scattering gN(w) may be obtained by the so-called Egelstaff-Schofield extrapolation, 
according to which 

gN(w) = lim {w 2 /q 2 S.(q,w)} (1) 
q-0 

where Ss(q,w) is the incoherent scattering law. 
I f the extrapolation is oroperly carried out, and coherent scattering not too intense, 
one may use in nlace of Ss(q,w) the experimental scattered intensity. However, care 
must be taken to check for eventual modulation of gN(w) by residual coherence effects. 

Using the IN6 t .o . f . snectrometer at I.L.L.(Grenoble) we have obtained precise 
inelastic scattering spectra for H2O, D2O, and resnective solutions of ZnCl2, 
SrCl2, CuBr2- Here we shall discuss the results obtained for pure water and ZnCl2 
solutions in D2O. Since we are studying low frequency vibrations, we chose an 



incident neutron wavelength of 5.9 A ; thus our analysis has an upper frequency 
l im i t of approximately 50 meV, due to the poor signal-to-noise rat io at higher 
energy transfers. Other experimental and data handling details are discussed 
elsewhere / 5 / . In f ig.3 and 4 we show the gN(w) distribution obtained for ZnCl2 

Fig.3 - Generalized frequency distr ibution gN(w) for H20 and 3M, 6M, 12.6M, ZnCl2 
solutions respectively. 

Fig.4 - Generalized frequency distribution gN(w) for D2O and 3M, 6M, 12.6M, ZnCl2 
solutions respectively. 



solutions in H20 and D20 respectively. The two sets of distributions are very simi
la r , confirming empirically the procedure of using the total scattered intensity 
in the Egelstaff-Schofield extrapolation. 

The most important feature in the spectra is the peak at 7 meV, which decreases 
strongly with increasing solute concentration. Such a peak is due to the l ibrational 
deformation of the H-bond cage about a given water molecule. Its decrease due to 
the Zn and CI ions in high concentrations indicates then a breaking-up of the H-
bond structure. This result helps to understand the behaviour of the structural 
relaxation times described in the preceding paragraph. In fact , whereas at low 
concentrations the structural relaxation is dominated by the H-bond breaking time, 
at high concentrations, where essentially no ordinary H-bonds exist as shown by 
the behaviour of the 7 meV peak, we see a different relaxation time. 

We want to discuss now the very low frequency region of the vibrational spectrum 
(w <, 6 meV). In this region in fact the vibrational dynamics might be sensitive 
to the existence of locally ordered patches. The effect of local order, and its 
change with increasing solute concentration, may be of two types : i t may alter 
the vibrational density of states g(w), and i t may alter the response of the vibra
tional ensemble to some perturbation, such as an ultrasonic wave (and in this case 
specific relaxation effects have been observed /9/) or an incident electromagnetic 
wave (such as in Bri l louin or Raman scattering). In f ig.5 we show the gN(w) d i s t r i 
butions for H20, D20 and the saturated solutions of ZnCl2 in H20 and D20 respectively. 

Fig.5 - \lery low frequency gN(w) for H20, D20 and saturated solutions of ZnCl2 in 
H20 and D20 respectively. 

We note that in this frequency region there seems to be a small difference in the 
spectra of pure H20 and D20, centered at about 1 meV. Since at low frequencies 
eventual coherence effects are expected to be more important, such difference is 
probably due to residual interference effects in the D20 spectra. Thus the true 
g(w) should be given by the H20 data. In both cases the frequency distribution 
deviates from the Debye w -̂dependence expected in this low frequency region i f 
only acoustic vibrations were present. Such deviation implies the existence of 
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other motional degrees of freedom, very probably connected with structural relaxa
t ion : in t h i s , as in other ways, water and aqueous solutions of the type studied 
here behave as amorphous mater ials. 

