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a  b  s  t  r  a  c  t

Dielectric  spectra  of  dimethyl  sulfoxide  (DMSO)-monohydric  alcohol  (C1–C4)  mixtures,  over  the entire
mole  fraction  range,  have  been  measured  using  the  dielectric  relaxation  spectroscopy  (DRS)  at  frequen-
cies  from  20  MHz to 20  GHz  at room  temperature.  The  mixture  behavior  is described  according  to  four
Davidson–Cole  terms  whose  evolution  with  composition  is  analyzed.  Numbers  of  hydrogen  bonds  and
bonding  energies  between  alcohol-alcohol  and DMSO-alcohol  pairs  are  estimated  from  the  dielectric
constants  using  the  Luzar  model.  The  average  number  of  hydrogen  bonds  associated  with  DMSO  decreases
eywords:
icrowave

ermittivity spectra
MSO-monohydric alcohol mixture
ydrogen bond

with  increasing  mole  fraction  of  DMSO.  The  binding  energy  for  alcohol-alcohol  (E11) and  DMSO-alcohol
(E12) interactions  decreases  with  the  increased  numbers  of carbon  atoms  in  the  alcohols.

Crown  Copyright  © 2013  Published  by Elsevier  B.V.  All  rights  reserved.
inding energy

. Introduction

Microwave irradiation has been successfully applied in organic
hemistry, such as microwave-accelerated catalysis, microwave-
pplied cycloaddition reaction and polymers [1]. The effects of
icrowave radiation on compounds mainly depend on their dielec-

ric properties. Selection of a proper solvent of suitable polarity
ith special physicochemical parameters is important for many
rocesses, accelerating or inhibiting chemical reactions, and/or
hanging their kinetics and mechanism. Mixed solvents are of
urrent interest to meet the required solvent polarity with quite
ifferent physicochemical properties [2,3].

Because of DMSO is widely used in biological studies, chemical
aterials, medical, and other fields, many authors [4–6] have stud-

ed its properties. As an aprotic polar solvent, DMSO can dissolve
ost organic compounds, as well as many inorganic substances.
ue to the partial negative charge on the oxygen atom in S O,
MSO can form strong hydrogen bonds with water [7]. Using a
ean field approximation for hydrogen-bonded mixtures; Luzar

8] has proposed a theoretical model that qualitatively agrees
ith experimental results for DMSO-water mixtures. Zijie Lu [7]

as studied DMSO-water mixtures by dielectric relaxation spec-
roscopy, and found the average number of hydrogen bonds per

olecule is fewer than for pure water.

∗ Corresponding author. Tel.: +86 84480797.
E-mail address: jia1689500@126.com (J. Guo-Zhu).

378-3812/$ – see front matter. Crown Copyright © 2013 Published by Elsevier B.V. All ri
ttp://dx.doi.org/10.1016/j.fluid.2013.12.014
Monohydric alcohols other polar solvents, which are used in oils,
resins, and antifreeze as a kind of organic solvent [9]. Methanol is
used as a cleaning agent and analytical reagent; ethanol is now used
in fuel; propanol is used to produce synthetic spices, and butanol
is used in manufacturing plastic and rubber products. Research on
these systems has focused on the hydroxyl group–OH, which forms
many complex molecular clusters and network structures in mix-
tures. Dielectric research [10–15] has found mixture systems with
both structure breaking and structure making.

Many experimental systems have been implemented to deter-
mine the contribution of the interaction of molecules. These
include, NMR  [16], X-ray [17], CD [18], fluorescence [19],
UV–Raman [20], infrared and dielectric spectroscopy [21,22]. Fur-
ther, ab initio calculations and molecular dynamics simulations
have been used [22]. Compared to other techniques, DRS is espe-
cially advantageous for investigating the cooperative nature of
hydrogen-bonding in liquids because it monitors the collective
motion of a molecular ensemble through the response of the total
dipole moment of the sample to a time-dependent electric field.
Christa Trandum [23] has reported the intermolecular interaction
in the DMSO-t-Butylanol-water system. Although there are abun-
dant literatures concentrate on several studies of aqueous DMSO
[4,24,25,26], the structure for the DMSO-alcohol mixtures may  be
more complex.
In this paper, we study the dielectric relaxation of DMSO-
monohydric alcohol system by using the DRS. This system
consist three pairs of hydrogen-bond, the interaction for alcohol-
alcohol (pair 1), DMSO-alcohol (pair 2) and DMSO-DMSO (pair 3),

ghts reserved.
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Table  1
Sample information.

