PHYSICAL REVIEW E VOLUME 54, NUMBER 2 AUGUST 1996

Dynamical properties of water-methanol solutions studied by depolarized Rayleigh scattering
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The dynamics of water in water-methanol solutions is studied by depolarized Rayleigh light scattering as a
function of concentration and temperature. The obtained data give evidence of a well-defined maximum in the
hydrogen bonding relaxation time at equimolar concentration. This phenomenon is consistent with the presence
of well-defined shells of water around the methanol molecules as observed recently by means of a neutron
diffraction experiment. In addition, our data show that the water rotational relaxation time increases with
increasing solute concentration. This suggests that the water structure in these shells is more stable than bulk
water structure at the same temperat{i82.063-651X96)05207-3

PACS numbdss): 82.70-y, 64.70—p, 78.35:+c, 78.30-j

[. INTRODUCTION changes into the thermodynamic quantities can be estimated
by only considering solute-water correlations. Others, how-

In the physics of complex fluids there are still many openever, have obtained opposite results, i.e., a hydration sphere
guestions related to the properties of water around amexists around hydrophobic entities in an aqueous solution
phiphiles or alcohol moleculegl]. In particular, several [8,9].
studies have been devoted to clarify the role of the hydro- Water-methanol(CH;OH) mixtures have been studied
phobic headgroups of alcoh@r amphiphilg¢ molecules in  with the aim of obtaining definitive answers to these ques-
determining physical properties of wa{é;3], or vice versa. tions. For this system, the hydrophobic group {hakes a
Pure water can be consideréoh the basis of the various substantial contribution to the thermodynamic properties of
models proposed in order to explain its behavims an ex- the mixture; a particularly typical result of this being the
tensive three-dimensiongbolymericlike) network of hydro-  presence of a minimum in the partial molar volume of
gen bonded moleculdd]. In this structure, neighboring wa- methanol[1]. Many different theoretical models have been
ter molecules assume specific tetrahedral orientationgdroposed in order to explain the water properties in this com-
correlations. plex system. However, MD computer simulati¢h0—12

Pure alcohols present similar bondsut alkyl groups was used extensively because it is very difficult to obtain
cause association in chains or ring® that all molecular direct and detailed structural information from experiments
interactions in water-alcohol mixtures are ruled by hydrogenfor x-ray and neutron scattering experiments, the system
bonding. It is well established that mixtures of these twopresents a very low scattering cross segtion
fluids exhibit anomalous behavior compared with the prop- By means of MD, it was possible to obtain some insight
erties of their pure components; this phenomenon may binto the effect of hydrophobic entities on the water structure.
ascribed to the hydrophobic groups. The negative excess @&pplying this technigue to the water-methanol solutions con-
entropy observefb] on mixing water with hydrophobic spe- sidered here, it was observed that the water pair correlation
cies, and the large nonideal changes in other thermodynamiunctions sharpened slightly compared to those of the pure
cal quantities, need to be completely understood and reprdiguid. In addition, it is for this system that recent MD results
sent challenging problems in the physics of aqueou$ll] predicted that a shell of water should form around a
solutions. methanol molecule.

Starting from the pioneering work of Frank and Evaék An experimental confirmation of such a prediction has
who proposed the idea that the hydrophobic entities enhandgeen obtained very recently by a careful neutron diffraction
the water structure towards a more ordered one near the adtudy, performed at a low methanol concentratib® molar
cohol headgroups, many investigations, in particular, moratio methanol water{13]. The corresponding data analysis
lecular dynamics(MD) computer simulation, were per- shows the existence of a definite hydration shell of water
formed on this subject and give controversial results. Indeednolecules at a certain distance from the carbon atom of the
some MD studie$7] seem to indicate that hydrophobic sol- methanol molecule. For this methanol concentration, it was
utes, at lower concentrations, have only a weak effect osuggested additionally, that this shell is formed without a
water-water correlations, implying that there is no need tcsignificant modification of the water structuferientational
invoke an enhanced water ordering and that most of therder between water molecujesMore precisely, neutron

