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We have determined the complex dielectric spectra of ethanol/water mixtures°&t {4 the nine molar
fractions of ethanolXea = 0.04, 0.08, 0.11, 0.18, 0.3, 0.5, 0.7, 0.9, and 1.0, in the frequency range 0.1
vIGHz < 89 using TDR in 0.1< v/GHz < 25 and waveguide interferometers in ¥3v/GHz < 89. At 0.3

< Xea =< 1.0, a three-step relaxation model turns out to be most appropriate. Besides-aCCla@eelaxation

for the dominating low-frequency proce$s< 1), assigned to the cooperative dynamics of the H-bond system,
which exhibits a pronounced increase of its relaxation timexyhen going fromXega = 0 to 1, two additional

Debye termsj(= 2 and 3) with the relaxation times of ~ 10 ps andr; ~ 1—2 ps are required to reproduce

the high-frequency part of the spectrum. In view of the well-established relaxation mechanisms of pure liquids,
these high-frequency processes can be validly assigned to the motion of singly H-bonded ethanol monomers
at the ends of the chain structue= 2) and the flipping motion of free OHj (= 3), respectively. The
unusual increase of the amplitude, with decreasindg{ga in ~0.5 < Xga < 1.0 suggests insertion of water
molecules into the zigzag structure of winding H-bonded ethanol chains resulting in a reduction of the average
chain length and an increase of the number of end-standing ethanol molecules that can contribute to the
7-mode. AtXega < 0.3, 7; rapidly approaches, and A¢; — 0, so that the intermediate ethanol monomer
processj(= 2) becomes inseparable while the fast switching processwyithl ps can always be resolved.

The analysis of the effective dipolar correlation facip, revealed that the parallel arrangement of dipole
vectors of ethanol molecules is fairly disturbed by the presence of a small amount of water. Water has a
strong perturbation effect on the ethanol hydrogen-bonding chain structure in the ethanol-rich region of 0.3
< Xga < 1.0.

1. Introduction tion of the H-bond rearrangement dynamics, owing to its
Due to the amphiphilic nature of monohydric alcohols, they inherent ability to monitor the cooperative motior_1 of a molecular
interact with water through hydrogen bonding and at the same €nsemble through the response of the total dipole moment of

time seem to induce so-called hydrophobic effects on the natureSamples to a time-dependent electric field via the complex
of water in the vicinity of the nonpolar alkyl group, which is ~Permittivity spectrume*(v) = ¢’ — ie". In ref 33, the recent
manifested by a large enthalpy gain and an even larger entropydevelopment of DRS in liquid-state studies was thoroughly
loss1 ¢ Since alcohol/water mixtures are recognized as the recapitulated. While this method is being applied to more and
simplest yet typical prototype of biomolecules and micelle- More complicated systems (see ref 55 for examples), a consistent
forming systems, they have been Subjected to a number ofdescription Ofe*(v) for alcohol/water systems that can Iay the
experimental and theoretical studfed? According to recent  basis for the better understanding of other H-bond systems is
results?2-24.27.33-49 the time scales of the cooperative relaxation Still lacking. This has given rise to incoherent interpretations
process of H-bond liquids not only for water but also alcohols and opposing views of the cooperative dynamics in these
and their mixtures are generally governed by the probability systems and to difficulties in connecting some DRS results to
that molecules in the systems find a new H-bond partner, so inference from other method$.2>2%-32 The main source of the
that the density of hydrophilic (i.e. H-bond donor and acceptor) problem appears to be a too simple assumption on the shape of
sites is one of the dominating factors. Especially Kaatze and the spectra and/or an excessive emphasis upon numerical aspects
co-workerg#-27.39-425051made considerable efforts to combine of the applied fitting functions without providing sufficient
the results of dielectric relaxation experiments with the concepts statistical information, neglecting the necessary conformity
obtained from computer simulations by systematically compar- between the relaxation behavior of the pure solvents. Incomplete
ing the relaxation times of various H-bonding liquids and binary understanding of the relaxation behavior of the pure components,
systems plotted against the concentration of H-bond donor or an insufficient frequency coverage, and accuracy of the data
acceptor sites. The technique of dielectric relaxation spectros-may have been problematic in earlier works.

copy (DRS}"27:29-4350-701s especially suited for an investiga- Recently, Bowron, Finney, and Soper performed the neutron
*To whom correspondence should be addressed. E-mail: sato@ difffaction (ND) studies ontert-butyl alcohol (TBA)/water
polymer.phys.waseda.ac.jp. mixture$® in the water-rich region and pure TBA using the
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EPSR modeling procedure for data analy8i&owron et al. of the complex dielectric permittivity*(v), for which, different
extended these investigations to a concentraedbutyl from the conventional approach, the independent electric cell
alcohol(TBA)/water mixture using the same methHéds the lengths for standard and unknown samples were used for the
sequels, Dixit et al. performed ND studies on dildtand a Fourier transform of the differential waveform between the
concentrate aqueous methanol. According to the obtained reflected pulses from standard and unknown samples.

water oxyger-oxygen radial distribution function (RDF), the Note that conventional assumptions that the electric cell

water structure in the vicinity of a hydrophobic solute is not length, d, is basically equal to a mechanical pin length of a
perturbec??1213 These results may challenge the generally conductor cell, andl = 0.01 mm is a sufficient approximation
accepted traditional concept of a structural enhancement of thefor a flat-end capacitor cell with a zero mechanical length need
hydrogen bond network of water by hydrophobic solutes, the urgent correction. Especially the latter may have caused
so-called hydrophobic hydration, originating from Franks and deformation of a water-rich spectrum shape especially marked
Evanst at highv in earlier TDR studies. Although it is said thaican

