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Far-infrared spectra and associated dynamics in acetonitrile–water
mixtures measured with femtosecond THz pulse spectroscopy

D. S. Venables and C. A. Schmuttenmaer
Department of Chemistry, Yale University, 225 Prospect St., New Haven, Connecticut 06520-8107

~Received 4 November 1997; accepted 22 December 1997!

We report the frequency-dependent absorption coefficient and index of refraction in the far-infrared
region of the spectrum for mixtures of acetonitrile and water. The mixtures do not behave ideally,
and deviate from ideality most noticeably for mixtures that are between 25% and 65% acetonitrile
by volume. Two implementations of the Debye model for describing the dielectric relaxation
behavior of mixtures are compared, and we show that these mixtures are better treated as uniform
solutions rather than as two-component systems. We find an enhanced structure in the mixtures,
relative to ideal mixtures, but we do not find direct evidence for microheterogeneity. The Debye
time constant for the primary relaxation process for the mixtures is up to 25% longer than that for
an ideal mixture. ©1998 American Institute of Physics.@S0021-9606~98!52012-0#
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I. INTRODUCTION AND BACKGROUND

It is generally accepted that solvation and liquid dyna
ics are of fundamental importance.1–4 The primary reason for
the long-standing interest in this field is the large number
processes that occur in liquids and are significantly in
enced by the surrounding solvent. For example, the solv
dynamics govern the solvation of protons, electrons, mole
lar ions, and neutral species. Charge transfer can also
influenced by the solvent dynamics.5 The solvent affects the
ease with which reactants approach, and products sep
from, each other and thereby controls the rate and efficie
of many chemical reactions.6,7 In addition, the solvent acts a
a bath that can either supply thermal energy or accept ex
energy, depending on the reaction. The underlying liquid
namics are the common denominator for all these proces

Although the dynamics of many pure liquids have be
extensively investigated with both time domain and f
quency domain experiments,8–14 much less attention ha
been paid to mixtures of liquids, especially nondilute so
tions and mixtures of highly polar liquids. The focus of stu
ies of binary mixtures has often been on their deviation fr
ideal behavior. Usually, deviations from ideality are me
sured for thermodynamic mixing functions, although no
ideal behavior of properties such as viscosity, heat capa
and optical refractive index has also been investigated. M
lecular dynamics~MD! simulations and spectroscopic tec
niques, especially Raman, infrared, far-infrared, microwa
and NMR spectroscopy, have also been valuable in eluci
ing the structure and dynamics of mixtures. In the work p
sented in this paper we will study the behavior of mixtures
the far-infrared region of the spectrum using femtoseco
THz ~fs-THz! pulse spectroscopy.

Mixtures of polar and nonpolar liquids are often studi
in the far-infrared~FIR! by observing the behavior of th
polar component.15,16 This is possible because polar mo
ecules, having a permanent dipole moment, absorb m
more strongly than nonpolar ones, for which the on
infrared-allowed absorption mechanism is collision-induc
4930021-9606/98/108(12)/4935/10/$15.00
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absorption. In this paper, however, we consider mixtures
water and acetonitrile,both of which are highly absorbing
polar liquids.

Water and acetonitrile are very important solvents, a
water–acetonitrile mixtures find practical importan
through their use in reversed-phase liquid chromatograph17

The system has an upper critical solution temperature of
K at 0.38 mole fraction of acetonitrile,xAN ,18 but the liquids
are fully miscible over the entire range of compositions
temperatures above 272 K. The neat liquids each abs
strongly in the FIR below 1000 cm21, although their spectra
are qualitatively somewhat different: acetonitrile has a pe
at about 110 cm21, with a Napierian power absorptio
coefficient,19,20a, of 600 per cm,21 whereas H2O has a maxi-
mum Napierian power absorption of 3400 per cm ne
700 cm21, and a shoulder of 1200 per cm at 200 cm21.22

One of the most fascinating aspects of mixtures of wa
with other liquids is the effect of the additional compone
on the water structure. For instance, small concentration
nonpolar solutes tend to enhance the structure of water—
is the so-called ‘‘iceberg’’ hypothesis of Frank and Evans23

At intermediate compositions of water and nonelectroly
Naberukhin and Rogov proposed that the solute brou
about the formation of regions of enhanced water struct
~usually including some solute molecules! that are sur-
rounded by a more disordered mixture of water and so
molecules.24 They referred to this as ‘‘microheterogeneity.
The primary evidence for this suggestion was that both
enthalpies and entropies of mixing were negative at wa
rich compositions. The only way to simultaneously justi
the behavior of these thermodynamic quantities requires
the nonelectrolyte be accommodated in a more structu
environment without breaking many water–water hydrog
bonds.

