5262 J. Phys. Chem. A997,101,5262-5268
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We investigated the dielectric properties of various organic solvents and binary solvent mixtures°at 21.4
over the frequency range of 200 MH23.5 GHz. These solvent mixturesitrobenzene N,N-dimethyl-
formamide, 1-butaneiformamide, nitrobenzeneoluene, ethanet1-butanol, and nitrobenzenehlorobenzeneas

well as the pure components display a Debye or near Debye dispersion. Their frequency-dependent dielectric
properties can be summarized by three parameters in the Debye equation: a static dielectric constant, a high-
frequency limiting dielectric constant, and a dielectric relaxation time constant. On the basis of electrostatics,
rate theory, and solution thermodynamics, we have developed dielectric “mixing rules” that describe the
frequency-dependent dielectric properties of the solvent mixtures based on solution composition and the
dielectric parameters for the solution components. These “mixing rules” yield good agreement between the
predicted and experimental dielectric properties for the binary solvent mixtures over all solution compositions.

Introduction items such as foods, geological materials, and biological
) . . ) ) . samples, and these values can vary greatly due to compositional
Microwave dielectric heating has attracted interest in the \arations based on their source. In contrast, there have been
chemical industry for its ability to provide targeted heating e,y inyestigations reported on organic solvents despite the fact
rapidly and uniformly and to allow the local superheating of 5 they have standard source-independent dielectric values due

Iqu|d_s.1 > The application of microwave heating for local phase to their molecular homogeneity and defined composition. This
reactions C.OU|d offer some a_dd|t|0|_1al ?‘d"amages OVer CONVEN-qiandardization and the ability to prepare homogeneous mixtures
t!onal heating. In Iaboratqry Investigations, microwave irradia- from these sources provide a useful experimental framework

gglnec?iﬁieiepg :)C;rigt;esdclhrgrr:i%\;?rpee;ct; d'% rf:[ecs(;n{rlsgib andfor establishing dielectric “mixing rules” at these frequencies.
conventional heating, microwave irradiatic;n can be applied Continuous frequgncy-dependent dielectric spectrq have been
! collected for certain solvents; however, these studies focused

volumetrically and is absorbed directly throughout the on relaxation mechanisms that produce a single (or double)
medium—typical microwave penetration depths range from 3 . . .
yp P P g Debye type dispersion, or a Cet€ole or a Cole-Davison

to 40 cm for most solvents at 2.45 GHz, the operating frequency ~." ~7~ S 18 . . .
of a household microwave ovemather than being transferred distribution of relaxation time¥~18 The dielectric properties
by conduction from heated surfaces. On an industrial scale of binary mixtures of two different alcohols and alcohols with
. "water have been studied in detail with an emphasis on the

microwave heating holds the promise for increased energy k
efficiency, reduced equipment size, diminished downstream formation of hydrogen-bonded complexes and the presence of

separations, and superior temperature control for chemical cooperative relaxation processes for different_ moleculqr clus-
processing. To apply microwave technology to these Systems,ters.l“vleﬂ_ The chara_ctenzatlon of the _d|electr|c properties of
the dielectric properties of solvents and solvent mixtures at Solvent mixtures at microwave frequencies has both fundamental
microwave frequencies are required as they are the primaryand _pra(_:t|cal _utlllty. Beyond the c_ontrol of heating, apractl_cal
components of most liquid-phase reactions and their dielectric @Pplication with binary solvent mixtures would be to identify
values impact the design, implementation, and control of their composition based on certain parameters extracted from
microwave heating systems for these applicatiohdhese data  the dielectric spectra of the pure components and the mixtares.
are required for predicting heating rates and temperature profiles T0 our knowledge, no previous efforts have been made to predict
within irradiated chemical reactors and for performing the the frequency-dependent dielectric properties of solutions based
reaction engineering analyses needed to take full advantage oPn those of the pure components.
microwave heating in the chemical industry® At a funda- We have measured the frequency-dependent complex dielec-
mental level, the frequency-dependent dielectric behavior of tric constants ¢* = ¢ — je'") for various solvents and five
solvent mixtures provides information on molecular interactions solvent pairs over the frequency range 200 MH3.5 GHz.
and mechanisms of molecular procesSe% The major dielectric dispersions of the solvent mixtures over
Despite their scientific and engineering significance, the this frequency range exhibit behaviors of the Debye (or near
dielectric data of pure solvents at microwave frequencies are Debye) type, although the dielectric spectra over a wider
often unavailable, let alone those of solvent mixtufesn this frequency range may be better fit by the Cof@ole or the
paper, we present the dielectric spectra for various pure solventsCole—Davison model. The origin of the major dispersion is
and binary solvent mixtures at microwave frequencies and suggested to be dipole reorientation under an applied external
develop suitable “mixing rules” that relate the dielectric field, which is mainly responsible for the microwave heating
properties of the solvent mixtures to those of the parent solventsof the solvents. We have determined that the frequency-
that comprise the mixture and their composition. Most available dependent dielectric behaviors of both pure solvents and solvent
dielectric data at microwave frequencies are for heterogeneousmixtures over this frequency range can be described well by
three parameters: a static dielectric constant, a high-frequency
® Abstract published irdvance ACS Abstractuly 1, 1997. limiting dielectric constant,
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and a dielectric relaxation time constant that characterizes the The general form of the relaxation model used to fit the
dipolar rotational process of the molecular species. We have spectra is