To be able to make a contribution to this essential subject be estimated from the high-frequency part of a standard
from the viewpoint of cooperative and molecular dynamics, it spectrum, it is not trivial to estimatd accurately for the
is urgent to establish a reliable model for the dynamics of conductor cells only from standard measurements. However,
alcohol/water mixtures. The goal of this study is to work out a even the empirical correction of = dmech + Ad, whereAd is
numerically well- based but at the same time physically realistic an arbitrarily added correction term 6f0.3 mm considering a
relaxation model for ethanol/water mixtures that can consistently leakage of an electric field, is not always sufficient. We
explain the concentration dependence of #év) spectra determined the cell constagd from the extrapolated static
measured up to 89 GHz over the entire mixing range and permittivity of standard samples, whegds the normalization
simultaneously conforms to the well-established models for the coefficient of the characteristic impedance between the feeding

relaxation behavior of the pure solvents. line, Zy = 50 Q, and the sample sectiod, We calculatedy
using the following equations according to Buchner’s sugges-
2. Experimental Section tion %3
The Complex Permittivity Measurements. The solutions 1 fu |
were prepared by weight from A-grade reagent ethanol (Wako z=— /2 |n(—2) 1)
and Merck) and Millipore water. The ethanol sample was used 21y € \ly
as received. We have determined #1év) spectra of ethanol/
water mixtures at the molar fractions of ethangi, = 0.04, an
0.08, 0.11, 0.18, 0.3, 0.5, 0.7, 0.9, and 1.0 at°@5in the .
frequency range 0.k v/GHz < 89. Time Domain Reflecto- 9=2/2, @)

metry (TDR}7-23:53.62yyas employed in the frequency range of . .
0.1 syg//GH)zl < 25 and the QI’DyR data wereqcomginedgwith wherel; andl, are the diameter of the inner and outer conductor

those obtained with the three waveguide interferometers in the ©f the cell, andeo anduo are permittivity and permeability of
Ku, A, and E banef covering 13< v/GHz < 89. For ethanol the vacuum, respectively. From the experimentally obtained cell

(Xea = 1.0), the TDR datain 0.k v/GHz < 25 newly obtained ~ constantgd, and the calculated, the electric cell lengthd,
in this study were combined with the interferometry data of was estimated. We think that this is the best possible method

Barthel et aP35Lin 0.9 < v/GHz < 89. Temperature control so far. Actually only this method can provide a perfect match
was made with an accuracy £0.02°C for TDR measurements among spectra measured by a number of conductor cells with
and=+0.03°C for interferometry. We confirmed that TDR data variousdmecn 11, andl values in the overlapping measurable
completely match with Ku-band (13 v/GHz < 17.5) inter- frequency range.

ferometer data in the overlapping range for all the investigated As for the flat-end capgcitor cell without an extended outer
solutions and are smoothly connected to A-band £27/GHz conductor, the method suitable for the conductor cells mentioned

< 39) and E-band (6& v/GHz < 89) data. The basic part of abqve needs modifications. Equations 1 and 2 are not pgrfectly
the experimental setup for TDR and the waveguide interfer- valid due to complicated qukage eff_ects pf an electric field at
ometers and of the measurement procedures and the accurac%ﬂe flat end of t.he cell: In this case, iterative measurements of
of the data have been discussed elsewherd:53:54.62 e samples with a high loss peak frequency such as water,
The New TDR Procedures.n this study, we have applied acetone, acetonitrile, and so on, whose high-frequency data

the updated advanced techniques to TDR measurements. Wéespﬁcllafllyl ?'elﬁfmc Itc_)ss)tgre (\]/jer¥hsen3|tlve to tthe v?lud],(of
employed theime-window diided modified directethod (the f‘hrs ﬂaetf’eﬁ § ‘C’;" v‘ji tff;”;2r'grr‘neéhan‘?cgf’fgr?p{r']a;ngaauze 2‘_’r;m
TDMD method), in which wave forms of the reflected pulse diameter isd ~ 0.29 mm. beina fairl d'ffg tf .th
from standard and unknown samples were recorded by using . i ! g farly dierent from the
multiple time windows with a short time/div of a digitizing cower;ponad —3.01fmm."The VaIije 9 'SI flxeﬁ fo\;vthqule)- ¢
oscilloscope (HP54120B) with optimized different delay times tcﬁ' Jathln pr?fﬁ ure orda typels 0 sr?mpe cells. Ve will repor
for the individual divided time windows, and these planes were € detalls of the procedures elsewnere soon.

combined into one wave form to increase a time resolution of
the time domain measurements and simultaneously to maintain
the total length of time windows for the sufficient low-frequency ~ Using a nonlinear least-squares fitting procedure based on
limit. We carefully took static permittivity«) dependence of  the GaussMarquart algorithm we thoroughly tested various
the electric cell length of the conductor and flat-end capacitor conceivable relaxation models,

cells?362d, into account, referring td estimated from iterative

measurements of various standard samples as a functien of " Ag;

which we call thed(¢)-calibration procedure. In addition, we e(v) =€, + Z— 3)
employed the independetiourier transform for the calculation =1+ ('277ij)ﬂ’]a'

3. Data Analysis
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Figure 1. Dielectric dispersiong'(v), and lossg'' (v), spectra of ethanol/water mixtures at 25 [Xea = 0 (a), 0.08 (b), 0.18 (c), 0.5 (d), 0.9 (e),
and 1.0 (f)] determined with TDRX) and waveguide interferometr®j. (a) Xea = 0O, the spectrum of water in 04 v/GHz < 561, was obtained
in ref 37; TDR data®©) and waveguide interferometry da®)( including the interpolated far-infrared dat&)(in 195 < v/GHz < 561 of Rgnne
et al®® and TDR dataf) of Sato et af? For (f) Xea=1.0 (ethanol), newly obtained TDR daf@)(in 0.1 < v/GHz < 25 were combined with the
interferometry data®) of Barthel et af® in 0.95 < v/GHz < 89.