Questions of structure have been central to studies
mixtures of water and acetonitrile, and microheterogene
behavior frequently has been assumed. As Fig. 1 sho
however, the thermodynamic behavior of water/acetonit
5 © 1998 American Institute of Physics
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mixtures differs from that of other water and nonelectroly
systems. In an ideal solution, the entropy increases due to
increased randomness rather than to a change in solu
structureper se, and the enthalpy of mixing is zero, since th
interactions of the dissimilar species are the average of
interactions of the two like species. In a typical water/orga
mixture, at water-rich compositions the entropy of mixing
actually negative, as is the enthalpy. This unusual beha
has been attributed to microheterogeneity. However,
thermodynamics of mixing for water/acetonitrile are quali
tively different from those of other water/organic mixtures25

The entropy of mixing is never negative, and the enthalpy
mixing is positive, except for a small region where the mo
fraction of acetonitrile is less than 0.04. These differen
make the adoption of the microheterogeneity concept qu
tionable for water and acetonitrile, and the unique thermo
namics of these mixtures is one of the reasons we wante
study this system further. We wanted to see if there was
clear evidence of microheterogeneity or clustering in the F
spectra. For example, would these clusters be well eno
defined to produce distinct features in the spectra? And h
would the dynamics of the system deviate from ideality?

There is a considerable, and often contradictory, body
work for the water/acetonitrile system. Thermodynam
properties of mixing have been reported in a number
papers.18,26–36 Moreau and Dohe´ret examined the density
partial molar volumes of mixing, viscosity, and activatio
energy for viscous flow,26 as well as the dielectric propertie
of the system.27 They divided the system into three structur
regions: forxAN,0.2, acetonitrile molecules occupy voids
the water structure, with no enhancement of the water st
ture; for 0.2<xAN<0.8, microheterogeneous behavior pr
dominates with large aggregates formed; and forxAN.0.8,

FIG. 1. Enthalpy and entropy of mixing for three aqueous mixtures a
function of the nonelectrolyte mole fraction. The dotted lines indicate
ideal mixture, for whichDH id mix50 and TDSid mix5x1 ln x11x2 ln x2,
wherex1 andx2 are the mole fractions of each species. The solid line w
the filled symbols isDHmix for acetonitrile, and the dashed line with ope
symbols isTDSmix for acetonitrile. The solid line without symbols isDHmix

and the dashed line without symbols isTDSmix for water/dioxan, a more
typical water/organic mixture~Ref. 25!.
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the acetonitrile structure is disrupted by water. They did
regard acetonitrile as a strong breaker of water structure.
viscosity data generated by Moreau and Dohe´ret based on
previous work by others28 were also used in studies b
Davis29 and Easteal.30 Regrettably, the primary data were n
sufficient to reproduce accurately the viscosity at high ace
nitrile concentrations~as Davis later pointed out31! so that
some of the conclusions from these papers should be tre
with caution. Apparent molar volumes and heat capacitie
the mixtures have been reported by De Visser a
co-workers,32 who considered acetonitrile to be a structu
breaker, owing either to intermolecular interactions, or
bulk diffusion which results in smaller water clusters. T
Kirkwood–Buff integrals of the system have been calcula
and indicate a strong tendency for each component
self-associate.33 This effect was most pronounced betwe
0.3 and 0.4 mole fraction acetonitrile, and was attribu
mainly to changes in the water structure.

Easteal studied the tracer diffusion coefficients of wa
and acetonitrile in the mixtures, and concluded that in m
tures containing 0.10 to 0.70 mole fraction acetonitrile t
water exists in a more structured form than in the n
liquid.30 Davis analyzed literature data of the excess v
umes, enthalpies, and viscosities, as well as excess diele
properties, in terms of a model based on three or four diff
ent structural compositions.29,31,34,35Based on his model, he
inferred that the mobilities of both components decrease
the mixtures.

A number of spectroscopic studies of water and aceto
trile mixtures have been carried out.37–43 Eaton and
co-workers37,38 used NMR and IR spectroscopy of the C
stretch to study the system. Their results suggest that ac
nitrile accepts two hydrogen bonds from water, a conclus
borne out by their molecular dynamics simulations of
water-rich mixture. Jamrozet al.39 and Bertieet al.40 also
used IR spectroscopy to study the CN and OD stretch
bands of the mixtures. They concluded that molecules in
solution tended to associate with like species, althou
strong hydrogen bonds did form between acetonitrile a
water. The water structure was slightly weakened, a
dimers, trimers, and higher oligomers of water were form
From a Raman study of the CN stretch, Rowlen and Ha
believed that acetonitrile existed in two forms in the mi
tures, neither of which involved hydrogen bonding.40 Aceto-
nitrile molecules interacted strongly with each other, even
low concentrations, and self-association was favored
acetonitrile-rich compositions. Stoevet al.42 studied the CN
stretch with both IR and Raman methods, and found t
acetonitrile–water interactions were strongest nearxAN

50.4, and the amount of monomeric acetonitrile excee
that of associated acetonitrile. The NMR work of Goldam
mer and Hertz43 produced evidence of microheterogeneity
the mixtures based on reorientational time constants. Wa
acetonitrile interactions were weak, although small amou
of acetonitrile led to an increase in the structure of the so
tion.