Item DMSO Monohydric alcohol
The  source Chengdu Kelong Chemical reagent factory
Mass fraction puritya ≥99.5%
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Purification methods No further purification

a Given in the certificate of analysis.

espectively. We  choose methanol, ethanol, 1,2-propanol, and 1,2-
utanol as the representative of monohydric alcohol. At the same
ime, hydrogen bond energy between alcohol molecules (E11) and
etween DMSO and alcohol molecules (E12) is reported. This pro-
ides molecular parameters related to solute-solvent interaction,
nd also complements the mixture dielectric properties theory.

. Experiments

All of the DMSO (≥99.5%) and the monohydric alcohols (≥99.5%)
sed in these experiments have been purchased from Chengdu
elong Chemical Reagent Factory without further purification. The
ample table of these compounds is presented in Table 1. The mix-
ures with full concentration range at 0.1 (mole fraction) intervals
ere prepared.

The complex permittivity spectra of the DMSO-alcohol mixtures
n the frequency range from 20 MHz  to 20 GHz were measured by

icrowave Network Analyzer (PNA-N5227A) and an Agilent slim-

orm probe (85070E). The calibration of the system was performed
ith the aid of three standards: air, an Agilent standard short cir-

uit, and pure water at 298 K. The whole measuring system was
laced in an air-conditioned room maintained at 298 ± 0.5 K. Each

ig. 1. Complex permittivity spectra (ε′ and ε′′) of DMSO-monohydric alcohol (methanol
ole  fraction of DMSO.
uilibria 365 (2014) 5–10

sample was measured at least four times on different occasions.
The real and imaginary parts ε′(ω) and ε′′(ω) were evaluated using
the Agilent Materials Measurement Software 85070 with accuracy
�ε′/ε′ = 0.05, �ε"/ε"  = 0.05.

The experimental dielectric spectra was  fitted in a complex non-
linear least-squares routine by using various models represented
by the Havriliak–Negami function [7,27]:

ε (ω) = ε∞ + ε0 − ε∞[
1 + (jω�)1−˛

]ˇ
(1)

where ε0 is the static permittivity, ε∞ is the high-frequency
limiting permittivity, and � is the relaxation time. ˛(0 ≤  ̨ ≤ 1)
and ˇ(0 ≤  ̌ ≤ 1) are shape parameters describing symmetric and
asymmetric distribution of relaxation times, respectively. Three
well-known models are limiting cases of this general equation; they
are the Debye equation (  ̨ = 0,  ̌ = 1), the Cole–Cole equation (0 ≤

 ̨ < 1,  ̌ = 1), and the Davidson–Cole equation (  ̨ = 0, 0 <  ̌ ≤ 1).

3. Results

The permittivity spectra of the DMSO-monohydric alcohol mix-
tures in the whole composition range at room temperature are
shown in Fig. 1 and Fig. 2.

It can be seen from Fig. 1 and Fig. 2 that all of the real part ε′

decreases with the increase of frequency. The imaginary part ε′′
increases with x2 at small DMSO content, and then decreases to
the pure DMSO value, the position of its peak shifts toward higher
frequency with increasing DMSO mole fraction; it shows that the
relaxation time decreases with an increase of DMSO in the mixture.

, ethanol and 1-propanol) mixtures at 298 K at x2 = 0.2, 0.5, 0.8. x2 represents the
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Fig. 3. Complex permittivity spectrum (ε′ and ε′′) of pure solvent at 298 K. The sym-
bols present the experimental result. The solid lines are fitted curve that accord well
ig. 2. Complex permittivity spectra (ε′ and ε′′) of DMSO-monohydric alcohol (2-pro
f  DMSO.