used these parameters to develop “mixing rules” based on

solution thermodynamics and electrostatics that describe the €, €p

T (o T

frequency-dependent dielectric behavior of solvent mixtures. € €h
This paper describes the development of these “mixing rules”

and demonstrates the effectiveness of this approach for estimat-Where is the static dielectric constant, is the high-frequenc
ing the dielectric properties of solvent mixtures at microwave €s 9 q y

frequencies limiting dielectric constant, andis the relaxation time.c. and

’ j are empirical parameters of the distribution of relaxation times.
Three well-known models are limiting cases of this general
equation; they are the Debye equatian= 0; 5 = 1), the Cole-

All solvents were obtained commercially and used as Cole equation (0< o < 1; 8 = 1), and the ColeDavison
received. The solvents include nitrobenzene (NBZ, min 99%, equation & = 0; 0 < 8 < 1).11.20 For the Debye equation, the
EM Science)N,N-dimethylformamide (DMF, min 99.8%, EM  real (') and imaginary {') contributions to the dielectric
Science), 1-butanol (BUT, 99.9%, Mallinckrodt), formamide behavior can be expressed by
(FOR, 98%, Aldrich), toluene (TOL, 99.9%, Mallinckrodt),
ethanol (ETH, dehydrated 200 proof, Pharmco), and chloroben- €~ €
zene (CBZ, 99.9%, Mallinckrodt). These solvents were selected €=+ ——5 3)
based on differences in their polarity, dipole strength, and the 1+ o7
presence of functional groups likely to form hydrogen bonds. (€. — e)ot
The five solvent pairs investigated were NBRMF, BUT— = M (4)
FOR, NBZ-TOL, ETH—BUT, and NBZ-CBZ mixtures. The 1+ ot
solvent pairs were selected based on differences in hydrogen
bonding and dipoledipole interactions between the component Results and Discussion
molecular species.

Dielectric spectra were collected on a computer-controlled
HP 85070M dielectric measurement system at 2C4 The
system includes an HP 8719C network analyzer with a
frequency range of 50 MHz to 13.5 GHz and an open-ended
coaxial probe. The probe is 19 mm in diameter and is connected
to one test port of the S-parameter test set in the network
analyzer through a single transmission cable. A test port power
of 10 dBm and an IF bandwidth of 30 Hz in a logarithmic sweep
mode were used. The system was calibrated by three known
standards: air, a short circuit, and 18¢Mdeionized water
(Milli-Q). A refresh calibration was performed with air to
update the existing calibration before loading each sample. The
probe was immersed in the solvents (50 mL) during the
measurement, and the desired dielectric properties of the sampl
were extracted from the measured reflection coefficlérithe
complex dielectric constants were obtained from the reflection
coefficient assuming that the solvents are nhonmagnetic=€
1), homogeneous (uniform composition), and isotropic (uniform
orientation). The typical accuracy with the system w&s%
for the dielectric constank() and +0.05 for the loss tangent

)

Experimental and Data Analysis

Pure Solvents. Organic solvents exhibit different dielectric
properties at microwave frequencies that depend on their
polarity, dipole strength, and composition. We have determined
the dielectric behaviors of various common organic solvents
and displayed the frequency-dependent dielectric constant and
loss factor as well as a plot of the loss factor versus the dielectric
constant for three solvents in Figure 1. The plot in Figure 1c
is commonly called a CoteCole plot even though the related
data may not obey the CoteCole relaxation model. On these
axes, the ColeCole plot displays a semicircular arc for the
single Debye equation, a circular arc for the Celole
equation, and a skewed arc for the Gel@avison equatiog?