Perhaps the least ambiguous picture of the structure
dynamics of the system has been produced by computati
work,44–46 especially molecular dynamics simulations.47,48
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The detailed MD simulations of Kovacs and Laaksone49

have been especially valuable in understanding the sys
They studied the neat liquids and mixtures at acetonit
mole fractions of 0.12, 0.50, and 0.88, and found an asso
tion of acetonitrile molecules over the whole compositi
range. Dimers, trimers, and tetramers of water were
served, and water structure was believed to be enhanced
the addition of acetonitrile. Water and acetonitrile form
hydrogen bonds, with stronger interactions at acetonitr
rich compositions. Dynamical properties showed slower d
fusion of both species at low acetonitrile composition
which was attributed to an enhanced water structure. La
diffusion coefficients were found at higher acetonitrile co
centrations, owing to a breakdown of the water hydrog
bonded network. An analysis of angular velocity time cor
lation functions suggested that small amounts of wa
disrupted acetonitrile dimerization. At high acetonitrile co
centrations, water molecules gain motional freedom owing
fewer hydrogen bonds, in agreement with NMR correlat
times. However, Hawlicka has pointed out that their ass
tion of water self-association is rendered inconclusive by
absence of coordination numbers and a hydrogen-b
analysis.50

II. EXPERIMENT

Dielectric relaxation measurements of liquids and th
mixtures have typically been carried out in the microwa
region of the spectrum. This is because both the absorp
coefficient, a54pnk/c, and index of refraction,n, are
needed to determine the frequency-dependent, complex
electric function, ê(n)5e8(n)2 i e9(n) @where e8(n)
5n2(n)2k2(n), and e9(n)52n(n)k(n), and n is the fre-
quency#. The absorption coefficient and index of refractio
are readily measured simultaneously over a large rang
frequencies with microwave technology. Recent technolo
cal advances in producing fs-THz pulses now allow both
absorption coefficient and index of refraction of a sample
be measured simultaneously at frequencies up to sev
hundred wave numbers.51–55Using this technique, we repor
both the absorption coefficient and index of refraction
these mixtures from 3 to 55 cm21.

Mixtures were made from deionized water, and fro
acetonitrile obtained from Baker~99.6% pure!. The volumes
required to make up the desired composition were meas
with a calibrated pipette, and were chosen to yield a to
volume for the mixture of 25–30 mL. The uncertainty in th
volume of each component was less than 0.05 mL, giving
uncertainty of less than 0.2% in the volume fraction.

The fs THz pulse spectrometer used is shown in Fig
and is essentially the same as that described previously51,52

One notable change to the spectrometer is the addition
photodiode, which was used to monitor the power of
optical beam. The THz pulse amplitude was found to
linearly dependent on the optical power for variations le
than 10%, thereby permitting fluctuations in the power of
optical pulse to be accounted for during data collection.
before, the sample was held in a polyethylene bag sa
wiched between two high-resistivity Si windows, one
which was mounted on a translation stage. For most com
m.
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sitions, the pathlength of the THz pulse was varied manu
by adjusting a micrometer on the translation stage. Howe
for two of the compositions, an automated pathlength adju
ment procedure was implemented. The translation stage
driven by a DC motor micrometer and the distance mov
was determined using a calibrated linear voltage to dista
transducer~LVDT !. The precision was about61 mm for ei-
ther method of varying the pathlength. The experiments w
carried out at room temperature 18 °C–20 °C, and the T
system was enclosed in a box and flushed with dry nitro
to reduce absorption from water vapor. Time domain spe
were recorded over 50.13 ps with a time step of 48.96
~1024 data points per scan!, and 30 scans were averaged f
each pathlength. Seven pathlengths were used, ranging
30 to 200mm. The data were processed in the same man
as that described earlier.52 Five to eight data sets were me
sured for each mixture.

III. RESULTS

Spectra of seven mixtures of CH3CN and H2O were
measured along with spectra of the two neat liquids. T
mixtures contained 90%, 75%, 65%, 50%, 35%, 25%, a
10% CH3CN by volume before mixing. The reasons that t
analysis is in terms of volume fraction rather than mole fra
tion are discussed in Sec. IV A. The absorption coefficie
and indices of refraction as a function of frequency for t
0%, 25%, 50%, 75%, and 100% acetonitrile mixtures
shown in Fig. 3. At high frequencies, we note the relative
smooth trend of increasing absorption coefficient, and

FIG. 2. A schematic representation of the experimental apparatus. Sub
second far-infrared pulses~often referred to as fs-THz pulses! are generated
at the transmitter by ultrafast photoexcitation of a biased semicondu
wafer using a Ti:Sapphire laser. After passing through the sample cell
pulses are synchronously detected at the receiver with a portion of the
ible laser pulse. The time-dependent electric field of the THz pulse is de
mined by varying the optical delay between the visible pulses driving
transmitter and receiver.
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creasing index of refraction, as the CH3CN concentration
increases. At lower frequencies, there are clearly some
viations from this smooth behavior. We do not find any d
tinct features in the mixtures that could be attributed to cl
ters, however.

