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To gain insight into the effects of liquid-liquid phase separation on molecular relaxation behavior we
have studied an apparently homogeneous mixture of 5-methyl-2-hexanol and isoamylbromide by
dielectric spectroscopy over a broad temperature range. It shows two relaxation regions, widely
separated in frequency and temperature, with the low-frequency relaxation due to the alcohol and
the high-frequency relaxation due to the halide. In the mixture, the equilibrium dielectric
permittivity �s of the alcohol is 41% of the pure state at 155.7 K and �s of isoamylbromide is �86%
of the pure state at 128.7 K. The difference decreases for the alcohol component with decreasing
temperature and increases for the isoamylbromide component. The relaxation time � of
5-methyl-2-hexanol in the mixture at 155.7 K is over five orders of magnitude less than in the pure
state, and this difference increases with decreasing temperature, but � of isoamylbromide in the
mixture is marginally higher than in the pure liquid. This shows that the mixture would have two
Tg’s corresponding to its � of 103 s, with values of �121 K for its 5-methyl-2-hexanol component
and �108 K for its isoamylbromide component. It is concluded that the mixture phase separates in
submicron or nanometer-size aggregates of the alcohol in isoamylbromide, without affecting the
latter’s relaxation kinetics, while its own �s and � decrease markedly. © 2007 American Institute of
Physics. �DOI: 10.1063/1.2409929�

I. INTRODUCTION

In one of the earliest single frequency dielectric studies,
Schallamach1 had noted that 1-propanol isoamylbromide and
geraniol isoamylbromide mixtures show two dielectric relax-
ation processes. As these features were similar to those ob-
served in the pure liquids, he suggested that the relaxation
features of a hydrogen-bonded liquid were not greatly af-
fected by the presence of isoamylbromide, and “that a mix-
ture of associated and nonassociated liquids is not micro-
scopically homogeneous.”1 Later, Denney2 briefly studied
the dielectric relaxation spectra of 1-propanol isoamylbro-
mide mixture and found that the relaxation time of
1-propanol in the mixture increased but that of isoamylbro-
mide remained unchanged. He concluded that,2 as proposed
by Schallamach,1 mixing of these two liquids does not occur
at a molecular scale and aggregates of 1-propanol persist in
isoamylbromide. The average size of the aggregate in the
liquid mixture would be large enough that each molecule in
it would show its own dielectric relaxation partly modified
by the nature and concentration of the second component.
More recently, Murthy and Tyagi3 studied another alcohol-
alkyl halide mixture, namely, 4-methyl-3-heptanol and
1-bromobutane, which also showed two relaxation processes,
and attributed the slower process to the � relaxation in the

mixture and the faster process, which occurred, below the
calorimetric Tg of the mixture, possibly to a � relaxation.

The dielectrically or mechanically observed �-relaxation
process of an ultraviscous liquid is attributed to the ability of
molecules to diffuse translationally and rotationally in its
structure, which becomes biased by the electrical and me-
chanical stresses. As a liquid is cooled, its structure changes,
and the relaxation time and viscosity increase. When this
time becomes equal to 103 s or the viscosity � becomes
equal to �1013.3 P, the liquid is said to vitrify or become
rigid. The temperature at which these two values are reached
on cooling is referred to as Tg.4,5 Dielectric and mechanical
relaxations of a material are characterized by the relaxation
time, the distribution of relaxation times, the equilibrium per-
mittivity, and the limiting high-frequency pemittivity. In the
absence of any relaxation, the last of these yields information
on the optical and infrared polarizations. Currently, four fea-
tures of the �-relaxation process are regarded as characteris-
tic of liquids; �i� It occurs with an asymmetric distribution of
times,5,6 which is interpreted in terms of dynamic
heterogeneity;7,8 �ii� the temperature dependence of its relax-
ation time follows a Vogel-Fulcher-Tammann type
relation;9–11 �iii� its dielectric relaxation strength increases on
cooling; and �iv� its relaxation time is quantitatively related
to the relaxation time of the Johari-Goldstein �JG�
process,12,13 which is the faster and localized motion whose
occurrence leads to the large-scale diffusion involved in thea�Electronic mail: jvij@tcd.ie
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� relaxation,14–16 and whose equilibrium dielectric properties
show features that are characteristic of the �-relaxation
process.17 The dielectric relaxation time of the �-relaxation
process � is regarded as directly proportional to � according
to Maxwell’s relation �=� /G�, where G� is the instanta-
neous shear modulus of the liquid. But recent studies have
shown that G� itself varies with the temperature, as the liq-
uid’s structure varies.18,19 When relaxation studies are per-
formed on apparently homogeneous mixtures of two liquids,
there is an additional difficulty in considering their hydrody-
namics in terms of � and G�, because one type of molecules
in its ultraviscous liquid may aggregate at submicroscopic
scales. Hence, it becomes uncertain as to how � and G� of
either of the two interdispersed liquid phases can be defined
at a submicron scale. Moreover, it is expected that interfacial
effects have a role in the properties of such incipient phase-
separated liquid mixtures.