The dielectric properties of the pure solvents are related to
the molecular polarization processes that react to an externally
eolpplied electric field, each of which has a characteristic
relaxation frequency or resonant frequency. Three underlying
mechanisms can account for the dielectric behavior of the
organic solvents: electronic (UV), atomic (IR), and dipole (MW)
polarizationg122 At increasing frequencies, the slower mech-
anisms do not contribute to the dielectric constant, and the loss
(€1 ;actor peaks in its thalug over ea'gh gf r'[]hese characteri?tic

IThet.experirr:jerlltal d.ielectric spelctra We?e fittecli to tdifferent r:g‘::;g% er,?ggr;;: i.bser\?ed(aiﬁrfhaesgigelleac[}[ri; sf)eacﬁfae ﬁ]r?:?gsrg 1.
relaxation modeis using a complex noniinear ieast SquareStyq go1yents display a principal dispersion at the microwave
(CNL.S) rout_|ne1.7v1_9 The CNLS routine MINIMIZES an objective frequencies Whi|§ eihibﬁing él)ifferenrt) values of the dielectric
function () involving both the real and imaginary parts of the constank’ and loss factoe' at the various frequencies as well

complex dielectric constant as different frequencied (ay for the maximum in the loss

factor. We observed that some solvents, such as alcohols,
exhibit a major dispersion and one or more higher-frequency
dispersions of much smaller amplitude over this frequency
range; however, the principal dispersion is the one of interest

N
SP) = H { W [e(@;iP) — eg(@)]” + Wi [ep(w;;P) —

€o (wi)]z} @ to us here as it is mainly responsible for the dielectric heating

behavior under microwave irradiation.
whereP is the parameter set used in the relaxation madés, We fitted the experimental dielectric spectra to the three
the number of data pointdy is the weighting factor which different relaxation models by the CNLS routine and determined
equals 142 with o being the estimated variance of titie value, that the Debye relaxation model is sufficient to describe the

w is the angular frequency, is the value predicted by the  major dispersion of the various solvents over this frequency

relaxation model, andc, is the experimental value. The range. Table 1 lists the three parameters that are required to
superscripts and" denote the real and imaginary parts of the describe the frequency-dependent dielectric properties for these
complex dielectric constant. A good CNLS fit of the spectra solvents through the Debye equation (eqs 3 and 4). The

ensures that the Kronigkramers relations are satisfiéd. frequency where the loss factor is a maximdmay is related
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. ) . . Figure 2. Measured frequency-dependent dielectric properties for
Figure 1. Measured frequency-dependent dielectric properties for three p,tanol-formamide mixtures over the entire composition range at 21.4
organic solvents at 21.2C. The markers denote experimental data, °c_The markers denote experimental data and the solid lines represent
and the solid lines represent CNLS fits to the Debye equation (eqs 3 cNLS fits to the Debye equation (eqs 3 and 4). (a) Dielectric constant,
and 4). (a) Dielectric constant, (b) Dielectric loss factor, and (c) €ole () Dielectric loss factor, and (c) ColeCole plot. The dashed lines in
Cole plot. (a) and (b) are the predicted results through dielectric “mixing rules”

TABLE 1: Debye Relaxation Parameters of Various (see text).

Solvents at 21.4C frequency limiting dielectric constants are quite similar in value.

solvents €s €n f max The broad differences ia; andfyax for these solvents provide
toluene 27 23 9.18 a useful set of parameters for tailoring the dielectric absorption
chlorobenzene 6.2 3.3 9.46 characteristics of a reaction mixture by choice of solvent, or
butanol 19.0 3.8 0.33 frequency, or use of solvent mixtures.
ethanol 25.4 4.9 0.95 Solvent Mixtures. We measured the dielectric spectra of
nirobenzene 35.7 3.3 3.58 five solvent pairs-NBZ—DMF, BUT—FOR, NBZ-TOL, ETH—
dimethylformamide 38.5 10 10.9 - . .
formamide 110.0 5.3 4.43 BUT, and NBZ-CBZ—and observed the dielectric properties
of the binary solvent mixture to be intermediate between those
to the relaxation timeg, by?! of the two pure solvents that comprise the mixture. Figure 2
shows the dielectric behaviors of BU'FOR mixtures and
2nf =1 (5) demonstrates that they can be modulated by solvent composition,