Figure 4 displaysa and n as a function of acetonitrile
volume fraction for several frequencies. The frequenc
chosen are 5, 10, 15, 20, and 25 cm21. Higher frequencies
are not shown, because in those cases the absorption c
cient and index of refraction behave essentially ideally.
general, the deviation ofa from ideality starts at zero, in
creases in magnitude, and then returns to zero with incr
ing CH3CN fraction. The behavior of the index of refractio
versus the volume fraction at various frequencies is inter
ing. For the lowest frequency shown, 5 cm21, it has large
negative deviations, at 10 cm21 it behaves nearly ideally, an
finally, at higher frequencies it behaves essentially idea
Rather than attempt to interpret this behavior, we note
stead that both the absorption coefficient and index of ref
tion contribute to the complex dielectric constant, which
turn is used to describe the dynamics of the liquid. As Fig
shows, the deviations from ideality of the fitted paramet

FIG. 3. Absorption coefficient and index of refraction from 3 to 55 cm21 for
neat water, neat acetonitrile, and mixtures that are 25%, 50%, and
acetonitrile by volume. The general trend is that the absorption coeffic
increases, while the index of refraction decreases, as a function of incre
the acetonitrile fraction.
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vary smoothly, and the behavior of the index of refraction
these frequencies should not be over-analyzed.

The 90%–10% and 10%–90% mixtures behave nea
ideally at all frequencies; that is, the deviation from ideal
of both a andn is small. We do not see behavior where t
quantity has a positive deviation from ideality over one ran
of compositions, and a negative deviation over anot
range, as has been observed for excess properties su
entropy and enthalpy for other water/nonelectroly
mixtures.24

Two different models were used to fit the data and w
be described and compared in Sec. IV C. In brief, the sin
component, double Debye model proved superior to the t
component model based on the volume fraction-weigh
spectra of the neat liquids. The parameters of the dou
Debye model are plotted in Fig. 5, and listed in Table I. T
static relative permittivity,e0 , for each mixture was held
fixed during the fitting procedure,56 but the values are show
for completeness. The results of the fits are not highly
pendent on the value of the static dielectric constant. Va
tions of 2%–3% do not affect the results. In Fig. 5, the so
lines indicate the expected behavior for an ideal mixture. T
large filled circles with error bars are the mean and 1s stan-
dard deviation for the fitted parameters as a function of
etonitrile volume fraction. These are the values given
Table I.

IV. DISCUSSION

A. Volume fractions

The properties of binary mixtures are usually describ
as a function of mole fractions of the constituent species,

%
nt
ing

FIG. 4. The absorption coefficient and index of refraction as a function
volume fractionof acetonitrile at several frequencies. The frequencies c
sen are 5, 10, 15, 20, and 25 cm21, and are indicated by circles, square
triangles, inverted triangles, and diamonds, respectively. The smooth
connecting the points for the neat liquids atxAN50.0 andxAN51.0 repre-
sent the expected behavior for an ideal mixture@see Eqs.~1! and ~2!#.
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we choose to use the volume fraction for a number of r
sons. In the first place, the power absorption coefficient is
reciprocal of the distance through which the transmit

FIG. 5. The results of fitting a double Debye model to the measured d
The numerical values of the parameters plotted here are given in Tab
Part~a! shows the static and high-frequency permittivity as a function of
acetonitrile volume fraction, and part~b! shows the Debye relaxation tim
constants for the two processes, also as a function of volume fraction.
large filled circles with error bars represent the fitted parameters ands
uncertainty. The solid lines represent an ideal mixture. The open squ
represent the results of fitting the double Debye model to an ideal da
generated by combining the absorption coefficient and index of refractio
the two neat liquids based on their volume fractions using Eqs.~1! and~2!.
The faster Debye process characterized bytD2 and e2 behaves essentially
ideally, but the slower process characterized bytD1 ande1 shows significant
deviations from ideality. The relaxation time constant for the actual mixt
is roughly 25% longer than for an ideal mixture when the acetonitrile v
ume fraction is between 25% and 65%.
-
e
d