data showed that water molecules in this shell form a disor-
dered cage but retain the tetrahedral local coordination found
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methanol-water solutions, as well as recent MD studies orount contributions due to the coupling between rotational
the same systerfil1] and on other hydrophobic entities in motion and collective hydrodynamic transport mogie4).
aqueous solutionf8,9], seem to confirm that hydration ef- DRLS measurements were performed using a fully com-
fects do not lead to significant changes in the water structurgluterized double pass double monochromatSOPRA,
order. Motivated by these findings, our aim has been to chamodel DMDP 2000 with a half-width at half-maximum
acterize these systems by means of dynamic light scatteringesolution(HWHM) of 700 MHz. All the spectra were mea-
As is well known, this technique is a powerful tool for the sured in the frequency range100-100 cm®. The scatter-
study of condensed matter; depending on the frequencing geometry was the usual 90° setup with the incident beam
range used and the scattering geometry it can furnish inforé5145 A line of an AP laser, operating at an average power
mation both on localmicroscopi¢ and collective properties of 1 W) vertically polarized with respect to the scattering
of the scatterergl4]. Because asymmetric molecul@s par-  plane. The scattered light was collected through a Glan-
ticular, water moleculésgive a strong contribution to the Thompson polarizer(extinction coefficient>10""). The
depolarized intensity, the depolarized Rayleigh light scatterscattering cell was thermostatédithin =10 mK) using a

ing technique(DRLS) has been used widely to obtain infor- refractive index matching bath.

mation on the rotational dynamics of the scattefevgether Water of liquid chromatographic quality and methanol of
with the corresponding relaxation timesr to the bonding high purity grade(>99.9% were employed in this work.
energy for assembled moleculgist]. Methanol was used without further purification. The solu-

DRLS has been used in the past for studing the dynamicalons were prepared by weight at the following concentra-
properties of pure bulk water in the normal and supercooledions (molar fractions of methanol in water X=0.03,
state, obtaining significant results on the physics of the sys$9.0769, 0.09, 0.1, 0.111, 0.1665, 0.25, 0.5. These values cor-
tem. The characteristic timeifetimes) of the hydrogen respond to molar ratios of 1:32, 1:12, 1:11, 1:9, 1:8, 1:6, 1:3,
bonds in pure water, in particular, are well determined byand 1:1, respectively. In the temperature range covered,
means of depolarized light scatterintp,16. In addition it 10 °C—-40 °C, we also studied pure water and pure methanol.
was observed that DRLS can give accurate information oThe concentratiocX=0.1 corresponds to that of neutron ex-
the water configuration around amphiphiles or alcohol molperiments(1:9 molar ratig [13]; it is thus possible to com-
ecules even at a very large solute concentrafiof]. pare the results of the different measurements. It may be

Taking into account the results of neutron diffraction noticed, that, extending the concentration range of MD com-
measurement$14] and MD computer simulation experi- puter simulations and neutron experimefits which only
ments on water-methanol mixtur¢s0—12, we have per- diluted methanol solutions were studjedve also investi-
formed an experimental study of the same system by usingated solutions of high methanol concentrations, with atten-
DRLS. The aim of the present investigation was to obtaintion on the temperature dependence. This was important to
additional information on the physical properties of water inachieve a detailed description of the hydration phenomenon
such mixtures, particularly for water close to dissolved alco-around the methanol molecule. In Fify a typical DRLS
hol molecules. In this way we were able to address a vergpectrum is reported.
important issue, i.e., to clarify if the thermodynamical The measured spectra display two contributions: a wide
anomalies(e.g., negative excess of entropgbserved on (w=30 cm ') component and a narrow orf@<7 cm %),
mixing water with hydrophobic species is dynamic ratherthis latter one caused by molecular rotational motion. These
than structural in origin. In order to obtain more detailedcontributions are modeled by Lorentzian lines related to the
information on this we performed DRLS measurements orexponential time decay of the local order. Both contributions
the methanol-water system as a function of concentratiomere also observed in the pure water spectfdfj. On this
and temperature, and we compared the results obtained foiasis, our data were fitted with a double Lorentzian convo-
mixtures with those obtained for the pure components, iduted with the instrumental response functi@otted lines in

particular, water. Fig. 1). The HWHM, I'(w) of each Lorentziarfand the rela-
tive intensity is obtained directly by the data fitting; the
Il. EXPERIMENTAL DETAILS continuous line in Fig. 1 is the result of the fitting procedure.