based on a superposition nfHavriliak—Negami (HN) equa- 4. Results and Discussion
tions, or its variants, DavidsefCole (DC), Cole-Cole (CC),

or Debye (D) equation%, to fit the experimental complex
permittivity spectra. In the models ttj#h dispersion step &

1, 2, ...,n) is defined by its relaxation time; (z; > 7j+1), and
relaxation amplitudeAe;, wheren is the number of separable
dispersion steps;. is the infinite frequency permittivity, and

0; andp; are shape parameters representing an asymmetric an
a symmetric shape of a spectrum, respectively. The (extrapo-
lated) static permittivityes, can be defined as

In Figure 1, we display the*(v) spectra of the ethanol/water
mixtures at 25°C atXga= 0 (a), 0.08 (b), 0.18 (c), 0.5 (d), 0.9
(e), and 1.0 (f), which visualize the quality of the data and the
consistently excellent fit. For the endpoints, the spectrum of
pure water Xea = 0) in 0.1 < v/GHz < 561?27 including the

d’nterpolated far-infrared data in 195 v/GHz < 561 of Rgnne
et al38 were adopted, and for neat ethangt{ = 1.0), the TDR
data in 0.1< v/GHz < 25 obtained in this study were combined
with the interferometer data of Barthel ef?&P?in 0.95< v/IGHz
n < 89.
es=limew)=e, + ZAEi (4) The relaxation time of water for the main dispersion
= step, 71 &~ 8 ps at room temperature, reflects the time
scale of the cooperative rearrangement of the H-bond
We fitted eq 3 simultaneously to the dispersieh,and the network?2:2327,34,3638,43-47,50-52,60 Barthel et al3* analyzing
loss,e”, of the measuree*(v) spectrum to obtain the absolute their interferometer data together with far-infrared results of
minimum value of the reduced error functig, Hasted et al’ were able to separate an additional high-
frequency process with a relaxation timmg < 1 ps at room
Xz = temperature. Assuming that water molecules with four, three,
N N and two H-bonds are trapped into the H-bond network to be
' ()Y 0e () + ") S 0¢" ()?| (5) released only when all but (maximally) one hydrogen bonds
2N-—m—1 = = are broken, the relaxation timewas interpreted as the dwelling
time of a HO molecule until it is released and can rapidly rotate
wherede'(vi) and o€’ (v;) are the residuals for the dispersion, with 7, into a different favorable configuratici?.2336Note that
€', and the loss¢”, N is the number of data triples;( €', €"), according to this studyg; andt, are characteristic times for
m is the number of the adjustable parameters, @(d) is the two subsequent steps in a single chain of events leading to the
weight function. reorientation of an individual water molecule, but amet

r—0
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indicators of two coexisting substates of water in the liquid. 328.15 exhibits a clear tendency to increase with decreasing
This interpretation may contrast with that of Okada etavho temperaturé? Kalinovskaya and Vij showed that this also holds
made dielectric relaxation measurements on water and heavyfor 5-methyl-2-hexanol in the supercooled liquid and glassy
water in 0.04< v/GHz < 40 in the whole fluid by the use of  states in 110< T/K < 2985 They concluded that the
the specially constructed apparatus based on a network analyzeiintermediate process originates in a rotation of the OR group
They suggested a two-state model, in which the liquid phase in the H-bonded chains, not a rotation of free molecules. If the
consists of a mixture of high-temperature liquid like a gaseous 7, process were essentially due to the rotational diffusion of
state and a strongly connected low-temperature liquid. Under alcohol monomers one would indeed expect an opposite
the assumption that bound water molecules and free watertemperature dependence A€, However, it is unlikely that
molecule have distinct relaxation times, they introduced a model the motion of these “free” ethanol molecules can be described

in which the observable; for water is given by the average as an isotropic rotational diffusion. Hints from MD simulations
= Tcol T faTip €XpHup/ksT), Wherezg is a collision time,fg suggest that this mode is in part connected with the formation
the fraction of bound water molecules, ang the inverse of of transient bifurcated hydrogen boR#@3%%7273and in analogy
the mean librational frequency of bound water molecules. to the situation in watéf it appears that this mode reflects the

Sufficient frequency coverage and accuracy especially for the ‘Telocking” of the “free” alcohol molecule into the hydrogen
high-frequency tail of spectra provide three relaxation processesPond system, but with different orientation and in a different
for monohydric alcohols around room temperature. Since the chain. o ) o
pioneer work of Garg and Smyth in the 66%their assignment As a major finding from the optimum fitting procedure, we
to the microscopic relaxation mechanisms has been discussedound that in the ethanol-rich region of 0=3Xea < 1.0, similar
frequently?2-2433.345256,61Thjs is in many cases corroborated to pure alcoho_ls, a three-step relaxation model_ is requwed to
by the dielectric relaxation behavior of supercooled monohydric describe consistently the*(v) spectra of the investigated
alcohols, investigated by Bra@iFischer566 Hanserf® Vij, 6769 mixtures |n.0.15 vIGHz < 89. The superposition of.the Cete
Joharis869and their co-workers, where three processes can be C0le equation for the low-frequency main dispersion sjep (
observed even when the temperature is close to the glass-t) @nd two additional high-frequency Debye<(2 and 3) terms
transition temperature. Brand et4lstudied pure ethanol in  With 72~ 10 ps andrs ~ 1—2 ps, hereafter the “3CC” model,
the frequency rangei3< v/Hz < 500 M at temperatures 49 turns out to be most appropriate,