where the dielectric constant, the loss factor, and the loss peak
From Table 1, the static dielectric constants and relaxation timeschange consistently with composition. Each of the five solvent
vary significantly for typical organic solvents, while the high- mixtures exhibits similar dielectric relaxation behaviors to those
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of the component pure solvents with the principal dispersion TABLE 2: Experimental and Theoretical Results for the

of the solvent mixtures being described well by the Debye Dielectric Relaxation Times of Butanot-Formamide
equation regardless of any complex interactions between theMixtures at 21.4 °C

solution components. Values of the three dielectric parameters BUT vol. fraction, % 7exp PS Tmos PS'  relative error, %

needed to describe the data by the Debye equation were 0 35.9 35.9 0.0
determined by the CNLS algorithm for the various solvent 10 41.1 40.5 -1.6
mixtures, and the results are presented in Table S-1 (Supporting 30 58.3 54.0 —74
Information). In contrast to the case for pure solvents, it would ?8 1%'2 légg _3'89 4
be impractical to establish a standard library for solvent mixtures 20 2744 2841 35
due to the large number of possible solvent combinations and 100 482.3 482.3 0.0

solvent compositions. The challenging question arises, there-
fore, as to how to estimate the composition-dependent dielectric

properties of the solvent mixtures based on those of the PU€that relate the static dielectric constant to the structural

soIIS/_eTts. ic “Mixing Rules”. The Deb . . parameters for a pure liquid and produced various mixing
lelectric “"Mixing Rules". e Debye equation requires o35 that provide estimates of the effective dielectric
three parameters to describe the frequency-dependent dielectric.o \<tant for heterogeneous or dispersed-continuous systems,

relaxatlonl beh?]worhof solvents and sfolverr:t m|>Ttures. Qur 904l jittle attention has focused on estimating the effective dielectric
was to relate the three parameters for the solvent mixtures toproperties for solvent mixtures.

those of the pure solvents through appropriate dielectric “mixing * 1,o Onsager and Kirkwood equations are frequently used to

rules”. We denved'these composmon-baseq ‘mixing rules” o|ate the static dielectric constant of a polar solvent to its dipole
based on electrostatics, rate theory, and solution thermodynam-Strengtrgs,z&zs The Onsager equation was derived via a
Ies. . . . . . . macroscopic approach which considered a point dipole within
I. Dielectric Relaxation Time ConstanDielectric relaxation a cavity and treated the environment around the dipole as a
is described as an exponential decay .Of polar|z§t|9n with time continuun?® This model allows for the effect of the polarization
uplon the removal of al:? egt(?_matljly apprlled_electnc f!@??e h of the dipole on its environment (reaction field), but it does not
relaxation time may be defined as the time required for the 4.cq ¢ for specific dipole interactions. The Kirkwood equation
polarization to decay to 1/e of its initial value, with e being the 5 qeveloped based on statistical mechanics, and, in principle,
”f’it“ra'_'oga”thm'c _base. Dlpole polarlgann d_ommates _the permits an exact evaluation of the specific dipole interactions
dielectric relaxation in the microwave region and is responsible ¢, molecular parametef8:32 The Kirkwood equation can

for the frequency-dependent behavioredlinde”. Eyring et o oy nressed as a generalized form of the Onsager equation by
al. have applied the theory of rate processes to molecular d'pOIeincorporating a correlation parameter which measures the

relaxation by the equatiéh molecular configuration of neighboring dipoles due to short-

a Calculated from eq 8.