Phase separation of a liquid mixture into nanometer-size
regions has a consequence for its dielectric and other prop-
erties. To gain insight into its effect on the �-relaxation be-
havior, we have initiated a detailed study of such mixtures by
dielectric spectroscopy. Here we report a study of a mixture
of a long chain alcohol, 5-methyl-2-hexanol, in isoamylbro-
mide, a slightly shorter molecule. We believe that, in addi-
tion to their academic value, such studies are important from
the point of view of understanding certain biological process
as well as in the use of pharmaceuticals in which a hydrogen-
bonded drug needs to be mixed with dipolar non-hydrogen
bonded liquids. We have already reported dielectric spectros-
copy studies of both liquids in their pure states.20,21 There-
fore, a comparison of the dielectric properties of the mixture
with those of its �same sample� components, which is needed
for our interpretation, is also possible.

II. EXPERIMENTAL METHODS

5-methyl-2-hexanol of 99.5% purity was obtained from
Fluka AG. It was a sample from an earlier study.21 Isoamyl-
bromide �96%� was purchased from Aldrich, and it was also
a sample from an earlier study,20 which had been redistilled
prior to these experiments. Both are low viscosity liquids at
ambient temperature. A mixture of composition: 1 mol
5-methyl-2-hexanol and 4 mol isoamylbromide was prepared
by accurate weighing. It is referred to as a 20 mol %
5-methyl-2-hexanol-isoamylbromide mixture. The spectra of
the dielectric permittivity and loss, �� and ��, were measured
in real time over the frequency range of 0.4 Hz–10 MHz by
means of a Novocontrol Alpha-A frequency response ana-
lyzer and a ZG4 dielectric interface in two-wire mode. A
stainless steel variable multiplate capacitor with gold-plated
electrodes and a nominal maximum air capacitance of 27 pF
were used. The capacitor and a Pt 100 � resistance tempera-
ture sensor were inserted into a glass vial containing the
liquid mixture, ensuring no air bubbles were trapped. The
sample was cooled from ambient temperature to liquid N2

temperature. When the �� and �� spectra were measured iso-
thermally or, in general, the temperature of the sample was
measured at 20 s intervals with a multimeter connected to
the sensor immersed in the sample. The maximum deviation

from the mean temperature was �0.1 K after stabilization.
The measurement time for the spectra was on the average of
240 s.

III. RESULTS

Several �� and �� spectra of the 5-methyl-2-hexanol-
isoamylbromide mixture were obtained over the temperature
range of 101–181.5 K. Typical spectra at the temperatures
when the dispersion and absorption features were clearly evi-
dent are shown in Figs. 1�a� and 1�b�. Over most of the
temperature range of this study, the spectra show two disper-
sion regions in �� and two peaks corresponding to these dis-
persions in ��. As mentioned earlier here, Schallamach1 had
reported that the plots of fixed frequency values of �� and ��
against the temperature of 1-propanol isoamylbromide and
geraniol-isoamylbromide mixtures had shown two steps in ��
and two peaks in ��. A later study of the relaxation spectra of
1-propanol isoamylbromide mixture by Denney2 had shown
two relaxation regions in the Cole-Cole plots of �� against
��, the lowest frequency arc in the plots corresponding to the
relaxation of 1-propanol and the high-frequency arc corre-
sponding to that of isoamylbromide. The dielectric relaxation
time of isoamylbromide is shorter than that of 5-methyl-2-
hexanol at the same temperature.20,21 Therefore, at higher
temperatures, 153.6–175.3 K in Fig. 1, the �� dispersion and
�� peak in the mixture are due to the Brownian motions of
5-methyl-2-hexanol in the mixture. The �� dispersion and ��
peak at the lowest temperatures, 116.6–132.9 K, in Fig. 1
are due to the motions of isoamylbromide. At the lowest
temperature at which the isoamylbromide �� dispersion and
�� peak appear in the frequency window of the experiment

FIG. 1. �Color� The dielectric permittivity �� �a� and loss �� �b� spectra of
5-methyl-2-hexanol-isoamylbromide �1:4 molar ratio� mixture. The low-
frequency peak in �b� is due to the relaxation of the 5-methyl-2-hexanol and
the high-frequency peak due to that of isoamylbromide.
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�116.6 K�, the relaxation time of isoamlybromide molecules
estimated from the frequency of maximum loss would be
�0.14 s. At this temperature, the 5-methyl-2-hexanol has, in
fact, vitrified �Tg�121.4 K�, and the relaxation time of
5-methyl-2-hexanol in the mixture is thus many orders of
magnitude longer than that of the isoamylbromide. The
Brownian diffusion of isoamylbromide still occurs when
5-methyl-2-hexanol is in the glassy state. The �� dispersion
and �� peak of 5-methyl-2-hexanol would still be observable
but in a much lower frequency range inaccessible by this
experimental technique.