In order to determine the dielectric relaxation parameters, we
erformed a curve-fitting procedure for the dielectric spectrum by
enetic Algorithm. Form Figs. 1 and 2, the dielectric spectrum of

he DMSO-monohydric alcohol is an asymmetric shape. The per-
ittivity spectra ε (ω) at various compositions were then analyzed

y simultaneously fitting ε′ (ω) and ε′′ (ω) to Eq.(1) with adjustable
 and  ̌ [7]. Using the Havriliak–Negami function, we can obtain

he minimum variance which fits a consistent set of relaxation
arameters as a function of composition. Zijie Lu [7] has been suc-
essfully reported dielectric relaxation parameters in DMSO-water
ixtures by using the Davidson–Cole function. Besides, in order to

heck more complicated spectral functions that might be related
o more specific solution models, we also attempted to fit ε (ω) by

 sum of multiple dispersion steps, where for each relaxation pro-
ess a band shape defined by Debye, Cole–Cole, Davidson–Cole, or
avriliak–Negami function can be selected. However, we  find the
avidson–Cole function is the most appropriate way for displaying

he frequency dispersion of the data.
Fig. 3 shows that, the dielectric parameters of pure sample in

his work are accord well with literature data [7]. Table 2 lists the
iterature results of ε0 pure compounds and its evaluated data.

Table 3.

. Discussion

.1. The excess inverse relaxation time and the excess permittivity
The excess inverse relaxation time is defined as [27],

1/�
)E =

(
1/�

)
m

−
[(

1/�
)

1
X1 +

(
1/�

)
2
X2

]
(2)
with Davidson–Cole function.

( )E

In this formula, 1/� represents average broadening of dielec-

tric spectra. The inverse relaxation time analogy is taken from
spectral line broadening from the resonant spectroscopy.
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Table  2
The experimental relative permittivity and literature data for pure compounds at
298  K.

Pure solvent ε0 (±5.3%) Pure solvent ε0(±5.3%)

Literature experimental Literature experimental

Methanol 32.6a 33.1 Ethanol 24.32b 22.8
1-Propanol 20.7c 21.3 1-Butanol 17.6d 17.8
2-Propanol 19.4d 19.1 2-Butanol 18.0d 17.6
DMSO 47.3e 49.0

a Reference [28].
b Reference [29].
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Table 3
Dielectric parameters for DMSO-monohydric alcohol solution at full mole fraction
range and measurement error effected with the uncertainty in frequency.

Systema Mole fraction
of DMSO

ε0
c ε∞c �(ps)d ˇe

x2
b (±5.3%) (±5.3%) (±10%) (  ̌ ± 7%)

DMSO-methanol
0.0 33.1 5.3 114.5 0.85
0.1 33.9 4.4 107.7 0.84
0.2 39.0 4.2 89.0 0.80
0.3 42.5 4.3 85.0 0.76
0.4 44.8 4.4 82.4 0.70
0.5 45.8 4.2 80.7 0.68
0.6 47.1 4.2 79.1 0.67
0.7 49.2 3.3 75.9 0.66
0.8 47.3 4.2 48.6 0.66
0.9 45.8 4.1 45.9 0.66
1.0 49.0 5.0 23.3 0.86

DMSO-ethanol
0.0 22.8 4.1 166.0 0.99
0.1 26.3 4.8 115.9 0.85
0.2 29.4 4.7 80.8 0.77
0.3 31.7 4.6 66.9 0.73
0.4 34.4 5.2 53.4 0.71
0.5 37.4 3.7 45.8 0.67
0.6 39.7 4.0 38.9 0.66
0.7 41.6 4.0 33.3 0.67
0.8 42.9 3.8 29.9 0.69
0.9 45.4 4.0 24.4 0.75