h AG range intermolecular interactions
= i} () ©)
(s— D@~ M _ g N
where AG is the free energy of activation for the dipole ¢ d eta 5” kT (©)

relaxation, T is the absolute temperature, akdh, andR are ®

Boltzmann’s con_stant, Planck’s_constant, and the molar gaswherePe:4 is the molar electronic and atomic polarization,
constant, respectively. By applying eq 6 to both pure solvents js the permanent molecular dipole moment in the liquid as

and solvent mixtures and assuming thé is ideal in mixing, enhanced by the reaction field,is the correlation parameter,
1€, M is the molecular weightd is the density, andNa is
Avogadro’s number. Equation 9 reduces to the Onsager
AGq, = ZXiAGi Q) equation wheng equals unity. Rigorous calculation of the
1

correlation factor is usually impractical due to insufficient
knowledge of the liquid's structure. A parallel alignment of

we obtain a mixing formula for the relaxation time at a constant ™ 2 . N
neighboring dipoles will yield a value af greater than one,

temperature _ ) .
and an antiparallel arrangement will result in a value ¢éss
nr. = InT. 8 than one. Peya is related to the refractive index through the
mix IZX1 i ( ) equatloﬁ3v28
wherex is mole fraction, and the subscripts mix anmgpresent _ @1’ —1)M
the solvent mixture and pure solvent components, respeciively. eta™ 1 12 + 2)d (10)

We used eq 8 to calculate the relaxation time constants for the
five solvent mixtures at different compositions and compared \yheren is the refractive index.u can be calculated using the
them to those measured by experiments. The experimental ancbnsager relationship

predicted relaxation time constants, as well as the relative error

for the calculated values, are tabulated in Table 2 for the BUT (2e.+ 1) + 2)
FOR mixtures; related results for the NBDMF, NBZ—TOL, u= S—zﬂg (11)
ETH—BUT, and NBZ-CBZ mixtures are presented in Table 3(2¢,+n)

S-2 (Supporting Information). In general, eq 8 predicts the

experimentally determined relaxation times for the mixtures with where uq4 is the gas-phase dipole moméat.The Kirkwood

a precision better thai10%. equation produces values for the correlation factor that deviate
II. Static Dielectric Constant.The static dielectric constant  from unity by different amounts, indicating structural differences

for a mixed system has long been a subject of theoretical between the solvents (Table 3). The data suggest that inter-

investigationt-2026.27 \While these efforts have yielded equations molecular interactions that produce molecular association, such
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TABLE 3: Dipole Moment and Kirkwood Correlation 120 ——r+—r——r—r—r————————————

Factor of Various Pure Solvents at 21.4C ) 1
® Experimental »

€s ug,2D uwPD g L eeeeenen= Kirkwood

O
chlorobenzene 6.2 1.69 2.22 0.91 10r e o ]
butanol 19.0 1.66 2.13 3.72 " Brucgeman O -
ethanol 25.4 1.69 2.13 3.30 Py
nitrobenzene 35.7 4.22 6.08 1.01
DMF 38.5 3.82 5.07 1.19
formamide 110.0 3.73 5.06 1.80

aValues taken from ref 32 Calculated from eq 1% Calculated
from eq 9.

as hydrogen bonding in ethanol and butanol, will contribute to
larger deviations in the value gf from unity.

A solvent mixture can be considered to be a heterogeneous
system at the molecular level, and, for a binary solvent mixture,
one component can be treated as the dispersed phase and the
other as the continuum. Many attempts have been made to Y I N S
investigate theoretically the dielectric properties of composite 0 0.2 06 0.8 1
systems such as coarse dispersions, colloidal dispersions, and Formamide Volume Fraction
molecular dispersion®:3* The dielectric constant of a dilute  rgyre 3. Comparison of predicted static dielectric constants from
dispersion of spherical inclusions (particles) has been developedyarious mixing formulas and experimental results for butanol

based on electrostati®s3’ formamide mixtures at 21.4C. Solid symbols denote experimental
data, and the lines are the predicted results from the mixing formulas.

Static Dielectric Constant, €

04

€ €

€sq— €

= @q 2d__om (12) TABLE 4: Experimental and Theoretical Results for the

€smix T 265 m €sat 265 m Static Dielectric Constants of Butanot-Formamide Mixtures
at 21.4°C

where the subscripts d and m denote the dispersed and g 7o comad relative comad relative