An earlier study21 has shown that 5-methyl-2-hexanol
has three relaxation processes, one of which appears as a
Debye peak �i.e., an exponential decay of polarization or
single relaxation time� in the ultraviscous state and the other
two are resolved from the high-frequency �� and �� data and
show an asymmetric distribution of relaxation times. In con-
trast isoamylbromide had only two relaxation processes, one
of which appeared as an �� dispersion and �� peak and the
second process was resolved from the high-frequency part of
the spectra. Both processes showed an asymmetric distribu-
tion of relaxation times.20 The fastest relaxation in both
isoamylbromide and 5-methyl-2-hexanol was attributed to
the JG relaxation.20,21 To show their spectral positions and
features relative to the spectra of the mixture, we have plot-
ted the �� spectrum of the mixture at 137.0 K in Fig. 2�a�

and spectra of 5-methyl-2-hexanol and of isoamylbromide in
Figs. 2�b� and 2�c�. The temperature of 137.0 K was chosen
for this plot because it is the lowest temperature at which the
�� peaks for both substances are seen together within the
frequency window of the experiment. Note that the tempera-
tures for comparison of the pure liquids �129.0 K for pure
isoamylbromide and 160.9 K for pure 5-methyl-2-hexanol�
are different, both from each other and the temperature at
which the mixture spectrum was measured. Data were not
available for pure isoamylbromide at 137.0 K because the
pure compound began to crystallize at T above �129 K.20 At
137 K, pure 5-methyl-2-hexanol is well below its Tg, deeply
in the glassy state, and the relaxation time of its � process
cannot be determined. For that reason, the �� spectrum of the
mixture measured at 160.9 K, where pure 5-methyl-2-
hexanol’s relaxation time is close to that of the mixture at
137 K, was chosen for comparison. In Figs. 1�a� and 1�b�, it
is evident that some of the spectral features of the � relax-
ation and the JG relaxation overlap the spectra measured
here, and as a result it is difficult to unambiguously resolve
the �� and �� spectra of the mixture into a total of five re-
laxation regions and dc conductivity. Because of that diffi-
culty, we proceed by assuming that the high-frequency
relaxation processes, i.e., processes II and III of
5-methyl-2-hexanol,21 do not significantly affect the �� peak
position of isoamylbromide. And, therefore, instead of ana-
lyzing the spectra of the two liquids in the mixture into their
respective high-frequency components, we have determined
the �� peak frequency fm, from the spectra shown in Fig. 1
�and from a number of other spectra excluded from Fig. 1�
by fitting a high order polynomial �up to order 7� to the
points around fm, and calculated the dielectric relaxation
time from the relation �=1/2	fm.

Figure 3 shows the plots of log10 � against the tempera-
ture for the relaxation due to molecular motions in 5-methyl-
2-hexanol and that for the relaxation of molecules in
isoamylbromide. For comparison, the plots of � of pure
5-methyl-2-hexanol taken from Ref. 21 and of isoamylbro-
mide taken from Ref. 20 are also shown. The Vogel-Fulcher-
Tammann equation,9–11 log �=−13.89+ �825.8/ �T−72.5��,
fits the data for 5-methyl-2-hexanol in the isoamylbromide
mixture. From the earlier study of pure
5-methyl-2-hexanol,21 log �=−14.43+ �1205/ �T−79.8�� For
isoamylbromide, � values in the mixture and in the pure state
are similar and are fitted reasonably well by the same relation
as given before,20 log �=−17.61+ �787/ �T−68.5�� as seen by
the line through the data in Fig. 3. It should be stressed that
these parameters do not imply that only a single Vogel-
Fulcher-Tammann equation would fit the data up to a for-
mally infinite temperature where � is assumed to be in the
range of 10−14–10−12 s.

To determine whether there is a change in the shape of
the relaxation spectra of the mixture’s components, we have
shown the Cole-Cole22 plots of the mixture in Fig. 4 at 118.6,
141.2, and 153.6 K. These temperatures were chosen such as
to reveal the distinction between the Cole-Cole arc, arising
from mainly isoamylbromide at 118.6 K, from both
5-methyl-2-hexanol and isoamylbromide at 141.2 K, and
mainly from 5-methyl-2-hexanol at 153.6 K. Of the two arcs