DMSO-1-propanol
0.0 21.3 3.6 366.0 0.99
0.1 22.7 3.8 132.7 0.91
0.2 23.9 4.3 85.7 0.88
0.3 26.0 4.3 66.1 0.84
0.4 27.0 4.2 54.7 0.78
0.5 31.9 4.3 45.2 0.79
0.6 33.0 4.5 40.8 0.80
0.7 35.0 4.3 36.0 0.79
0.8 38.0 4.5 30.8 0.85
0.9 46.6 5.3 28.6 0.78

DMSO-2-propanol
0.0 19.1 3.0 398.0 0.99
0.1 19.9 3.6 230.2 0.79
0.2 20.4 4.8 118.5 0.74
0.3 21.0 4.4 87.4 0.69
0.4 22.0 4.2 69.3 0.63
0.5 26.0 4.5 49.5 0.61
0.6 30.0 4.2 41.5 0.58
0.7 33.6 4.6 38.3 0.58
0.8 37.8 5.3 31.7 0.59
0.9 46.2 4.5 25.2 0.64

DMSO-1-butanol
0.0 17.8 3.2 439.9 0.95
0.1 18.2 3.0 192.3 0.89
0.2 22.9 3.7 92.4 0.92
0.3 22.7 3.9 91.0 0.92
0.4 25.9 4.3 72.5 0.91
0.5 29.8 4.1 62.0 0.88
0.6 34.1 4.3 51.5 0.84
0.7 37.8 4.2 43.4 0.84
0.8 41.8 4.2 34.7 0.86
0.9 44.1 4.4 30.8 0.89

DMSO-2-butanol
0.0 17.6 2.6 641.8 0.99
0.1 19.1 3.3 346.2 0.99
0.2 20.3 3.7 263.4 0.99
0.3 24.5 4.1 199.3 0.91
0.4 26.7 4.1 174.4 0.84
0.5 29.5 4.3 154.5 0.78
0.6 34.7 4.0 129.7 0.72
0.7 34.7 4.3 103.0 0.67
0.8 38.9 4.2 88.7 0.66
0.9 44.6 4.3 59.7 0.66

a The whole measuring system was placed in room temperature at T = 298 ± 0.5 K,
c Reference [30].
d Reference [31].
e Reference [7].

And the excess permittivity is defined as,

E = (ε0 − ε∞)m − [(ε0 − ε∞)1x1 + (ε0 − ε∞)2x2] (3)

In this formula, x1 and x2 represent the mole fraction of mono-
ydric alcohol and DMSO respectively in the mixture. εE related
o � and ε0 provides valuable information concerning interaction
etween the solute-solvent liquid mixtures. Due to intermolecu-

ar hydrogen bonding interaction, these properties are also useful
or detection of the cooperative domain in the mixture and may
vidence for formation of multimers in the mixture. According to
efinition formulas (2) and (3), the excess inverse relaxation time
nd excess permittivity in the whole composition range at room
emperature 298 K are shown in Fig. 4.

As shown in Fig. 4(a),
(

1/�
)E

< 0 means the effective dipoles
otate slowly as the strength of the heterogeneous hydrogen-bond

ncreases, and
(

1/�
)E

> 0 indicate the effective dipoles rotate
apidly. From Fig. 4(b), εE > 0 for methanol and ethanol indicate
hat there is formation of monomers and dimmers. εE < 0 for
,2-propanol and 1,2-butanol suggest that the DMSO-1,2-propanol
nd 1,2-butanol mixture may  form multimers leading to the less
ffective dipoles. Both the values of static dielectric constant and
ielectric relaxation time for the binary mixtures of hydrogen-
onded associative molecules cannot be assumed to be those given
y a simple mole-fraction mixture law because the dielectric con-
tant is highly sensitive to the hydrogen-bond structures of the
nlike molecules in the mixtures.