We can test the other e f fec t of local ordering on dynamics by determininq the f r e 
quency dependence of the coupling of the vibrat ional ensemble to the e.m radiat ion 
v ia the e ectronic po la r i zab i l i t y . In order to do th i s we must separate the depola
r ized Rayleigh wing scatter ing from the vibrat ional Raman scattering in the t o t a l 
in tens i ty . This may be easi ly done once the quasi-elast ic depolarized l i g h t scat
ter ing has been properly parametrized, as we have discussed i n the precedinq para
graph. Thus we have subtracted from the experimental spectra the quasi-elast ic 
contr ibut ion ( in the form of two or three lorentzians depending on solute concen
t ra t ion ) ; the remaining in tens i ty was then normalized by the (n(w,T)+l)/w s t a t i s 
t i c a l fac tor , to y ie ld the Raman reduced spectrum : 

9R(w) = CR(w) g(w) (2) 

where C (w) is the electron v ibrat ion coupling funct ion. In f i g . 6 we show the gR(w) 
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Fig.6 - Reduced Raman in tens i ty af ter subtraction of quasi-elast ic depolarized 
Rayleigh component for H20 ; D20 and saturated solutions of ZnCl? in H?0 and D?0 
respectively. fe c 

spectra for H 20, D20 and the saturated solution of ZnCl 2 in H 20. I f the reasonable 
assumption is made that for these highly structured and associated f lu ids gN(w)->g(w), 
then the coupling function CR(w) may be determined d i r ec t l y by experiment, by 
taking the rat io between gR(w) and gN(w) : 

CR(w) = g R(w)/g N(w) (2) 

The results are plotted in f i g . 7 for the case of solutions in H 20. 

I t is mportant to note that unless combined measurements of the type reported here 
are performed, in order to obtain CR(w) one must resort to more or less complex 
theoret ical models 710/ ; as far as we know, our's is the f i r s t t o t a l l y experimental 
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determination of C (w). 

For coupling to acoustic vibrations, i t is generally assumed that 

CR(w) ~ w2 

Clearly such behaviour could f i t our data only in the w + 0 l imit . At higher frequen
cy there is a damping in the coupling. Similar behaviour has been observed in 
Brillouin scattering in amorphous solids, and has been interpreted in the framework 
of a visco-elastic model in which acoustic modes would be scattered by the relaxa
tion of structures with a given correlation range 2o / l l / . On the basis of such 
model, cR(w) turns out to be : 

CR(w) = (w/V L ) 2 exp(-2TTow/VL)2 (•) 
where V. is the high frequency longitudinal sound velocity. Using values of V. from 
the literature /7/, we have fitted eq.(*)to the data of fig.7 : the result is the 
solid line, whose obvious deviation at high frequencies is of course due to the 
onset of optical modes. 
From the fit we obtain values for the correlation fange 2o, which is found to 
increase from 2a = 3.4 A for pure H2O to 2a 
of ZnCl 2 in H2O. 

7.5 A for the saturated solution 

We wish to emphasize how striking this result is : without any theoretical "fudging", 
we obtain for C R(w) a functional form which is identical with that obtained inde
pendently and by other methods for amorphous solids. Furthermore, the correlation 
range of local order thus determined is found to increase with solute concentration,, 
in good agreement with the results obtained on the diffusional dynamics by quasi-
elastic neutron scattering and by depolarized Rayleigh wing scattering. 
IV - CONCLUSIONS 
The combined measurements of inelastic neutron scattering and light scattering 
reported in this paper, together with other results we obtained, particularly by 



quasi-elastic neutron scattering, yield a fairly complete picture of the microscopic 
dynamics of room temperature water and of the perturbative effects caused by a 
strong electrolyte solute such as ZnCl 2. For the first time, a clear experimental 
separation of the various relaxation rates affecting the diffusional and low fre
quency vibrational dynamics of the water and solute molecules has been achieved. 
Conclusive evidence for solute connected "optical collective excitations" has 
been obtained and, more generally, the opportunity of describing the vibrational 
motion in these liquids in terms of collective excitations in an amorphous solid
like matrix has been demonstrated. 

An obvious extension of these experiments is the study of temperature effects 
especially in the supercooled region, and also the study of different types of 
strong electrolytes, in order to find out precisely what are the interactions which 
are mainly responsible for the collective vibrational behaviour and for the strong 
local structuring effects we have found in the ZnCl2 and similar solutions. 
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