FIG. 2. �a� The dielectric loss spectra of 5-methyl-2-hexanol-
isoamylbromide mixture at 137.0 K. �b� The corresponding spectra for pure
isoamylbromide at 129.0 K. �c� The corresponding spectra for 5-methyl-2-
hexanol at 160.9 K. Note the partial overlap of processes II and III of pure
5-methyl-2-hexanol with the spectra of pure isoamylbromide. This would
also lead to slight overlap in the same spectral region of the mixture, which
prevents an appropriate analysis of processes II and III of 5-methyl-2-
hexanol in the mixture and complete characterization of the contribution of
each substance to the mixture spectrum.
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seen at 141.2 K in Fig. 4, the one on the right hand side in
the low-frequency range is due to the � relaxation of
5-methyl-2-hexanol in the mixture. It is clearly more skewed
at the high frequency end. In this respect it remarkably dif-
fers from the spectra for pure 5-methyl-2-hexanol which had
shown a semicircular arc characteristic of the Debye-type
relaxation that had relaxed �97% of its total orientation po-
larization. The arc on the left hand side at high frequencies is
due to the reorientational motion of isoamylbromide. It
shows an asymmetric distribution of relaxation times of the
Davidson-Cole23 type.

An extrapolation for � of 5-methyl-2-hexanol in the mix-
ture from the fitted equation, log �=−13.89+ �825.8/ �T
−72.5�� in Fig. 3, yields a value of 3.1 ks at 120 K which is
3
105 times the isoamylbromide relaxation time in the mix-
ture at the same temperature �estimated by interpolation with
its own Vogel-Fulcher-Tammann equation, log �=−15.44
+ �591.4/ �T-75.9��, rather than the one for the fit to the pure
isoamylbromide from Ref. 20�. This means that the structure
of the �incipient� phase-separated 5-methyl-2-hexanol is ki-
netically frozen at T�121 K, and the isoamylbromide mol-
ecules in the remainder of the ultraviscous phase diffuse in
the regions surrounding the glassy phase of 5-methyl-2-
hexanol.

The dielectric relaxation strength �� of pure 5-methyl-
2-hexanol spectra had been resolved into three relaxation
processes, named I, II, and III, of which I is the Debye-single
relaxation time which carries �97% of the polarization, and
process III, which carries about 0.3%, is suggested to be due
to the JG relaxation. �It should be noted that a Debye relax-
ation has now been observed in the ultraviscous state of a
dilute solution of di-n-butyl ether, a non-hydrogen-bonded
liquid, in 3-methylpentane, and its total relaxation spectra
has been also resolved into three relaxation regions,24 as for
other hydrogen-bonded liquids.21 This shows that hydrogen
bonding in a liquid is unnecessary for a Debye-relaxation
process.� As shown in Fig. 2 and discussed here, there would
be a considerable ambiguity in resolving the relaxation spec-
tra of 5-methyl-2-hexanol in the mixture into three relaxation
regions. Even if a shift of the spectra for pure 5-methyl-2-
hexanol to higher frequencies in its isoamylbromide mixture,
to be discussed here later, is taken into account, relaxations II
and III of the 5-methyl-2-hexanol spectra would overlap part
of the spectra of isoamylbromide. Because of the consequent
ambiguity in the analysis, we do not analyze the spectral
regions of 5-methyl-2-hexanol in the mixture into its compo-
nents I, II, and III to determine ��, the orientational polar-
ization contribution to the susceptibility, for 5-methyl-2-
hexanol. Instead, we use the midpoint value of �� as an
estimate for the sum of the high-frequency permittivity of the
mixture �� and the orientational polarization contribution of
the isoamylbromide component to the mixture permittivity.
Any remaining contribution to �s is then taken to be �� of
the 5-methyl-2-hexanol component. �� was estimated from a
spectrum measured at a low temperature where the contribu-
tion to the permittivity from relaxation processes is minimal

FIG. 3. The relaxation time obtained from the frequency of maximum loss
of 5-methyl-2-hexanol-isoamylbromide mixture is plotted against the tem-
perature. For comparison, the data for pure 5-methyl-2-hexanol �filled
squares� and pure isoamylbromide �filled circles� are also plotted. The con-
tinuous lines are the fits to the equation log10 �=A+ �B / �T−T0��, where A
=−17.61, B=787 K, and T0=68.5 K for pure isoamylbromide �Ref. 20� and
the isoamylbromide component of the mixture. For pure 5-methyl-2-hexanol
�Ref. 21� A=−14.43, B=1205 K, and T0=79.8 K, and for 5-methyl-2-
hexanol in the mixture, A=−13.89, B=825.8 K, and T0=72.5 K.

FIG. 4. The complex plane plots of the dielectric loss and permittivity of the
5-methyl-2-hexanol-isoamylbromide mixture at three temperatures: �a�
118.6 K, �b� 141.2 K, and �c� 153.6 K.
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�102.9 K�. Knowledge of �� then allows �� of isoamylbro-
mide in the mixture to be estimated also. These values are
plotted against the temperature in Fig. 5. For comparison, ��
values of pure 5-methyl-2-hexanol and pure isoamylbromide
are also plotted in Fig. 5.