power falls to 1/e of its incident value. If a sample cell con
tains a mixture of two liquids, and there is no change
partial molar volume of the liquids upon mixing, then th
measured absorption would be identical to that obtained w
a membrane separating the sample cell into two volumes
are proportional to the volume fraction of each species in
mixture ~assuming reflections at the interface are negligib!.
That is, the effective pathlength for each species is de
mined by its volume fraction. On the other hand, if an e
periment measures a chromophore that is dissolved in a
vent at relatively small concentrations, then the mole fract
is an appropriate measure of concentration. The importa
of using volume fractions in nondilute mixtures has be
recognized previously.57 Finally, we note that none of the
interpretations or conclusions presented in this paper wo
be changed by using a mole fraction instead of a volu
fraction. Doing so merely distorts the horizontal axis
the plots by compressing everything toward the left, sin
a 1:1 volume ratio for acetonitrile:water approximate
corresponds to a 1:3 mole ratio~the molar volume for water
is 18.1 cm3 mol21, while that for acetonitrile is
52.5 cm3 mol21!.

B. Ideal mixtures

It is not trivial to know what the value of any particula
non-thermodynamic quantity should be for an ide
mixture.35 For the purpose of this paper, we state that
absorption coefficient and index of refraction of an ide
mixture would have the volume-weighted absorption coe
cient and index of refraction of the constituent species. If
density of the mixture is greater or less than that calcula
from the volume fraction-weighted mixture, thena and n
should increase or decrease accordingly. For mixtures of
etonitrile and water, the total volume is slightly less than t
sum of the two volumes mixed. The increase in density o
amounts to about 2.3% at its greatest deviation, obtai
with a 50%–50% mixture.58 The reduction in total volume is
due to the packing of objects of dissimilar sizes. In extre
cases, smaller objects can fit completely into the crevi
between the larger objects, which results in a large decre
in the total volume compared to the sum of the volumes
the objects before mixing. The volume of a CH3CN molecule
is a factor of 2.9 times greater than that for a H2O molecule,
which results in only a minor decrease in the total volum
due to packing. We use the formula from Ref. 57 for t
absorption coefficient of the ideal mixture,

a ideal~n!5a1a1~n!1a2a2~n!, ~1!

wherea i is the absorption coefficient for each species, a
the coefficientai5Ci

mix/Ci
neat is the concentration of specie

i in the mixture divided by its concentration in the pu
liquid. For a mixture in whichDVmix50, the coefficientsai

reduce to the volume fraction of each species. Similarly,
define the ideal index of refraction,nideal, to be

nideal~n!5a1n1~n!1a2n2~n!, ~2!

whereni is the index of refraction for each species.
The ideal spectrum is exactly the same spectrum

would be obtained if the probe beam went through two se

a.
I.

he

es
et

of

e
-



g

4940 J. Chem. Phys., Vol. 108, No. 12, 22 March 1998 D. S. Venables and C. A. Schmuttenmaer
TABLE I. Fitted parameters with 1s uncertainties~in parentheses! for mixtures of acetonitrile and water usin
a double Debye model.

aACN es e1 e2 tD1 tD2

0.000 78.300 5.370~0.408! 3.392~0.262! 8.794~0.595! 0.212~0.055!
0.100 75.000 5.290~0.195! 3.100~0.152! 8.780~0.408! 0.189~0.025!
0.250 70.000 5.210~0.251! 2.820~0.175! 9.460~0.540! 0.195~0.028!
0.350 66.000 5.173~0.386! 2.561~0.329! 8.990~0.860! 0.166~0.040!
0.500 58.000 4.790~0.293! 2.360~0.211! 7.690~0.511! 0.192~0.034!
0.650 51.500 5.165~0.589! 2.228~0.367! 6.780~0.893! 0.217~0.061!
0.750 47.000 4.400~0.333! 2.030~0.205! 5.550~0.338! 0.206~0.041!
0.900 40.000 3.600~0.254! 1.610~0.214! 4.010~0.208! 0.171~0.035!
1.000 35.770 3.323~0.137! 1.439~0.108! 3.506~0.114! 0.177~0.018!
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rate sample cells in succession~disregarding any reflection
losses at the interface!, or if it went through a sample cel
containing two completely immiscible liquids with the sam
index of refraction. How then is it possible to distinguis
among a true mixture, a microheterogeneous mixture,
two separate liquids? We relied on the results of fitting
measured data to two different implementations of the De
model, and selected the one that was most consistent in
scribing all of the measured data. If a mixture behaves i
ally, then it is impossible to distinguish among these pos
bilities. Acetonitrile/water mixtures do not behave ideal
however, and this allows us to determine the best implem
tation of the Debye model.

C. Competing models

The choice of model for extracting dynamical inform
tion is very important in this study, since these measu
ments, although made in the time domain, only yield f
quency domain information. One of the most common
used models to describe dielectric relaxation is the De
model, which describes the dynamics in terms of collecti
diffusive, reorientational motions in the liquid. The model
most easily understood in the context of the decay of
induced polarization that would occur in a dipolar liquid
an applied static electric field were instantaneously tur
off: the polarization of the sample would decay expone
tially. The time constant for the decay is referred to as
Debye time,tD , and is determined from the experiment
data as the reciprocal of the frequency~in radians per sec
ond! that corresponds to the maximum value of the dielec
loss (e9).