Continuou_s phases, respectively, angds Fhe yolume fraction fraction, % esexp Kirkwood error, % Bruggeman O/W error, %
of the dispersed phase. In the derivation of eq 12, all

smix  €sm

. . . . . . 0 110.0 110.0 0.0 110.0 0.0
interparticle interactions are neglected, and the particle dimen- 14 1010 1031 21 97.7 —33
sions are assumed to be much less than the incident wavelength 3¢ 79.0 88.0 11.4 75.1 —49
so that scattering effects can be ignored. Equation 12 was 50 57.2 71.0 24.1 55.1 -3.7
extended to describe mixtures with highly dispersed volume gg ggg gé-g gg-g gg-g *3-2 o
fractions by Bruggeman via a differential procedré 100 190 19.0 0.0 19.0 0.0
€smix  €sdf €s,m 13 —1 (13) 2 Calculated from eq @ Calculated from eq 13.
€sm ™ €sd \Es,mi ¥4 predicted values from these different mixing formulas to the

experimental data for the BUAHFOR mixture. The Bruggeman
Bruggeman proposed an effective medium theory in deriving O/W equation yielded the best prediction among the mixing
eq 13 where he suggested that the apparent dielectric constanformulas. The Kirkwood equation significantly overpredicted
surrounding an individual particle iser notesm Equation the dielectric constants of the BUTFOR mixture. The
13 is usually called the Bruggeman equation, and it allows for Bruggeman O/W and W/O equations predicted distinctly
long-range particle interactions. Another notable mixing for- different dielectric results between which lie the calculated
mula based on the effective medium theory is the Bottcher values from the Bottcher equation. The results for the BUT

equatior{ FOR mixture are also listed in Table 4 with calculated values
from the Kirkwood and Bruggeman O/W equations, along with
Esmix ~ €sm_ _€sd” €sm (14) the relative errors associated with the use of each formula.
3€5 mix €547 265 mix % Similar results are supplied in Table S-3 for the NBZMF,

NBZ—TOL, ETH-BUT, and NBZ-CBZ mixtures (Supporting

Bottcher treated the dispersed system as a close aggregate dhformation). In general, we observed that the Bruggeman O/W
two types of spherical globules and assumed that the polarizationequation predicted the static dielectric constant well for the five
of the whole system is the sum of both kinds of the spheres. solvent mixtures, typically within£=10%. The underlying
Despite the same underlying effective medium theory, the physics for the validity of the Bruggeman O/W equation is still
Bruggeman equation is asymmetric (matrix-inclusion type) and under investigation. The Kirkwood equation yielded good
the Bottcher equation is symmetric (statistical mixture ty{é;. predictions for the NBZDMF and ETH-BUT mixtures but

We applied the above mixing formulas to calculate the static produced large discrepancies between the predicted and mea-
dielectric constants of binary solvent mixtures. For the Kirk- sured values for the BUTFOR, NBZ-TOL, and NBZ-CBZ
wood equation, the molar voluni/d, molar polarizatiorPe,, mixtures. This difference is probably caused by the oversimpli-
gas-phase momentg, refractive indexn, and correlation fied assumptions inherent in the use of the correlation fag;tor
parameteg were calculated on a mole-weighted basis. For the where the ideal mixing behavior only applies when the dipole
Bruggeman equation, we also examined the effect of phasemoments of the two components are approximately the same
inversion, where we denote the Bruggeman O/W equation whenand the structural changes (e.g., molecular complexing due to
the less polar component is chosen to be the dispersed phasél-bonding) upon mixing are small. In general, the calculation
and the Bruggeman W/O equation when the more polar of g for the solvent mixture is very difficult (or even impossible)
component is the dispersed phase. Figure 3 compares theowing to the complex interaction between the components,



Dielectric Properties of Solvent Mixtures

TABLE 5: Experimental and Theoretical Results for the
High-Frequency Limiting Dielectric Constants of
Butanol—Formamide Mixtures at 21.4°C

BUT vol. relative
fraction, % €hexp €s,mod' error, %
0 5.3 5.3 0.0

10 5.0 5.1 2.0

30 4.9 4.7 -3.3

50 4.8 4.4 —-7.8

70 45 4.2 -7.7

90 3.8 3.9 2.9
100 3.8 3.8 0.0

a Calculated from eq 15.

which limits the application of the Kirkwood equation to
particular solvent mixtures.