To gain an approximate idea of the distribution of relax-
ation times, the spectra were analyzed by fitting the sum of a
Davidson-Cole23 �with an asymmetric broadening parameter
�� and a Cole-Cole22 relaxation term �the latter included to
represent any JG relaxation contribution at the lower tem-
peratures� to the isoamylbromide �� peak for each tempera-
ture in which it occurred within the measurement frequency
window. The data on the low-frequency side of the peak
were excluded as these should contain the most influence
from the higher frequency relaxations of the 5-methyl-2-
hexanol component. This contribution should be largest at
lower temperatures because the relaxation times of the
isoamylbromide and 5-methyl-2-hexanol in the mixture be-
come closer as the temperature is decreased and the strength
of process II increases �see Fig. 3 and 4�. In order to obtain
as many points as possible beyond the peak in the frequency
window for a reliable fit while minimizing the influence of

the 5-methyl-2-hexanol relaxation processes, we use the
spectra for the mixture at 124.7 K with the isoamylbromide
�� peak near the center of the frequency window. It yields
�=0.52 for isoamylbromide in the mixture. For pure
isoamylbromide, �=0.61 at 125.2 K.20

IV. DISCUSSION

A. The relaxation time

The viscosity of pure 5-methyl-2-hexanol is higher than
that of isoamylbromide at ambient temperature, and its � is at
least 108 times the value for isoamylbromide at a tempera-
ture near 120 K. It is therefore expected that not only their
homogeneous mixture would show just one relaxation pro-
cess, but also that the viscosity of the mixture would be
higher than that of pure isoamylbromide. Hence, hydrody-
namically speaking, � of isoamylbromide in the mixture at
120 K would be at least an order of magnitude higher than in
the pure state. Instead, � of isoamylbromide in the mixture in
Fig. 3 is within the experimental and analytical uncertainties
of its value in the pure state. This shows that the isoamyl-
bromide motions are not affected by the presence of
5-methyl-2-hexanol, i.e., isoamylbromide phase separates
from 5-methyl-2-hexanol molecules in the mixture. Alterna-
tively stated, 5-methyl-2-hexanol aggregate to form clusters,
leaving the isoamylbromide in a relatively pure state in the
mixture. The refractive index of 5-methyl-2-hexanol is 1.418
and that of isoamylbromide is 1.442 at ambient
temperature.25 According to the Fresnel equation, this differ-
ence is sufficient to produce a considerable optical contrast
in the mixture to make it somewhat opaque. But the mixture
at ambient temperature is found to be an optically transparent
solution. Since dielectric spectra show two different regions
of relaxation, the optical transparency indicates that phase
separation does not occur into 5-methyl-2-hexanol aggre-
gates or particles larger than the wavelength of light, that is,
it must occur at a submicrometer or a nanometer scale.

There is a further indication that the mixture is not ho-
mogeneous at a submicrometer scale. This comes from the
generally noted fact that in a molecularly homogeneous so-
lution � of the low-viscosity component increases in the mix-
ture and that of the high-viscosity component decreases, i.e.,
the � values of the two move in opposite directions. This has
been recently confirmed from detailed studies of solutions of
alcohols in nonpolar solvents3 and solutions of some alco-
hols in slightly polar solvents.26 To elaborate, Murthy and
Tyagi3 have found that � of 4-methyl-3-heptanol decreases in
its mixture with 1-bromobutane �Fig. 11, Ref. 3�, but they
did not ascertain whether the faster relaxation they had ob-
served in the mixture was a �-relaxation process or was it
due to relaxation of 1-bromobutane molecules in the mixture.
In the present study, � of 5-methyl-2-hexanol in the mixture
decreases but � of the isoamylbromide does not change.
There is also a JG relaxation process from the motions of
isoamylbromide molecules in the mixture, as had been ob-
served in its pure state,20 but this cannot be separately ana-
lyzed due to the interference of the alcohol components’ re-
laxations in the mixture.

FIG. 5. �a� The contribution to the dielectric permittivity of the mixture
from the orientational polarization of the 5-methyl-2-hexanol and isoamyl-
bromide components plotted as a function of temperature. The unscaled
values measured for pure 5-methyl-2-hexanol and isoamylbromide are
shown for comparison. �b� The expected contribution to the dielectric per-
mittivity of the mixture from the orientational polarization of pure 5-methyl-
2-hexanol and pure isoamylbromide is plotted against the temperature. This
is shown by scaling the values for the pure substances to the mole fraction
of each present in the mixture. The actual values measured for 5-methyl-2-
hexanol and isoamylbromide in the mixture are included for comparison.
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The relaxation time of 5-methyl-2-hexanol in the phase-
separated mixture at 180 K is a factor of 1.6
107 less than
that in the pure state at 160 K. In the pure state it forms
intermolecular hydrogen bonds such as to produce a linear
chain structure. This interpretation is largely based on the
interpretation of the unusually high �s value for water,27 in
which similar intermolecular hydrogen bonds have been ob-
served by a variety of techniques, and in which such bonds
cause a �dynamic� short range dipolar correlation that raises
the dipole moment that reorients when a molecule reorients.
We suggest that because of the large size of the molecule
itself and hindrance to the –OH group there would be much
fewer 5-methyl-2-hexanol molecules in its nanometer-size
cluster than in a micrometer-size cluster, i.e., the extent of
hydrogen bonding in the clusters would be significantly less.
The presumably spherical shape of the cluster needed to
minimize its surface energy would further constrain the
alignment of –OH groups necessary for the hydrogen bond-
ing. Since each molecule forms two hydrogen bonds, one as
a donor of a proton and another as an acceptor, the number of
hydrogen bonds that need to break before a reference dipole
and its dipolar environment that can orient would be less
than two and � hence would decrease. We propose that the
105-fold decrease in � of 5-methyl-2-hexanol in the mixture
reflects a decrease in the number of intermolecular hydrogen
bonds, mainly due to the small size of the cluster and the
steric hindrance to the formation of hydrogen bonds by the
�seven carbon atoms� hydrocarbon chain containing the OH
group.