.2. Luzar model

The significance of hydrogen bonds to the dielectric properties of
he mixture can be studied using the Luzar model. Due to this model
s successfully applied to a DMSO-water system and the statistical
ehavior of solute-solvent interaction assumes that only solute-
olute and solute-solvent pairs are formed in the mixture. Thus, it
s applicable for a polar-nonpolar mixture. We  use the same model
o explain the static dielectric permittivity of the mixture. The static
lectric permittivity in terms of the Kirkwood correlation factor “gi”
or a mixture can be expressed as follows12:

(ε0 − ε∞) (2ε0i + ε∞i) /9ε0
]

= 4�/9kT

2∑
i=1

gi�i�
2
i (4)

where i = 1 and 2 represent monohydric alcohol and DMSO,
espectively; k is the Boltzmann constant, T is the temperature, �i

s the density, �i is the corresponding dipole moment in the gas
hase, �1 is the dipole moment for monohydric alcohol and �2 is

he dipole moment for DMSO, and ε0 and ε∞ are the static dielec-
ric constant and dielectric constant at high frequency. With the
th liquid system, gi is the Kirkwood correlation factor parameter
ffording information regarding the orientation of electric dipoles

and  pressure at P = 94.77 ± 1 K Pa.
b The uncertainty for mole fraction is 2%.
c The standard uncertainty of ε0 and ε∞ is ε0 ± 5.3%, ε∞ ± 5.3%.
d The standard uncertainty of � is � ± 10%.
e The standard uncertainty of  ̌ is  ̌ ± 7%.
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DMSO–monohydric alcohol mixtures are computed by using the
parameters given in Table 4 and are shown in Fig. 6.
ig. 4. (a), (b) Excess inverse relaxation time
(

1/�
)E

and excess dielectric constan

98  K.

n polar liquids. The correlation factors g1 and g2 are computed
sing the Luzar model by considering only the hydrogen-bond con-
ribution to the dipole-dipole correlation and are described by the
elation as follow:

1 = 1 + Z11 cos 	11 + Z12 cos 	12(�2/�1) (5)

2 = 1 + Z21 cos 	21
(

�1/�2
)

(6)

here x2 is the mole fraction of DMSO. Z11 = 2
〈

n11
HB

〉
, Z12 = 2

〈
n12

HB

〉
,

nd Z21 =
〈

n21
HB

〉
(1 − x2) /x2 are the average number of particles

orming the hydrogen bond with alcohol-alcohol and alcohol-
MSO pairs, respectively. 	11 and 	12 are the angles between
eighboring dipoles of alcohol-alcohol and DMSO-DMSO pairs,
espectively, and cos ϕij is taken to be 1/3. The values of g1 and
2 depend on the concentration of DMSO in DMSO-monohydric
lcohol mixtures.

The average number of hydrogen bonds
〈

n11
HB

〉
,
〈

n12
HB

〉
, and

〈
n21

HB

〉
er alcohol molecule for 1i pairs (i = 1, 2) is determined according
o the fallowing relation

n1i
HB

〉
= n1iω1i/n1 (7)

Where ω1i = 1/
(

1 + ˛1ie−ˇE1i
)

is the probability of bond for-

ation between alcohol and DMSO. The value of  ̌ = 1/kT and
1i is the ratio of the two sub volume of the phase space, related

o the non-hydrogen-bonded and hydrogen-bonded pairs. These
ydrogen-bonded pairs have only two energy levels, E11 and E12,

or alcohol-alcohol and alcohol-DMSO pair formed bonds, respec-
ively. n1 is the number density of DMSO molecules. The values of
n11

HB

〉
and

〈
n12

HB

〉
depend on the densities of the hydrogen-bonding

airs between DMSO-monohydric alcohol n12 and those between
lcohol-alcohol molecule, i.e., n11 = 2n1 − n12. This can be calcu-
ated when alcohol-alcohol (pair 1) and DMSO -alcohol (pair 2) are
ormed.

Fig. 5 shows plots of the average number of hydrogen bonds of
lcohol-alcohol molecules (11 pairs) and DMSO-alcohol (12 pairs)
gainst x2 for mixtures.