T/K < 230, in which the seconf process was identified as

the excess wing from the main dispersion. If the relaxation times ¢x(y) = ¢+ I N (6)
of the slowesty, the intermediatg, and the fastest processes Y14 (i2mvr)  1tiZovr,  14i2wvr,

of ethanol obtained in the supercooled temperature range are

extrapolated to a high-temperature range, they are smoothly In the water-rich region of G= Xga< 0.3, Aez — 0 andr;
connected to the cooperativie=t 1), intermediate monomej ( approaches; for vanishing ethanol concentration, so that the
= 2), and fast OH flippingj(= 3) processes in the three-Debye intermediate process € 2) is no longer separable. Here, the
model at room temperatufé>? respectively. €(v)* spectra are best modeled by the superposition of the-Cole

The low-frequency main dispersion step= 1) with 7 Cole equation for the main dispersion stgp=( 1) and an
ranging from 51 ps for methanol to 350 ps for 2-propanol at additional Debye equation for the fast switching procgss (
room temperature reflects the cooperative motion of H-bonded 3) with 73 ~ 1 ps (the “2CC” model),
alcohol moleculeg?36:5twhich is attributed to the “interaction
dynamics” between different hydrogen-bonded chains. In light *(v) = e, + Aey + Ay 7)
of the accumulated experimental informatfi$e—3540.42.5%he ARG 1+ (i2mvr,)!  1+i2wvz,
time scale forr; is governed by the strength of the H-bond as .

well as_by the_ availability of alternative H-bond sites able to (Although the number of distinguishable dispersion steps is 2
react with the just-released H-bond acceptor or/and donor. Thejp, this region, we continue to use the notatiorj f 1 and 3 to

Ae; Ae, Aegy

comparison of pure 1-propanol and 2-prop&he}*">%and their  jgicate the assignment to the main process and the fast
mixtures with 1-phenyl-1-propanol and 1-phenyl-2-prop&fl  gyitching process, respectively.) The results, summarized in
indicates that steric hindrance also plays an important role for Tapje 1, are consistent with our recent results of 2-propanol/
the cooperative modg € 1). water mixture$223 Table 2 compares the results of the fitting
Although the mechanism of the intermediate procg¢ss 2) procedure with various models. In Figure 2, we display the

with 7, ~ 10—20 ps is still open for discussion, it has been residuals of the fitdeX(v) = €X(¥)gata— €*(v)sit, for the ethanol/
assigned to the (not necessarily diffusive) motion of a singly water mixtures aXga = 1.0 (a), 0.9 (b), 0.7 (c), 0.3 (d), and
H-bonded end-standing alcohol monomers in the chain structure.Xges = 0.18 (e) for dispersione() and loss ¢"). The models
Without considering the existence of e 2 mode, the alcohol  chosen here as the most appropriate for physical reasons have
spectra can never be reproduced within the framework of a a solid statistical basis, whose validity is well-supported by [1]
superposition of the conventional relaxation functions and/or the consistently excellent fit for the entire mixing range as shown
distribution of relaxation time in a one-step relaxation model. in Figure 1, [2] the minimum variance as listed and compared
We found in the present study that a single-Debye model canin Table 2, [3] flat and nearly zero residual for the entire
reproduce the ethanol spectrum only up to 4 GHz, above which frequency range as displayed in Figure 2, and [4] good
the variance of the fit monitored at eaehsteeply increases  conformity to the well-established relaxation behavior of pure
and the residual defined @& (v) = €(v)gata — €(v)sit becomes solvents.

systematically negative for the real paet)(and positive for We display the relaxation times of ethanol/water mixtures,
the imaginary part{'). The fast procesg € 3) with 73~ 1-2 7j, for the individual processe$ € 1, 2, and 3) together with
ps was assigned to a flipping motion of free OH grot#Fs:3437:52 those for 2-propanol/water mixtuf@sas a function of alcohol
The amplitude of the intermediate proceAs,, of monohydric molar fraction, Xa, in Figure 3, the relaxation time of the
alcohols determined in the temperature range 248.1%K < cooperative process;, for various alcohol/water mixturés 23
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TABLE 1: Dielectric Relaxation Parameters for Ethanol/Water Mixtures in the “2CC” and “3CC” Models at Various
Concentrations at 25°C

Xea €s ‘[1/pS Aey by 'L’z/pS Aer Ta/pS Aes € XZ x 10
0.00 78.25 8.32 72.15 1.000 0.39 2.14 3.96 2.186
0.04 73.20 11.97 67.58 0.978 0.56 1.92 3.70F 4.190
0.08 68.30 15.85 62.84 0.958 1.12 1.86 3.60 F 5.090
0.11 64.79 18.97 59.34 0.954 0.65 1.90 3.55F 5.863
0.18 57.32 25.48 51.76 0.954 1.46 2.16 3.40F 5.104
0.30 47.73 35.98 42.45 0.940 7.44 0.86 1.25 1.49 3.14 2.642
0.50 36.94 59.57 31.07 0.934 9.50 1.79 1.08 1.21 2.87 3.091
0.70 30.81 94.41 25.39 0.956 8.91 1.44 1.39 1.28 2.70 3.035
0.90 26.50 142.2 21.73 0.988 9.57 0.77 1.97 1.32 2.68 3.652
1.00 24.47 164.9 19.94 1.000 10.4 0.74 1.69 1.19 2.60 3.243

aF indicates “fixed” for the fitting procedure.