It should be noted that Denney3 had found that � of
1-propanol had increased when it was mixed with isoamyl-
bromide in the same composition of 1:4 mole as 5-methyl-
2-hexanol is mixed in our study. This is opposite to the de-
crease observed here. �Note that viscosity measurements on
binary mixtures of other monohydroxy alcohols have shown
that it monotonically decreases as 1-bromobutane is added to
an alkanol,28 but these data do not refer to the 1-propanol,
isoamylbromide or the mixture studied here and it is not
known how the viscosity would change on mixing.� It is
conceivable that for the relatively small molecule of
1-propanol a denser cluster forms as a result of hydrogen
bonding, which increases its � in the mixture.

It has been found previously that the relaxation time of
the H-bonded liquid propylene glycol contained in mesopo-
res �7.5−2.5 nm� of a sol-gel glass matrix may either de-
crease or increase depending on whether the pores are treated
with hexamethyldisilazane �which silanizes –OH groups on
the pore walls� or not.29,30 In the untreated pores there are
strong H-bonding interactions between the pore walls and
the propylene glycol molecules at the interface, which in-
creases their relaxation time. When the pores are treated in
specific ways, these interactions are reduced and the relax-
ation then becomes slightly faster than in the bulk. A more
recent differential scanning calorimetry study31 has shown
that Tg of another H-bonded liquid, glycerol, confined to
hexagonal mesoporous silica with pore sizes of 26.4
−2.6 nm �untreated to remove –OH bonds� increases with
decreasing pore size as a result of increasing importance of
these interface effects, while Tg of a non-H bonded liquid

�o-terphenyl� is reduced by �20 K for the smallest pore size
because of the effect of the confinement on the growth of
cooperatively rearranging regions in the supercooled liquid
with a decrease in the temperature. Such experiments suggest
that the interaction between the alcohol molecules on the
interface of the clusters with the larger component and per-
haps the effect of confinement on Tg in such nanosize clus-
ters could also be factors in determining whether � of the
alcohol increases in the mixture or not.

B. The dielectric relaxation strength and the
distribution parameter

The plots in Fig. 5�a� show that the dielectric relaxation
strength �� of both 5-methyl-2-hexanol and isoamylbromide
in the solution are lower than in their respective pure states.
This is expected because their amounts are only a fraction of
a mole in the mixture. Were the solution homogeneous, the
�� value of each would be obtained by scaling the pure state
�� values by their relative mole fractions and the square of
the effective dipole moments. Therefore, to investigate if
there are additional dipolar effects in the solution that alter
the �� values determined here, we scale the �� of pure
5-methyl-2-hexanol and pure isoamylbromide by their corre-
sponding mole fraction in the mixture, i.e., multiply �� for
pure 5-methyl-2-hexanol by its mole fraction 0.2 and �� of
isoamylbromide by its mole fraction 0.8, and assume that the
effective dipole moment does not change. These scaled val-
ues are plotted in Fig. 5�b�. They show that the measured ��
of 5-methyl-2-hexanol in the mixture �open squares in Fig.
5�b�� is about 36% of the scaled �� value at 155.7 K �filled
squares in Fig. 5�b��. Similarly, the measured �� of isoamyl-
bromide at 130.0 K �circles in Fig. 5�b�� is about 83% of the
scaled value �filled circles in Fig. 5�b�� at 130 K.