Microwave data are sensitive to collective diffusive m
tions in the liquids that occur on a time scale of seve
picoseconds to hundreds of nanoseconds. Many of the
cesses occurring in liquids are faster than this, which imp
that measurements must be made at higher frequencies
FIR region of the spectrum is sensitive to faster proces
for example, the period corresponding to 33.3 cm21, or 1
THz, is 1 ps. Although the Debye model breaks down wh
the motions that occur at a given frequency change fr
being collective and diffusive to intermolecular and damp
oscillatory, it is still important that the period of the prob
radiation match the time scale of the dynamics.
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The real and imaginary components of the frequen
dependent permittivity are described by the Debye mo
as14

ê~v!5e`1(
j 51

n
e j2e j 11

11 ivtDj
. ~3!

Here, v is the angular frequency,e1 is the static dielectric
constant,e j are intermediate steps in the dielectric consta
en115e` is its limiting value at high frequency, andn is the
number of relaxation processes, each of which has a cha
teristic time constant,tDj . The Debye treatment withn51 is
the simplest case, and requires that a single relaxation
provide an adequate description. In this case, the expres
for ê(v) from Eq. ~3! simplifies to14

ê~v!5e`1
es2e`

11 ivtD
, ~4!

and it is easy to separate the real and imagin
components:14

e8~v!5e`1
es2e`

11v2tD
2 ~5!

and

e9~v!5
~es2e`!vtD

11v2tD
2 . ~6!

Similar expressions are obtained for multiple Debye p
cesses. The exponential decay time constant of the indu
polarization is denotedtD , and the magnitude of the induce
polarization is given by the dispersion amplitude,De5es

2e` , wherees is the static dielectric constant ande` is the
infinite frequency dielectric constant. Infinite frequency
attained when the oscillating electromagnetic field is far
rapid for the molecular framework to follow; that is,nopt

5Ae`, wherenopt is the index of refraction at optical fre
quencies. If the decay of the induced polarization is a dou
exponential representing two independent processes,
there will be two Debye time constants,tD1 and tD2 , and
two dispersion amplitudes,De1 and De2 . There are more
refined treatments that explicitly allow for a distribution
relaxation time constants, either symmetrically or unsy
metrically distributed about a mean value, and are referre
as the Cole–Cole or Cole–Davidson models, respectiv
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As the results of this paper do not depend on these m
refined treatments, we will employ the Debye model to ma
the discussion more transparent.

We performed fits ofn(n) andk(n) for all of the com-
positions using two different implementations of the Deb
model. We found that treating the mixtures as true mixtur
i.e., not as a two-component heterogeneous solution,
cessfully fit the data for all of the compositions studied. U
timately, we fitted the measured data for each of the mixtu
to a double Debye model and compared the resulting par
eters to those for the neat liquids. This is the most often u
method,14,59 and the results are shown in Fig. 5 and Table

The other implementation of the Debye model cons
ered here was to treat the mixtures as being comprised of
noninteracting components that have the characteristic
the two pure liquids. This is an extreme case of microhete
geneity. A comparison of how well an ideal mixture is d
scribed by the two competing models is shown in Fig. 6, a
is presented more quantitatively in Table II.

Consider asimulated ideal50%–50% mixture of two
neat liquids,A andB, each of which is described by a sing
Debye process with parameters similar to those of acet
trile and water. Table II shows the parameters describ
each neat liquid, a simple average of the parameters, an
parameters obtained from a fit using both a single De
model and a double Debye model. The thick lines in Fig
show the Cole–Cole plots for two ideal liquids, each char
terized by a single Debye process~the small and large semi
circles!, as well as that of a plot of an ideal 50%–50% mi

FIG. 6. The thick lines depict Cole–Cole plots for two single Debye liqu
~the largest and smallest semicircles! and their ideal mixture~the thick in-
termediate curve!. The thin dashed and dotted lines are the best fit of sin
and double Debye processes to the ideal mixture. The result of a fit base
the Debye parameters of the two neat liquids, wherein only the volu
fraction is varied, is entirely superimposed on the intermediate thick s
line for the ideal mixture.

TABLE II. Debye parameters for two neat liquids,A and B, the mean
values, and the best fits based on single and double Debye models.