TABLE 2: The Summary of the Results of the Fitting Procedure with Various Models: Dielectric Relaxation Parameters in Eq
3 for the Ethanol/Water Mixtures at Various Concentrations at 25 °C

model n/ps Aey o P Tlps Aey Taps Aes €w? r2x 10
[1] Xea = 0.08
(a) 1CC 15.64 63.57 1.000 0.952 4.82 7.079
(b) 1DC 19.44 65.21 0.812 1.000 2.69 5.436
(c) 1DC 19.44 65.21 0.812 1.000 2.69 5.436
(d) 2D 17.80 55.33 1.000 1.000 4.46 8.45 411 8.874
(e) 2CC 15.85 62.84 1.000 0.958 1.12 1.86 3.60F 5.090
[2] Xea=0.18
(a) 1CC 24.94 52.73 1.000 0.942 4.75 7.422
(b) 1DC 31.41 53.58 0.806 1.000 3.33 7.477
(c) 1DC 31.41 53.58 0.806 1.000 3.33 7.477
(d) 2D 28.62 45.29 1.000 1.000 7.10 7.09 452 13.06
(e) 2CC 25.48 51.76 1.000 0.939 1.46 2.16 3.40F 5.103
[3] Xea = 0.30
(a) 1DC 46.43 44.50 0.767 1.000 2.72 9.790
(b) 1HN 38.79 44.20 0.907 0.946 3.50 3.002
(c) 2D 41.79 35.83 1.000 1.000 10.4 7.32 4.06 19.74
(d) 3D 44.21 32.63 1.000 1.000 15.2 9.73 1.30 1.93 3.15 15.57
(e) 3CC 35.98 42.45 1.000 0.940 7.44 0.86 1.25 1.49 3.14 2.642
[4] Xea = 0.70
(a) 1DC 121.3 27.37 0.744 1.000 3.20 5.550
(b) 1HN 118.6 27.39 0.760 0.991 3.24 5.245
(c) 2DC 117.3 27.00 0.773 1.000 1.23 0.93 2.59 3.547
(d) 2HN 105.0 26.74 0.857 0.968 231 1.11 2.86 1.584
(e) 2D 97.90 23.81 1.000 1.000 10.9 3.00 3.61 19.99
(f) 3D 110.0 20.43 1.000 1.000 37.4 5.24 3.44 3.06 3.06 6.405
(g) 3CC 94.41 25.39 1.000 0.956 8.91 1.44 1.39 1.28 2.70 3.035

aF indicates “fixed” for the fitting procedure.

against the molar concentration of H-bond acceptor siigs, model is used for pure ethand{gs = 1.0), this can reproduce
in Figure 4, and the relaxation amplitudess;; (j = 1, 2, and the spectrum only up te-4 GHz, but causes a large deviation
3), ande., for ethanol/water and 2-propanol/water mixtures at higher frequencies, giving a steep increase of the variance
plotted against the volume fraction of alcoh&|,, in Figure 5. with increasingv. The ethanol spectrum is asymmetric and
In earlier studies with data restricted tgax < 20 GHz, broader on the higher frequency side. However, when the 1DC
models based on a single DavidseBole equation (1DC) or ~ and 1HN modesl are used for the asymmetric shape, not only
in some case a single HavrilialNegami equation (LHN) were ~ does large deviation from the data points become especially
preferably used to represent the asymmetric shape of alcohol/marked atv > 10 GHz but also a strongly oscillating residual
water spectra in the alcohol-rich regidh3! These one-step ~ over the entire frequency range is produced as shown in Figure
relaxation models may have been a convenient and plausible2a, which clearly refuses the 1DC and 1HN fit for pure alcohol.
first approximation for the limited accuracy and frequency range. These findings prove that the deviation from the single-Debye
However, conformity to the relaxation behavior of pure behavior above-4 GHz cannot be interpreted as a distribution
solvent8452 was not seriously considered and no statistical Of the relaxation time but as the excess wing caused by an
information about the validity of the fit was provided. In fact, additional relaxation process. Only the triple-Debye (3D)
the deconvolution of the dielectric spectrum is not an easy task. modef23:33:34.37.526¢an resolve these problems for the spectra
We point out that it has to be done objectively but at the same obtained up to 89 GHz.
time it is highly important to get not only the small variance Next if we apply the 1DC and 1HN models to the ethanol-
with fewer parameters but also a complete set of relaxation rich mixtures such a¥ga = 0.9, 0.7, and 0.5; the situations, a
parameters with realistic values and without a breaking point. large variance and an oscillating residual, are completely the
Additionally, we note that to check the flat residual of the fit same as that for neat ethanol, as Figure 2 demonstrates. This
for the entire frequency range is quite important as a measureindicates the main characteristics of the neat alcohol spectrum
of validity of models. We monitored simultaneously the variance still remain for the alcohol-rich spectra and a similar relaxation
and the residual of the fit at each frequency. If the single-Debye mechanism should be operative. The pattern of the oscillation
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Figure 2. The residuals of the fitye“(v) = €X(v)data— €“(v)s, for ethanol/water mixtures aea = 1.0 (a), 0.9 (b), 0.7 (c), 0.3 (d), antéa = 0.18
(e), wherek represents a dispersioei)(and a lossq), and the subscripts “data” and “fit” denote the experimental data and the fit value, respectively.
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Figure 3. The relaxation timesg; (j = 1, 2, and 3), for ethanol/water | | ’l'f:" A ! ;
(closed symbols) and 2-propanol/water mixtdtgspen symbols) at 0 00 02 04 06 08 10
25 °C plotted against molar fraction of alcohdd,. Xya
T T —— Figure 5. The concentration dependence of the relaxation amplitudes,
1000E" 2pron E A¢j (j =1, 2, and 3), and the instantaneous permittivity for ethanol/
Eod EtOH ] water (closed symbols) and 2-propanol/water mixtr@pen symbols)
s 1 at 25°C determined from the data in 0<Llv/GHz < 89 plotted against
P | volume fraction of alcoholXva.
@ 100k 'PrOH i
Q-l F 3
:~ F . concentration dependence. As examples [4] in Table 2 show,
I water] the variance of 1DC and 1HN fits to odtf(v) rapidly increases
{ if the maximum frequency of the data used in the fit exceeds
10;‘ ‘ ~10 GHz and 1HN converges nearly to 1D6,— 1, for Xga
EL . T — .
o 5030 405060 0.9, 0.7, and 0.5. These models can never reproduce the entire

spectrum whernvya, reaches 89 GHz and exhibit systematic
] o ) ) deviations. Inclusion of an additional high-frequency Debye term
Figure 4. The relaxation times of the cooperative relaxation process, t, the 1DC or 1HN models (the 2DC and 2HN models in Table