In the statistical mechanical theory of dielectrics the
lower values observed for isoamylbromide may indicate a
slightly decreased density of isoamylbromide regions in the
phase separated state in the mixture and/or a slight decrease
in their short range dipolar orientational correlation. In con-
trast, the threefold lower value of �� for 5-methyl-2-hexanol
indicates a decrease in its density in the clusters but it indi-
cates mostly a decrease in the dipolar orientational correla-
tion from its value in the pure state to that in the phase-
separated or clustered state in the mixture. Dielectric
polarization in hydrogen-bonded and strongly interacting di-
polar liquids has been interpreted in terms of a statistical
theory of dipolar orientational correlation given by
Onsager,32 Kirkwood,33 and Fröhlich34 in terms of a quantity
g, which alters the effective dipole moment from its vapor
phase value. If the effective dipole moment of 5-methyl-2-
hexanol remained unchanged, then its scaled �� would be
close to the measured value. The threefold decrease from the
scaled �� for pure 5-methyl-2-hexanol in the mixture to the
actual value, therefore, reflects a significant decrease in g.
This would be expected if constraints to intermolecular hy-
drogen bonding became prominent in the phase-separated
state or else some of the molecules hydrogen-bonded in an
antiparallel manner into dimers or multimers such that the
net effective dipole moment decreased.35–38 It should also be
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noted that the product T�� for pure 5-methyl-2-hexanol var-
ies from 4666 at 177.3 K to 2498 at 263.7 K.

We now discuss the shape of the relaxation spectra. For
the Debye relaxation in pure 5-methyl-2-hexanol, �=1. But
as is evident from the skewness in the high-frequency part of
the right hand arc in the Cole-Cole plots at 141.2 and
153.6 K shown in Fig. 4, it is less in the mixture. As men-
tioned earlier here, the high-frequency relaxation processes
of 5-methyl-2-hexanol partly overlap the � relaxation from
isoamylbromide and this makes any analysis for its � param-
eter uncertain. Nevertheless, as stated previously, � of
isoamylbromide can be determined by taking the �� points
on the high-frequency side of fm for isoamylbromide and
assuming a Davidson-Cole distribution for the �-relaxation
contribution to �� and a Cole-Cole one for any remaining
JG-relaxation contribution to ��. Its value is plotted against
the temperature in Fig. 6. For both the pure liquid and the
mixture � decreases with the decrease in the temperature, as
expected. The � value of �0.52 at 124.7 K for the mixture is
significantly less than the value of 0.61 for the pure isoamyl-
bromide at 125.2 K.

Evidently, the presence of 5-methyl-2-hexanol aggre-
gates increases the distribution of relaxation times of
isoamylbromide in the mixture without significantly altering
its relaxation time. In the dynamic heterogeneity
conjecture7,8 this would mean that the presence of nano-
scopic heterogeneity of a different constituent adds to the
dynamic heterogeneity of isoamylbromide regions. We con-
clude that the distribution of the relaxation time parameter
decreases for both 5-methyl-2-hexanol and isoamylbromide
when the two are mixed.

C. Structure of the liquid and the relaxation processes

It has been argued that the Debye relaxation in alcohols
and amides may not be associated with the structural relax-

ation or the �-relaxation process.39,40 There has been experi-
mental evidence from other studies21,41–43 that indicate the
lack of merit in the arguments presented.41,42 Moreover, di-
electric relaxation of a variety of unbranched monohydric
alcohols has also been studied in n-alkane solutions at 298 K
and 1 MHz–18 GHz frequency range by Schwerdtfeger, et
al.44 and the observed Debye relaxation time has been dis-
cussed in terms of the usual wait-and-switch model of relax-
ation in which hydrogen bonds break and then reform. This
is the same model for relaxation as for water at high tem-
peratures in which hydrogen-bond fluctuation is attributed to
the Debye relaxation or a very small deviation from it to-
wards a symmetric distribution of relaxation times. It in-
volves relaxation of a molecule’s environment after breaking
of its hydrogen bond, such that it suitably disposes the mol-
ecule in order to form a hydrogen bond with another of its
molecular neighbor. In relation to this study, it is also diffi-
cult to see how this mechanism can be reconciled when mo-
lecular clusters of alcohols form in another dipolar liquid. In
recent studies,45 the Debye-Stokes-Einstein relation of the
inverse proportionality between the dc conductivity and di-
electric relaxation time has been variously tested and its
modification has been suggested.46 For the mixture studied
here, it is also difficult to determine which of the two relax-
ation processes, that of 5-methyl-2-hexanol or that of the
isoamylbromide, should be related to the dc conductivity in
the Debye-Stokes-Einstein equation.