〈
n11

HB

〉
and

〈
n12

HB

〉
depend on the concentra-
ion of DMSO in DMSO-monohydric alcohol mixtures. n11 decreases
nd n12 increases with increasing x2,. The value of n11, as well as that
f n12 is 1 at x2 = 0.45, it suggests that one alcohol molecule inter-
cts with 1 surrounding DMSO molecules by hydrogen bonding in
as a function of mole fraction of DMSO for DMSO-monohydric alcohol mixtures at

half DMSO mixture. This result shows that DMSO plays a “breaker”
in the formation of alcohol structure. The dynamical structure of
a cooperative domain (CD) is defined as a domain in which the
reorientation of molecules cooperatively occurs with dipole corre-
lations. We  discuss the mole fraction dependence of the population
of two kinds of CDs for these mixtures. According to the coopera-
tive domain model, the pure alcohol must contain only CD1, because
no DMSO molecules are added. At 0 < x2 < 0.45, DMSO molecule
interact with surrounding alcohol molecules by hydrogen bond-
ing, and these molecules form CD12. The fraction of CD12 increase,
and that of CD1 decrease with increasing x2. At around x2 = 0.45,
the average size of CD12 and the average number of hydrogen
bonds between alcohol and DMSO molecules are maximum. For
x2 > 0.45, the decrease in the number of alcohol molecules with
increasing x2 leads to a decrease in the average number of hydro-
gen bonds between alcohol and DMSO molecules, which reflected
in the decrease in the fraction of CD12.

The values of g1 and g2 for different mole fraction of
Fig. 5. Mole fraction dependency for average molar number of hydrogen bond
of  DMSO and alcohol molecules per unit volume for DMSO-monohydric alcohol
mixture.
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Table  4
Molecular parameters used in computation of the static dielectric constants.

Molecular parameter Methanol Ethanol 1-Propanol 2-Propanol 1-Butanol 2-Butanol

u1
a .69D .73D 1.68D 1.66D 1.66D 1.69D

u2
b 3.96D 3.96D 3.96D 3.96D 3.96D 3.96D

�11c 40.96 41.02 40.57 38.35 38.84 36.79
�12d 29.27 29.84 28.79 28.15 28.05 28.89
E11

e 14.86 −14.00 −13.86 −13.83 −12.73 −12.03
E12

f −17.48 −17.07 −16.82 −16.17 −15.17 −15.61

a,b�1, �2 is the dipole moment for monohydric alcohol and DMSO respectively.
c,d˛11, ˛12 is the ratio of the two sub volume of the phase space.
e,fE11, E12 is the binding energy for alcohol-alcohol and alcohol-DMSO pair, respectively.

F
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[
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[
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[

ig. 6. Kirkwood correlation factor (g1, g2) as a function of mole fraction of DMSO
or the DMSO-monohydric alcohol mixtures at 298 K.

Fig. 6 indicates that g1 and g2 decreases with increasing x2. In
 < x2 < 0.5, g2 decreases sharply, and above 0.5, g2 nearly keeps
teady.

The binding energy for alcohol-alcohol (E11) and DMSO-alcohol
E12) are showed in Table 4.

The hydrogen bonding in the DMSO-monohydric alcohol mix-
ures is associated with the carbon atoms of the alcohol molecules.
11, E12 decreases with increasing number of carbon atom. Accord-
ng to the maximum measurement error of the static permittivity
0 and permittivity at high frequency ε∞ is ±3%; we  estimate E11
nd E12 in 0.50.

. Conclusions

Dielectric relaxation behavior at microwave frequencies of
MSO-monohydric alcohol mixtures were investigated over the
hole composition range. Analyzed from the relaxation time, these
MSO-monohydric alcohols exhibit different relaxation dynamics
n different mole fraction range. The mole fraction dependent imag-
nary part of the dielectric constant reveals a peak which shifts
oward higher frequency with increase of DMSO in the mixtures.
wo types of hydrogen bonds, one is alcohol-alcohol pair, the other

[
[
[
[
[

is DMSO-alcohol pair revealed by Luzar model, and it indicates that
the average number of hydrogen bond depends not only solution
composition but also the number of carbons. The bonding energy
is sorted in numeric order as follow:

E11:Methanol > Ethanol > 1-Pronanol > 2-Pronanol > 1-
Butanol > 2-Butanol

E12:Methanol > Ethanol > 1-Pronanol > 2-Pronanol > 2-
Butanol > 1-Butanol
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