Liquid es e1 e` tD1 tD2

A 78 ¯ 4.5 9 ¯

B 36 ¯ 2.5 3.5 ¯

‘‘( A1B)/2’’ 57 ¯ 3.5 6.25 ¯

A1B, single Debye 52.6 ¯ 3.47 5.5 ¯

A1B, double Debye 54.0 5.59 3.44 6.4 1.4
re
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ture ~the thick intermediate curve!. A Cole–Cole plot is
obtained by plottinge9 vs e8, and has the form of a semi
circle for a single Debye process. The thin lines correspo
to the results of nonlinear, least squares fits to the simula
ideal mixture based on single and double Debye models.
long dashed line in Fig. 6 is the best fit of the simulat
mixture when using a single Debye process, and the do
line is the best fit when using a two Debye process. T
second implementation of the Debye model, in which t
Debye parameters for the two pure liquids are fixed and o
the volume fraction is varied, results in a fit that is superi
posed on the intermediate thick solid curve, and is theref
not visible in the figure. Neither a single nor a double Deb
fit to the mixture can accurately reproduce the noisel
simulated data.

Table II presents these findings in a more quantitat
fashion. The single Debye fit of the simulated ideal mixtu
reproduces the value of the infinite frequency permittivi
e` , but not the static permittivity,es , or relaxation time
constant,tD1 . The double Debye fit performs somewhat be
ter in reproducinges , e` , andtD1 , but the values obtained
for the intermediate permittivity,e1 , and the second relax
ation time constant,tD2 , do not bear an obvious relationsh
to the parameters of the speciesA andB that make up this
simulated ideal mixture. That is, there are now too ma
variable parameters in the fit. In summary, an ideal mixt
will not necessarily be properly described by the Deb
model as a single component because if the unlike specie
not interact with each other at all, then the decay of
induced polarization of one species will not be affected
the presence of the other.

While the above implementation based on two comp
nents in a microheterogeneous mixture is the appropr
way to describe the simulated ideal mixture, we could n
use it to successfully fit all the measured data unless par
eters were allowed to vary in ways that were not physica
meaningful. Our goal when using this implementation was
fit the measured data by only varying the volume fraction
each component, while holding the Debye parameters fi
at their known values for the neat liquids. The static perm
tivity for each component of the mixture was held fixed
the experimental value for the mixture, rather than at
static value for the neat liquid. We found that reasonable
could only be obtained if the Debye relaxation time consta
tD1 , for the slower process for each neat liquid was not h
fixed during the fit. Furthermore, the fitted values oftD1 did
not vary smoothly as a function of composition, and the v
ume fractions obtained for each component differed by
much as 8% from the known composition.

In order to rule out possible artifacts of the implemen
tion chosen~a single-component, double Debye model!, we
performed two checks. We first verified that the model w
not over-parametrized, and we then verified that the mo
could distinguish between the real data sets and an ideal
set based on the spectra of the neat liquids. Five or more
sets were averaged together before performing the fits, w
yields the 1s error bars shown in Fig. 3. The small fille
circles without error bars in Fig. 5 represent the parame
obtained when performing the fits when using valu
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for a andn that are 1s greater or less than their mean valu
There are four possiblea, n combinations:ā11s,n̄11s;
ā11s,n̄21s; ā21s,n̄11s; and ā21s,n̄21s. The
fact that the parameters obtained in this method are alm
always within the error bars of the parameters when fitt
the mean values ofa and n indicates that the model is no
over-parametrized. The open squares represent the pa
eters obtained when fitting the model to ideal-mixture d
sets generated by calculating the volume-weighted frac
of a andn for the neat liquids using Eqs.~1! and~2!. These
points fall quite close to the solid line of ideality, whic
indicates that the model will yield different results for ide
mixtures, and that the deviations from ideality for the act
mixtures are significant and not an artifact of the fitting p
cedure. Since the open squares are outside the error ba
our actual fits, and the two-component model could not s
cessfully fit the measured data, we assert that the mixt
behave as a single component, not micro-multicompon
on the length scale probed by FIR radiation.

D. Dynamics and structure

The parameters describing the neat liquids and their m
tures are plotted in Fig. 5 and presented in Table I. The st
relative permittivity56 for each mixture was held fixed durin
the fitting procedure. The results for pure water are wit
the uncertainty of the values we reported previously.52 There
is a process with an 8.8 ps time constant that is attribute
collective reorientation, and a faster process that is attribu
to hydrogen bond formation and breaking.14 The results for
pure acetonitrile are in good agreement with the literat
values14 when it is taken into account that previous repo
only measured the complex dielectric function up to 89 GH
In that case, a single process with a 3.48 ps time cons
suffices to fit the measurements. We must include a sec
process with a 0.18 ps time constant to fit the data that
tends to 55 cm21 ~1.65 THz!. The slower process is attrib
uted to collective reorientation, and the faster process m
be due to the formation and breaking of cyclic dimer stru
tures. The amount of dipolar alignment, either end-on-end
cyclic antiparallel, is quantified by the value of the Kirkwoo
g factor.60 The Kirkwoodg factor of acetonitrile is roughly
0.45, based on Eq.~1! of Ref. 60, which indicates the pres
ence of antiparallel dipoles, since a value of less than u
arises when the constituent molecules pair up in an anti
allel fashion and thereby partially cancel out the net dip
moment.