74, for various alcohol/water mixtures at 26: ethanol/water obtained : . .
in this study ®) and in ref 17 ©), methanol/watéP (), 1-propanol/ 2) gives rather passable results in terms of the variance and the

water® (»), and 2-propanol/waté?3 (0 andm), plotted against molar ~ high-frequency relaxation time is rather similar to but longer

Cya/mol L'

concentration of the hydrogen bond acceptor site in the mixt@igs, thants of the 3CC model. However, especially for high ethanol
contents, such @4 = 0.9 and 0.7, the absence of the alcohol
shows a change with increasing water contenkga > 0.3. monomer process, ~ 10 ps, in these models is in variance

We found that among the various models tested, only the 3CC with the well-established triple-Debye (3D) relaxation behavior
model in the alcohol-rich region and the 2CC model in the of pure alcoholg223:33:34,37.52,63

water-rich region (irX < 0.3, the intermediate process becomes  In the water-rich region of 6< Xga < 0.18, the shape of the
inseparableAe, — 0), but it is natural to think that this is due  spectra gradually deviates form the Debye type with increasing
to low alcohol content) satisfy the required conditions, giving Xga. To obtain a small variance with the 1DC model for the
excellent results of small variances, flat residuals close to zerospectra up to~20 GHz, unusually small values of the
in the entire measurable frequency range, and a complete setnstantaneous permittivity., are required. In view ofAez =

of the relaxation parameters which can consistently explain the 2.15 ande,, = 3.95 for pure wate#?37 ¢, < 3 for the water-
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rich mixtures without the high-frequency process is apparently
too small. The combination of the 1DC model and quite small

J. Phys. Chem. A, Vol. 108, No. 23, 2008013

lowest alcohol concentration where this dispersion step could
be resolved. The small amplitudde, < ~2, remains com-

€» does not necessarily mean that the spectra are asymmetripatible with that of pure ethanol. This suggests that the

but may indicate a nearly symmetric shape. The 1CC model
yields reasonable values af ~ 5 for the same concentration
range, which are compatible with, ~ 5.7 determined with
the 1D model for the water spectrum #pax ~ 25 GHz and
also withAez + €., obtained with the 2D model farax = 561
GHz 223738 |n addition, the earlier assumption of the electric
cell lengthd = 0.01 for a flat-end capacitor TDR cell may have
led to artifactual asymmetric shapes of spectra especially for
water-rich solutiong?20Although the spectrum is not perfectly
symmetric, a single CoteCole equation (1CC) is almost
sufficient below ~40 GHz. However, marked systematic
deviations appear for this model at> 60 GHz as indicated
by the circle in Figure 2e. A high-frequency Debye term must
be added to the CoteCole equation for the main dispersion
step, i.e., eq 7 is obtained. Due to the lack of far-infrared data,
the e, determined for the water-rich mixtures are rather noisy,
which influences the determination of and Aes. To improve
this situation for 0< Xga < 0.18, we linearly interpolated.

as a function of ethanol volume fractioXyea, between the
values of watere.(H,0) = 3.95223%and thee,, obtained with

eq 6 for the mixtures at 0.8 Xga < 1.0 (Table 1). By presetting

€. to the interpolated values in the fit, the 2CC model yields
improved 73 and Aez values with a smooth concentration
dependence foXga < 0.18.

In view of the fact that; andAe; exhibit a smooth transition
from pure water€; = 8.27 ps,Ae; = 72.32) to ethanoltg =
143 ps,Ae; = 19.98) as shown in Figure 34 and Figure 5
(A€1), the main dispersion steg & 1) of the mixtures is
governed by a cooperative nature. The main dispergienl()
can be assigned to the cooperative relaxation of the H-bond
system composed of both water and alcohol, in which the
motions of water and alcohol molecules cannot be distinguished.
As discussed in refs 22 and 28, can be interpreted as the
lifetime of a locally stable configuration. Figure 3 contrasts the
difference ofty(Xa) and 2(Xa) for different solute alcohols,
which means that the activation quantitie$!23 for the ;-
mode (the cooperative relaxation) clearly depend on solute
alcohols, and- in the mixtures as well as neat alcohols reflects
different alcohol molecular size. Taking up this different point
of view, Figure 4 tries to explain the concentration dependence
of 71 by generalization. The relaxation times, for various
alcohol/water systemis 22 plotted against the molar concentra-
tion of H-bond acceptor site§ya, are broadly on top of each
other. This substantiates the view that the time scale; 6§
generally governed by the availability of alternative H-bond sites

able to react with the released H-bond acceptor and/or donor.

However, we found that the behavior of is not completely
linier againstCya, and the deviation from the straight line
becomes most marked @ha ~ 45 mol L. The nonstraight-
forward behavior indicates that not only the mechanism
dominated by the number density of the H-bond acceptor and
donor sites but also the other effect caused by the specific

interactions between water and alcohol is operative in the water-

rich region. We point out that the finer difference @{Cna)

intermediate proces$ € 2) for the mixtures can be assigned
(at least mainly) to the motion of singly H-bonded end-
standing ethanol molecules in the chains if the assignment is
based on the accumulated information about dielectric behavior
of pure alcoholg223333437,52,6%9 The process possibly involves
bifurcated hydrogen bonds as a transition staté’3How water
contributes to or affects this mode when a small amount of water
is added to ethanol is of particular interest. The unexpected
maximum of Ae> around an alcohol volume fraction of
~0.75 Kea =~ 0.5, see Figure 5) suggests an initial increase of
the number of the end-standing ethanol molecules that can
contribute to thg¢ = 2 process. This may arise from the insertion
of H,O molecules into the zigzag H-bonded chain of alcohol
molecules. The results of a RISM study tant-butyl alcohol/
water mixtures support this pictuté The decrease ole; at

Xea < 0.5, leading to its disappearanceXah < 0.3, is mainly

due to low ethanol content and the speeding up of the
cooperative dynamics, that is; approaches,. Thus, for the
precision of our data the numerical separation of jhe 2
process becomes impossibleXai < 0.3 although a contribu-
tion of “free” ethanol molecules to the spectrum should continue
to exist and is reflected in the concentration dependence of the
Cole—Cole parameten3;, in this region.