DRLS is originated by fluctuations of the off-diagonal
part of the polarizability tensos;; . The corresponding time IIl. RESULTS AND DISCUSSION

; ; anis, it i ;
correlation functiorG™"(t), tog_ether with 'FS Fourier Fraqs- The two contributions observed here can be related to the
form I, y(w), can be characterized by various contributions

q d he diff hani involved in th roperties of bulk water in the normal and supercooled re-
epending on the different mechanisms involved in the S’C"’“gions. Bulk water, in fact, is known to give two Lorentzian

tering proces$12]. The scattered intensity is written in the lines; afastone, with a half width of 40 cm* (nearly tem-

form perature independentand aslow one ranging from about
., 1.7 cm ! (T=—20°C) to about 8 cm?! (T=50°C). The
| T gy ety 5% - slow contributionAw=1.7—-8 cm ! is known to be related to
lvh f_x dt & T Sy (k,0) 5axy(k,t)>sm2( 6/2) the rotational motion of water molecules, and more precisely
. to the hydrogen bond lifetimgl5-17. The corresponding
+(0ay,(k,0)day,(k,t)cog 6/2))}, (1) relaxation time follows an Arrhenius temperature depen-

dence with an activation energy that corresponds to the hy-
where brackets denote a thermodynamic averagedamthe  drogen bond energhl8].
scattering angle. Theé,y(w) spectrum also takes into ac-  The physical origin of thefast contribution (Aw=40
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FIG. 1. Typical DRLS spectrum of a water-methanol mixture. 00 02 04 06 08 10
The continuous line represents the best fit with the instrumental X (Molar Fraction)
resolution and the two significative physical Lorentzian contribu-
tions (dotted lines. FIG. 2. Hydrogen bon@HB) relaxation timer, versus methanol

_ . . molar fraction for the different studied temperatures.
cm 1), first reported very recentlyi 6], is not clear yet; how- P