The relative amount of low-frequency FIR absorption
a liquid depends inversely on its amount of structure. F
example, in the case of pure water, where the structure is
to hydrogen bonding, it is known that the degree of hydrog
bonding, and hence the structure, decreases as the tem
ture is raised.61–63 Infrared and Raman studies show that t
hydrogen bonded to nonhydrogen bonded band intensity
tio for the OH ~or OD! stretch decreases with increasin
temperature.61 The effect of hydrogen bond breaking on th
FIR spectrum depends on the type of motion involved. Ty
cally, at frequencies greater than about 600 cm21, the inten-
sities of librational bands caused by oscillatory motio
decrease64 since these modes depend on the tetrahedral m
.
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ety remaining intact. At lower frequencies, where the abso
tion arises from orientational or translational diffusion
modes, the absorption intensity increases54,64 as these mo-
tions become more facile. Indeed, the Debye relaxation t
constant for pure water decreases with increas
temperature,54,65 indicating a decrease in structure. The po
here is not simply that the structure decreases with increa
temperature, but rather that the low-frequency FIR abso
tion increases as the structure decreases, regardless of
perature. Thus, the observed decrease in absorption fo
water/acetonitrile mixtures relative to ideal mixtures sho
in Fig. 4 is attributed to an increase in the overall structure
the liquid, relative to ideal. It is especially pronounced wh
the volume fraction is between 25% and 65%. The decre
in absorption coefficient cannot be explained by the nonid
volume of mixing, because the increase in density wo
predict a stronger, not weaker, absorption.

The increase in structure is manifested by the increa
value of the Debye relaxation time constant of the slow
process,tD1 , relative to ideality. A larger value oft indi-
cates that the molecules respond more slowly to an osci
ing field, as would be expected for more structured liqui
This indicates that the collective intermolecular modes
strongly affected in the mixtures. The relaxation time co
stant increases by as much as 25% for mixtures that are
to 35% acetonitrile by volume. The increase in relaxati
time constant is consistent with the observed decrease in
absorption coefficient compared to the ideal case, and b
are consistent with an increase in the structure of the liqu

As discussed in the Introduction, previous studies ba
on a wide variety of experimental techniques have infer
the presence of microheterogeneous regions, or clus
within mixtures of CH3CN and H2O. The thermodynamics
of water/acetonitrile mixtures are somewhat different th
those for other water/nonelectrolyte mixtures, however.
cases where microheterogeneity occurs, the thermodyna
mixing functions show minima and maxima, which is n
observed in water/acetonitrile mixtures. We conclude t
there is indeed an enhanced structure of the mixtures rela
to the neat liquids, but that there is not microheterogene
or if there is, it is not manifested in the low-frequency a
sorption spectra. There are no new features at a given c
position, or a spectrum for a particular composition that d
plays a significant qualitative difference from the othe
indicating distinct globular entities. Furthermore, fitting th
data as a two-component liquid did not give meaningful
sults.

In a microheterogeneous mixture, the measured dyn
ics will depend on the length scale of interaction. If the i
teraction distance is greater than the dimensions of sev
molecules, then one would expect a Debye time constant
dispersion amplitude for the mixture that is different fro
either neat component. However, if the interaction dista
is very small, then it would be more appropriate to descr
the mixture as containing two components: each neat liq
perhaps with slightly modified parameters due to interfac
effects.
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V. CONCLUSIONS

The dynamics of mixtures of two highly polar mo
ecules, H2O and CH3CN, have been measured and found
behave nonideally. While the observation that a mixture
two highly polar molecules behaves nonideally is fairly o
vious, we have sought to quantify the nonideality of the tim
scale of reorientation, which is not so obvious. The mixtu
exhibit more structure than an ideal mixture, based on
increase in the relaxation time constant and a decrease i
absorption coefficient, relative to an ideal mixture. Aft
considering two possible implementations of the Deb
model of dielectric relaxation, we find that the mixtures a
best described as not having microheterogeneity. Furt
more, no distinct spectral features were observed that wo
indicate the presence of well-defined clusters or globule
the mixtures.

Several future studies will provide additional insight in
water/organic mixtures. Obtaining the spectra of the m
tures to higher frequency will certainly be useful.
temperature-dependent study, at both higher and lower t
peratures, would be very interesting, especially as the m
ture is cooled near its upper critical temperature~272 K,
xAN50.38!. Two related mixtures will also be studied
Methanol/water mixtures will be informative for several re
sons: CH3OH can both donate and accept hydrogen bon
unlike CH3CN, which can only accept them, but otherwi
the molecules are similar in size and static permittivi
Acetone/water mixtures would be interesting because
thermodynamic properties show more promise of microh
erogeneity, yet CH3COCH3, like CH3CN, can only accept
hydrogen bonds.
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