As shown in Figures 3 and 5, the relaxation timeg, and
amplitude Aes, of the fast procesg €& 3) plotted respectively
against the molar fractioXga) and volume fractionXyea) of
ethanol show a smooth transition from ethanol to water,
suggesting that for the mixtures this process can be attributed
to the same moiety as for the fast processes of ethanol and water,
that is the fast switching of free OH groups, either on unbound
ethanol molecules or as singly H-bonded water molecules. In
the free-energy landscape determining the molecular dynamics
of alcohol/water mixtures both motions are almost equivalent
and indistinguishable by DRS.

The orientational polarization of a sampleleg — ¢.) is
determined by the magnitude of the dipole moment of the
constituting molecules, the number density of the dipolar species,
and correlations of the average dipole orientations, expressed
by the Kirkwood factor, gk, for pure liquids. From the
Kirkwood-Froehlich equatior! the effective dipolar moment
of the mixtures may be defined 8843941

€s— €, 265t €, KBTe,
(6, +2)° CNy

2 __
Hett —

(8)

€s

where kg is the Boltzmann constanty the permittivity of
vacuum,Na the Avogadro number, artthe total concentration
of dipoles. For the investigated mixtures this allows the
definition of an effective correlation factoges, as
_ 2 24 2 9
geff quef‘f (CW/"W CE/"E) ( )
where cy and ce are respectively the molar concentration of
water and ethanol, ancl= cw + ce. For the dipole moments

among different alcohol/water systems seen in Figure 4 and theof water, iy = 1.84D, and of ethanol;e = 1.68D, were used.

deviation ofr;(Cya) from the ideal linear behavior in the water-

As has been pointed otft;26:3%41this definition of a correlation

rich region are quite essential, which becomes clear when thefactor is a simplification since it averages over the per se

thermodynamic approach is appli€d??

With increasing water content the relaxation time of the
intermediate procesg & 2), 1, gradually decreases from
10 ps of pure ethanol te=7 ps at Xga 0.3, the

~

Ty ~

different water-water, water-ethanol, and ethanelkethanol
correlations. However, the determination of individual correla-
tion factors from dielectric data requires a number of assump-
tions’4 A problem in the calculation dfie is the choice of the
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Figure 6. The concentration dependence of the effective orientational

correlation factor,gesr, for ethanol/water mixtures® and O) and

2-propanol/water mixture§andm) plotted against the volume fraction

of alcohol, Xva. get Was calculated witl., determined for the spectra

in 0.1 < v/GHz < 89 (® andM) and with the squared refractive index

(n?) for e in eq 8 © andO) at 25°C.

instantaneous permittiviti~. Neither the result extrapolated from
the DRS spectra witlvmax = 89 GHz nor the square of the
refractive indeX® at optical frequencies is the optimum choice
because they apparently over- and underestiraateespec-
tively, which should incorporate all contributions but orienta-
tional polarization. In Figure 6, the concentration dependence
of gert for ethanol/water and 2-propanol/watert mixtédfgsotted
against the volume fraction of alcohofy,, is displayed for
both limiting cases. Although the magnitude and the slope of
Oett are different, a similar pattern appears for the concentration
dependence. Therefore, we believe that for alcohol/water
mixtures gert defined by eq 9 is nevertheless a reasonable
measure for the dipotedipole correlations.

Pure 2-propanol shows a larger valuegggf than pure ethanol
(at Xva = 1). 2-Propanol exhibits the relatively larger orienta-
tional polarizationy A¢j, than ethanol expected from the number
density of dipole. Although upon an addition of water to alcohol

Sato and Buchner

of nonpolar groups in a concentrated TBA/water system were
observed in the ND study of Bowron et al. For various alcohol/
water systems, as Sato et al. repoedl-23the excess partial
molar activation enthalpy and entropy for watéi&, and
ASy, at Xa ~ 1 become positive, originating in the increase
of AHE and AS® with increasing water content at the alcohol-
rich side. The water added to alcohol has a distinct effect of
enlarging the activation enthalpy and entropy of the mixtures
more than expected from an ideal mixing, which implies a kind
of structural enhancement. Combining all these features, here
we suggest that a water-induced hydrophobic interaction even
in the alcohol-rich side takes place, which is possibly connected
with and/or somewhat similar to the mechanism of an inverse
micelle structure formation.

On the other hand, starting form the water-rich side, with
increasing ethanol content, first two linear partsgef (Xea)
are observed with a change of slopeXai ~ 0.08, a critical
concentration also for the activation parameters;gf which
is followed by a pronounced nonlinear increaseggf at Xega
> 0.3. In the water-rich region corresponding Xa(molar
fraction of alcohol)> ~0.1, get for ethanol/water and that for
2-propanol/water coincide well with each other, but with the
rise of alcohol content, as the nature of alcohol becomes
gradually dominantges values for the two systems show clear
separation, the 2-propanol/water system always exhibiting
smaller values except fofa > ~0.9.