In the recent concern on the nature of the Debye relax-
ation, discussion of experimental studies has been limited to
alcohols and two secondary amides.47 There are two under-
lying reasons for the issues raised in this discussion: Firstly,
the Debye relaxation for which �=1 cannot be reconciled
with the correlation between m, the steepness of the Oldekop
plots48,49 at T=Tg, and �, because the measured m value is
too high for �=1. Secondly, it is an apparent requirement of
the dynamic heterogeneity view of a liquid’s structure that �
be less than 1. Since the observation of �=1 cannot be rec-
onciled with these presumptions, it has been proposed that
the Debye relaxation in the liquid should be explained by
suggesting that it does not refer to Brownian motions or
structural fluctuations that lead to a viscous flow in monohy-
droxy alcohols, even though the Debye process relaxes
�97% of the polarization. Instead, process II, which shows a
distribution of relaxation times and relaxes under 3% of the
orientational polarization, would be related to the viscous
flow. As a rationale, it has been suggested that the Debye
relaxation corresponding to Process 1 could be related to
process II in an unspecified manner, but it has no direct role
in viscous flow.26

Recently a non-hydrogen-bonded liquid, di-n-butyl
ether, has been reported to show a Debye-type � relaxation
in the ultraviscous state of its 1 wt % solution in
3-methylpentane.24 Its � also shows a Vogel-Fulcher-
Tammann-type temperature dependence over a wide tem-
perature range down to a temperature approaching Tg. This
also seems to be inconsistent with the connection between m
and �, which is equal to 1 and the abovementioned view on
the dynamic heterogeneity in an ultravsicous liquid’s struc-
ture. Nevertheless, the data for di-n-butyl ether were inter-

FIG. 6. The asymmetric distribution parameter � for isoamylbromide in the
mixture and in the pure state is plotted against the temperature.
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preted in terms of the Anderson-Ullman50 model for environ-
mental fluctuation and the shape of the relaxation spectra in
as much as the orientation of di-n-butyl ether dipole occurred
in the environment of a faster relaxing 3-methylpentane. This
is the same mechanism as was used for interpreting the re-
laxation in monohydroxy alcohols.51 Evidently, hydrogen
bonding is unnecessary for the observation of a Debye relax-
ation in an ultraviscous liquid.

In relation to our study, it is clear that hydrogen bonding
does not necessarily produce a Debye relaxation in some
alcohols, and there seems to be no a priori need for attribut-
ing the Debye relaxation to micelles or other structure in
pure monohydroxy alcohols. Some of the long chain alco-
hols, such as a variety of isomeric octanols which are ex-
pected to show a greater ability to form micelles, have in-
deed shown a distribution of relaxation times,36 and di-
n-butyl ether, without hydrogen bonds, has shown a Debye
relaxation.24 It may seem tempting to suggest the possibility
of micelle formation by agglomeration of the hydrogen-
bonded molecules, and then the possibility of difference be-
tween the proton conduction within the micelle and in the
bulk. This may give rise to an interfacial polarization at the
micelle-liquid interface, but there has been no evidence for
such micelles from light scattering techniques, and one ex-
pects that their increase in an isoamylbromide mixture would
produce a larger Debye relaxation contribution than in the
pure state. Studies have shown that a mismatch in the mo-
lecular size decreases micelle stability and the foaming prop-
erty of a liquid mixture.52 Our study has shown that the
spectra instead becomes broader than the Debye spectra and
the contribution to the polarization in the mixture is less than
the expected value.

V. CONCLUSION

The dielectric relaxation spectra of a long chain alcohol
5-methyl-2-hexanol mixed with isoamylbromide �
1:4 mol/mol ratio� shows two relaxation regions attributable
to the reorientation of the monohydroxy alcohol and of
isoamylbromide molecules at different rates. This indicates
that 5-methyl-2-hexanol phase separates most likely into
nanometer-size regions. The dynamics of 5-methyl-2-
hexanol in the mixture becomes faster by over five orders of
magnitude at 155.7 K, but that of isoamylbromide increases
marginally. The permittivities due to orientational polariza-
tion in 5-methyl-2-hexanol decreases by a factor of 13.8
from the pure to the mixed state and that due to isoamylbro-
mide decreases by about a factor of 1.5, when scaling for the
mole fraction of each component, are not taken into account.
For 5-methyl-2-hexanol especially, the value of the contribu-
tion expected when scaling from the pure state to the mixture
composition is included and remains much higher than was
actually measured in the mixture, indicating a considerable
decrease in the orientational polarization as a result of the
change in the density and/or short range dipolar orientation.
The distribution of relaxation time for isoamylbromide in-
creases in the mixture, indicating a greater dynamic hetero-
geneity in the presence of aggregates of phase-separated
5-methyl-2-hexanol. The results show that phase separation

may lead to a decrease in the relaxation time as the extent of
hydrogen bonding decreases and as the aggregates reach a
nanometer size in which interfacial effects distort the ar-
rangement of an alcohol’s hydrocarbon chain enough to de-
crease the relaxation time, its distribution, and the probabil-
ity of the parallel correlation of dipoles.

The study raises the issue of how the dielectric relax-
ation times of the alcohol and isoamylbromide can be related
to the macroscopic viscosity of the solution through the
equality of the shear and dielectric relaxation times or else
can be related to the continuum model high-frequency shear
moduli of the clusters and of the liquid matrix. It is also
difficult to see how this behavior may be interpreted in terms
of the configurational entropy theory.53 It remains a chal-
lenge to address these issues in the future.
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