ever, it may be related to the correlations of reorientationatentration where thermodynamic quantities of the mixture
modes of water moleculd4.9] or to collision induced light show unusual behavior, ascribed to hydrogen bonding
scattering generated by dipole-induced dipole mechanisni4,5,10-12 that governs all interactions in the system. In
[16]. Our results for pure water are in complete agreemenparticular, we obtain a marked slowing down of this relax-
with literature datd16]. From our measured spectra we con- ation time in the same concentration range where minima of
clude that theslow contribution depends strongly om, the excess of volume, diffusion coefficient, and excess of
whereas thdast contribution is nearly independent of tem- enthalpy have been observed.
perature. In addition, the experimental error of #h@w con- (b) A strong temperature dependence which, within ex-
tribution is quite small(+=0.2 cm %), thus allowing precise perimental error, is present for all the concentrations studied,
data analysis, while the error corresponding to fdst con-  whereas the behavior of pure methanol is nearly temperature
tribution is very large(==10 cm %) and strongly depends on independent.
background subtraction. Being the microscopic bases and the Overall, the data behavior suggests that we observe a dy-
phenomenon that originates tffeest dynamical contribution namics that can be directly related to hydrogen bonding.
far to be completely understood, a very careful analysis oBoth these results, in fact, are in complete agreement with
the pure water spectrum as well as the aqueous solution speidD simulations[11,12] and do not contradict the neutron
tra is required. However, bearing in mind the large uncerexperiment13]. More precisely, looking at the dependence
tainty in the values obtained it is difficult to consider specu-of 7, on X, we observe that the maxima in this relaxation
lative interpretations of this high frequency band. Thistime have the same behavior and give about the same values
suggests that great care has to be exercised in the data analyithin experimental errojsas the hydrogen bond lifetime
sis of the present DRLS experiment. We may isolate withcorresponding to water-water interactions calculated from
confidence from the data obtained only the behavior of theviD [11]. In particular, this MD computer simulation showed
slow contribution. In particular, following what can be de- clearly that among the four hydrogen bond lifetimeater-
duced from DRLS data for pure water, we will try to discussmethanol, methanol-water, methanol-methanol, and water-
the actual data in terms of the hydrogen bond relaxation timevaten only the water-water lifetime displays a marked maxi-
7 (obtained from the corresponding linewiglth mum in the equimolar mixture, whereas the other ones
Figure 2 reports the values af obtained as a function of increase withX.
the methanol molar fractioX for the different temperatures In addition, also for solutions with a large content of wa-
studied. As can be seen, there is a strong dependene onter moleculegX=0.1) there is a significant freezing of the
andT of 7,. The main findings are the following: measured relaxation time compared with the one correspond-
(@ A maximum is present for all temperatures at the saméng to the ideal solutior{represented roughly by a straight
methanol molar fractioX=0,4), i.e., at about the same con- line connecting the water and the methanol valuéfswe
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4.0x10° ‘ : , : , : ‘ . methanol interactions are more relevant; in addition the cal-
culated water-methanol hydrogen bond has the longest
¥ methano! ® water lifetime.

As is well known, the behavior of bulk water is domi-
nated by a tetrahedral arrangement of molecules, i.e., by
molecules that form four hydrogen bon¢st T=25 °C the
percentage of four-bonded molecules is about p5%¢ith
decreasing temperature, the fraction of tetra-bonded mol-
g ecules increases. All theoretical modét®ntinuous or dis-
crete developed for watef4] refer to this tetrahedral coor-
dination of molecules. For example, percolation concepts
have been used successfully to explain the anomalies ob-
served in the supercooled state. In particular, this increase in
the fraction of tetra-bonded molecules is due to a clustering
of four-bonded molecules that give rise to correlated perco-
lating patcheswvhose size increases with decreasing tempera-
= ture [4]; the structure of such clusters of four-bonded mol-
4 ecules is less dense than the remaining aggregates composed
of the other four speciedree, one-, two-, and three-bonded
molecule$. For pure water, this increase in tetra-bonding, as
i the temperature is lowered corresponds to a slowing down of
the hydrogen bond dynamigse., an increase in the hydro-
6.0x10" - O X=0.03 A X=0076 © X=009 gen bond lifetimer, [15,16)).

v X=010 o X=011 © X=0.166 In our case, the addition of methanol seems give rise to
5.0x10° | B X=025 & X=0.50 . analogous effectdrigs. 2 and B the hydrogen bond lifetime
O S R strongly increases especially in the concentration range O to
3.1 3.2 33 34 3.5 36 0.2. This overall behavior is related to the water-methanol
10%IT interactions via the hydrogen bond and, in particular, agrees
with the MD results concerning the number of hydrogen
o . ] bonds per molecule in solution and with the acceptor char-
_ FIG. 3. Logarithmic plot(for the different studied concentra- acter of the two different molecules in solution. It can be
tions X) of the 75 values versus T/ considered as a significant goal of the MD simulation the
observed dependence of these two latter quantities with the
regard as correct the mean result of the MD simulafibi], composition.
i.e., that the dynamical slowing down is entirely due to the At low methanol concentration, the acceptor character of
hydrogen bond lifetime involving water interactions, our ex-the solute is enhanced; this is attributed to the way in which
perimental result proves the existence around the methanwulater molecules distribute around methanol molecules, such
molecules of a hydration shell comprising a finite number ofthat the number of four-coordinated water molecules stays
water molecules. However, a direct confirmation thatep-  nearly constant but the number of three- and two-coordinated
resents the hydrogen bond lifetime of the water-water interones increases. The net result of this is a less dense water
action can be obtained by comparing the temperature depestructure(i.e., a moreopen structure similar to the super-
dence for different concentrations, with that obtained forcooled ond4]). This can also explain the results of neutron
pure water and pure methanol. diffraction experiments performed a=0.1 where a well-