Ill. High-Frequency Limiting Dielectric Constant.The
dielectric constant of a chemical species at “infinite” frequency
is often defined as the sum of the electronic and the atomic

polarizations, where the electronic polarization equals the square

of the internal refractive index of the solvent, and the atomic
polarization typically corresponds to approximately 10% of the
electronic polarizatio® The high-frequency limiting dielectric
constanky, however, can still include contributions from dipole
polarization of much smaller amplitude than the principal
dispersion. They, of solvent mixtures can be calculated based
on theoretical models as well as many empirical forméfas,
and these formulas yield only slight differences between them
because they, values are usually close. For our investigation,
a simple capacitor-in-series model (eq 15) proved sufficient to
calculate the value ofy, for the solvent mixtured

1 1
Z(Pi_

€h,mix [ €,

(15)

Equation 15 yielded good predictions for all the five solvent
pairs as shown in Table 5 for the BB"FOR mixtures and in
Table S-4 (Supporting Information) for the other four solvent
mixtures.

IV. Ewvaluation of Mixing Formulas.We used the logarith-
mic mixing formula (eq 8), the Bruggeman O/W equation (eq
13), and the capacitor-in-series model (eq 15) to calculate the
three dielectric parameters of the solvent mixtuegsk, €n mix,
and tnix) for use in the Debye relaxation model. The three

parameters, computed using the dielectric properties of the pure
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Figure 4. Experimental and theoretical dielectric spectra of 50/50 (v/
v) mixtures of the five solvent pairs at 21°€. The markers denote
experimental data, and the solid lines are the predicted results from
the dielectric “mixing rules”. (a) Dielectric constant and (b) Dielectric
loss factor.

significant effects on the dielectric spectra of the mixture at
these frequencies. The former is estimated well@%) from

eq 7 using the assumption of ideal mixing behaviors. Further
refinements may be possible by incorporating nonideal mixing
terms intoAGn,x; however, we expect the agreement between
the calculated and experimental dielectric spectra to improve
only modestly for most systems by their addition. We expect

component solvents and the solution composition, were inserteddreater agreementif the errordgcould be reduced. In general,

into the Debye model (eqs 3 and 4) to predict the frequency-
dependent dielectric behaviors of the solvent mixtures. The

the plateau ine' at high frequency and the frequency for the
inflection point are predicted well (Figures 2a and 4a) by the

predicted dielectric values matched the measured results well0d€l; the greatest disagreements occur at the lowest frequen-

for the five solvent mixtures for all solution compositions as

cies fore' (Figures 2a and 4a) and in the maximum value'of

shown by the examples in Figures 2 and 4. Figure 2a,b present§Figures 2b,c and 4b). These disagreements’irat low

the experimental and predicted dielectric properties of the BUT

FOR mixtures for all solution compositions, and Figure 4a,b
shows those of 50/50 (v/v) mixtures for the five solvent pairs.
It is important to note that the 50/50 (v/v) mixtures generally

frequenciesd ~ s at low frequencies) and in the maximum
value ofe"” (emax = [€s — €n)/2) result from the error in estimating
esmix. Of the errors associated wWitQ mix, €nmix, aNdTmix, the
error ines miximpacts the level of agreement the most. Estimates

exhibit the largest discrepancies between the experimental ancf the frequency-dependent dielectric properties of simple liquid-

theoretical results; nevertheless, in all the comparisons presented

in Figure 4, the discrepancies are rather small over the whole
frequency range.

The accuracy of the model for estimating the effective
dielectric properties for a solvent mixture depends differently

hase mixtures by this model would most improve by the
availability of better abilities to predict the parametggix.**

Conclusions

The frequency-dependent dielectric behaviors of various

on the errors for the three calculated parameters used in theorganic solvents and solvent mixtures at microwave frequencies

Debye model. Despite the greater relative error associated with
€n, its effect on the predicted dielectric properties for the mixture
is negligible as its absolute value is small relatives3o The

are described well by the Debye equation and can be sum-
marized by three parametefs.We have developed dielectric
“mixing rules” based on electrostatics, rate theory, and solution

relaxation time constant and static dielectric constant have morethermodynamics, from which these three parameters can be
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readily calculated for solvent mixtures using those of the pure

Lou et al.

(16) Barthel, J.; Bachhuber, K.; Buchner, R.; HetzenaueGl¢m. Phys.

solvents that comprise the mixture. The composition-dependent-ett: 1990 165 369-373.

(17) Bao, J.-Z.; Swicord, M. L.; Davis, C. Q. Chem. Physl996 104,

expressions successfully predict the frequency-dependent di-4441 4450

electric properties for various binary solvent mixtures over all

solution compositions.

(18) Jordan, B. P.; Sheppard, R. J.; Szwarnowskd, £hys. D: Appl.
Phys.1978 11, 695-701.
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