The above discussion shows that for ethanol/water mixtures
the description ok*(v) with the 3CC model at high and the
2CC model at low alcohol content is self-consistent and
physically valid. What remains here is a comparison with
previously published investigations that generally used other
relaxation models. Sudo et al. studied 22 kinds of alcohol/water
mixtures including sevral monohydric alcohol/water mixtures,
in which they used a single KohlrauseWilliams—Watts
(KWW) function to fit the spectra measured up+80 GHz3?
They observed systematic changes of the KWW distribution

Ae; increases due to an increase of the number density of dip°|arparameterﬁKWW, and attempted a physical interpretation of the

species, we found as shown in Figure 5 that first it gradually
increases with increasing water content i IXyp = ~0.75,
and then changes into a linear-like steep increasedrv5 >
Xva. Furthermore, an increasing schemeAef at the alcohol-
rich side is different for the different solute alcohols, the

2-propanol/water system showing a more gradual increase.

concentration dependence Bfww. We think that for mono-
hydric alcohol/water mixtures at least in the alcohol-rich region,
their Bkww involves contributions of the,-mode. Petong et
al2* used the double-Debye model (the 2D model) to describe
the spectra of ethanol/water mixtures measured up to 40 GHz.
Being consistent with our present results, they also found the

Strongly linked with these phenomena, as Figure 6 shows, Whenrz-mode witht, ~ 10 ps for the mixtures. To explaifte, ~

water is added to neat alcohols, the steep decreagg @fith
increasing water content iKya > ~0.7 appears, and this is

10 at maximum in their model, they assigned thgrocess to
singly H-bonded end-standing dipolar groups of both ethanol

more pronounced in 2-propanol/water mixtures than in ethanol/ 5,4 \water. We argue that singly H-bondedCHmolecules
water mixtures. This means that the parallel arrangement of ¢ontribute to thg = 3 process withrs = 1-2 ps in terms of

dipole vectors of the alcohol molecules resulting from the
hydrogen bonding to chain structures is fairly disturbed by the

the behavior ofr3 and Aes.

presence of a small amount of water, and the perturbation effects_ Conclusions

of water is larger for the larger alcohol. As we have mentioned,
in the corresponding concentration regidv,, assigned to the
contribution of end-standing alcohol molecufés?* increases

In light of the results of this investigation, a description of
thee*(v) spectra for the ethanol/water mixtures based on a single

despite decreasing alcohol content, suggesting an increase obavidsor-Cole (1DC) or Havriliak-Negami (1HN) model,

end-standing alcohol molecules as a result of production of shortfrequently used in earlier works, has turned out to be insufficient
alcohol chains due to insertion of water molecules into a zigzag for modeling the dynamics of monohydric alcohol/water sys-
H-bonded chain structure. According to the thermodynamic tems, as proved by thorough statistical approaches including

study of Koga et al%,in alcohol-rich solutions, the enthalpic
and entropic waterwater interactionsiH5yw and Sfww, bear
the relation 0> TS\ww > HEww, indicating that the water

simultaneous monitoring of the residual and the variance of the
fit. The dielectric relaxation behavior of the mixtures can be
essentially linked to the relaxation mechanism of the pure

water interaction is respectively repulsive and attractive in terms solvents in terms of the number of the separable dispersion steps,
of entropy and enthalpy, and the stronger enthalpic attraction the magnitudes of the relaxation time and amplitude of each
than the entropic repulsion will lead to self-aggregation of water relaxation process, and the concentration dependence of these
molecules. In fact, self-aggregation of water and tighter packing parameters. The main dispersion steg (1) is assigned to the
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cooperative dynamics of the H-bond system.varying from 19(27) Kaatze, U.; Behrends, R.; Pottel, RNon-Cryst. Solid2002 305
8.3 pr fo(; WaFer t?|_]|'6b5 pz for ethanol,(lja(;gely antrqlleﬁ bg. the .(28) Nakanishi, KBull. Chem. Soc. Jprl96Q 33, 793.

number density of H-bond acceptor and donor sites in the binary  59) Mashimo, S.; Miura, NJ. Chem. Phys1993 99, 9874.
mixtures, can be interpreted as the lifetime of a locally stable  (30) Mashimo, S.; Umehara, T.; Redlin, B. Chem. Phys1991, 95,
configuration in the energy landscape of the liquid. This low- 6257. - o

frequency relaxation is specific to the H-bond systems and ,(31) Bao,J-Z. Swicord, M. L. Davis, C. Q. Chem. Physl996 104
cooperative in natyrg, in.which the contributions of alcohol and (3é) Sudo, S.; Shinyasiki, N.; Kitsuki, Y.; Yagihara, 5.Phys. Chem.
water cannot be distinguished. The motion of ethanol molecules A 2002 106, 458.

at the ephemeral ends of chains of H-bonded molecules can be _(33) Buchner, R.; Barthel, Annu. Rep. Prog. Chem., Sect.200],
momtoreq [= 2) not onl_y for pure ethanol but also for,the ‘(34) .Barthel, J.; Bachhuber, K.; Buchner, R.; Hetzenaue€lém. Phys.
ethanol-rich mixtures withXea = 0.3. The concentration  |ett. 199q 165 369.

dependence oAe, suggests an insertion of water molecules  (35) Buchner, R.; Barthel, J. Mol. Liq. 1992 52, 131.

into the zigzag H-bonded structure. This mode may be connected__(36) Buchner, R.; Barthel, J.; StauberChem. Phys. Let1999 306
with the formation of transient bifurcated hydrogen bonds. The

.(37) (a) Pickl, H.; Buchner, R.; Barthel, J. Unpublished results. (b) Pickl,

fast switching motion of free OH groups, including a contribu- H. Ph.D. Thesis, Regensburg, 1997.

tion of a singly H-bonded water, can be resolvgd=(3) for

the entire mixing range. This mode monitors the rapid trapping
of the local ensembles in a new, temporarily stable configuration.
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