In Fig. 3, for each measured, the 7, values versus I/  defined tetrahedral local coordination in the water structure
are reported in a logarithmic plot. It is seen that all solutionss observed.
with concentrationX<0.1669, i.e., solutions in which there Further increase of methanol concentrat{with its con-
are at least five water molecules around a methanol molsequent increasing number of hydrophobic methyl grbups
ecule, show the same Arrhenius temperature behavior ag to X=0.5 leads to a decrease of the number of four-
pure bulk water. For solutions of greater methanol conceneoordinated water molecules but increases the number of hy-
tration, and, in particular, the equimolecular mixture, thedrogen bonds related to changes in the water-methanol coor-
temperature dependence measuredfois quite different.  dination. The result is an overall increase in the number of
Since for these concentrations the number of molecules dlifferent bonds and consequently in a slight increasesin
the different compounds is comparable, we can assume thitowever, the change in coordination numbers around the
in this case the observed dynamics is strongly influenced bgquimolecular composition, and therefore in the type of hy-
the water-methanol hydrogen bond interaction. Also, in thisdrogen bond interaction, is reflected in the temperature de-
latter case, we find an agreement with the findings of thependence of the measured lifetime. At larger concentrations,
cited MD computer simulation cited above, which show thatin addition, the donor character of water is dominant whereas
for low methanol concentrationX<0.2, the number of hy- in pure methanol the two-coordinated molecular association
drogen bonds per molecule is entirely due to the water-wateis prevalent. The addition of water to methanol causes a
configurations, whereas around the equimolecular concentrgradual decrease in the number of two-coordinated mol-
tion the effects of the water-methanol and methanol-ecules and a simultaneous increase in three-coordinated spe-

3.0x10°

2.0x10°

1.6x10% |-

7 (psec)

100 |-
2.0x10 |-

8.0x10°"

7.0x10°" -




1724 MICALI, TRUSSO, VASI, BLAUDEZ, AND MALLAMACE 54

cies. This explains the observed decrease,ofThe picture than those in pure water at the same temperature, indicating
proposed here agrees with the results of the self-diffusiom more stable water structure. For higher methanol concen-
experiments in which a well-defined minimum is observedtrations the mixture properties can be related to the water-
[20]. For water, the diffusion process is described in terms ofmethanol correlation, in agreement with MD experiments
jump diffusion with a resident time that is just related to theperformed on the same system.

hydrogen bond lifetimé¢21]. In conclusion we should emphasize that all the phenom-
ena observed are entirely related to the hydrogen bond dy-
namics and that they occur on a picosecond time seater

) ] and water-methanol structures persist only for these jimes
In summary, we have performed depolarized light scatterthe pRLS results presented suggest that the thermodynamic

ing experiments in methanol-water mixtures and we havgnomalies observed by mixing water with hydrophobic spe-
obtained information on the water dynamics around the algjes are dynamical rather than structural in origin.

cohol molecule. Specifically, we conclude that water, for wa-
ter rich solutions, is arranged in shells around methanol mol-
ecules (a finding in accordance with recent neutron
diffraction results at lower methanol contentén addition

we have observed that inside the shell, the dynamical prop- D.B. thanks the Commission of the European Community
erties of the system are related to the water-water hydrogefor financial support from the program “Human Capital and
bond lifetime. At the concentrations investigated, the donoMobility.” The work of F.M. and D.B. was supported from
character of water implies hydrogen bond lifetimes largerthe Istituto Nazionale di Fisica della Materia, Italy.

IV. CONCLUSIONS
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