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The dielectric dispersion ¢"and dielectric loss ¢” of binary mixture of 1,2-diaminopropane—dimethylami-
noethanol were measured by employing the time domain reflectometry technique over a frequency range from
10 MHz to 20 GHz at 288, 298, 308, and 318 K temperatures. The accuracy in the measurement of the ¢"and
&"values obtained from this technique is within £5%. To evaluate various dielectric parameters, the frequency
dependents complex permittivity (e*(w) = &' - ie") data, viz., static permittivity ¢, relaxation time 7, and per-
mittivity at high frequency e_ were fitted by the nonlinear least-squares fit method to Debye expression. Tem-
perature dependent ¢, 7, Kirkwood correlation factor g, free energy of activation AG, and enthalpy of activation
AH have been determined and discussed in terms of the effect of -NH, and ~CH, side-group on molecular
dynamics and intermolecular hydrogen bonds. The dielectric behaviour of 1,2-diaminopropane and dimeth-
ylaminoethanol liquid molecules and their conformations as well as molecular dynamics of the system can be
explored only by comparing the dielectric data of the mixture system with the dielectric data of the individual
molecules and their dynamics.
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1. Introduction

Microwave energy has been directly applied in
many fields, especially in scientific research such
as communication, microwave-assisted chemistry
and in food industry [1, 2]. A successful applica-
tion of microwaves is directly associated with the
dielectric properties of the materials. An accurate
measurement and working knowledge of these
properties are key factors in better understanding
the interaction of microwaves with the materials.
Dielectric relaxation spectroscopy, for instance,
is a powerful tool for examining the underlying
physics of solvent systems and for exploring the
molecular dynamics of liquids, which is charac-
terized by inter- and intra-molecular structures
that vary rapidly with time.

Studies on the relaxation properties of the mix-
ture of solvents have provided some interesting
insights into the volumes implicated by the Debye
expression and the nature of the mixing process. If
the solvents are chemically similar and mix well at
the molecular level, then the mixture will often ex-
hibit a single relaxation time at an average position,
which reflects the molar ratios of two components.
However, if the solvents do not mix well at the mo-
lecular level, then two distinct relaxation times are
observed and they do not differ greatly from those
of pure solvents.

The knowledge of frequency dependent dielec-
tric properties of solvent systems is important both
in fundamental studies of solvent structure and dy-
namics and in practical application of microwave
heating processes [1]. At a fundamental level, the
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frequency dependent dielectric behaviour of sol-
vent mixtures provides information on molecular
interactions and mechanism of molecular pro-
cesses. The dielectric relaxation behaviour of mix-
tures of polar molecules under varying conditions
of compositions is very important as it helps in ob-
taining information about relaxation processes in
mixtures.

Becker et al. [3] carried out a systematic study
of dielectric relaxation of monohydric alcohol with
dihydric alcohols (diols) solutions at 293 K over
the frequency range of 5 MHz to 72 GHz using
the lumped circuit, coaxial and waveguide method.
The principal component, which is related to the
dynamics of self- and/or hetro-association, is dis-
cussed with respect to steric conditions. In mixtures
of monohydric (1-butanol) with longer chain 1,2-
diols, the principal relaxation time passes through a
minimum on increasing the dihydroxy content. In
mixtures of tert-butanol (which has a weaker self-
association tendency) with longer chain 1,n-diols,
on the other hand, it passes through a maximum.
With regard to the principal relaxation strength,
longer chain 1,2-diols tend to resemble monohy-
dric alcohols of full diol chain length while 1,n-diol
tends to resemble monohydric alcohol of half the
diol chain length.

Sengwa et al. [4] studied the dielectric relaxation
in propylene glycol-poly propylene glycol mixtures
over three concentrations in the frequency range
10 MHz to 4 GHz at 298 K using Time Domain
Reflectometry (TDR). The effective Dielectric re-
laxation is shown to depend exponentially on the
number density of dipoles or molecules. Puran-
ik et al. [5] studied the dielectric properties of etha-
nol and ethylene glycol using TDR techniques in
the frequency range of 10 MHz to 10 GHz over the
temperature range 243-313 K. The activation ener-
gies of both systems are compared.

Hanna et al. [6] carried out a dielectric relaxation
study of monohydroxy-dihydroxy alcohols binary
and monohydroxyl-diol-diol ternary mixtures at
293 K over the frequency range from 10 MHz to
10 GHz using the TDR technique. An apparent di-
pole moment term and the effective relaxation time
of the main dispersion region are given as a func-
tion of the number density of dipoles.

To compare the influence of different polar
groups in the relaxation mechanism, we have con-
sidered it interesting to perform an analogous treat-

ment such as that carried out for binary mixture
of primary alcohols-diol, dio-diol. For this reason,
dielectric dispersion study in 1,2-diaminopropane
(DP) with dimethylaminoethanol (DMAE) mix-
tures over the frequency range of 10 MHz to 20 GHz
has been carried out using pico-second TDR. The
binary system of DP-DMAE has been selected to
understand the effect of amino and methyl side-
group on the dielectric parameters, where the sig-
nificance is based upon the tetrahedric nature of the
-NH, group. This extreme is of decisive relevance
for the process of chemical synthesis, the behaviour
of amino acids and proteins in biochemical models
related to biogenic amines which contribute to the
mechanism of electrical conduction in the nervous
system, especially in nurotransmission.

This binary system of DP and DMAE is of in-
terest because of two functional groups in both
components with one common -NH, group. The
four sites available for H-bonding in a DP mole-
cule promote a set of transient cross links between
neighbouring molecules. In such a case, relevant
transient structures such as branched associated
species and/or chains are formed. In addition, many
conformations can be generated for each molecule
by the rotation of CH,NH, group around the C-C
axis with respect to H N-CH-CH, group. DMAE
is a hydroxylamine, tertiary amine, versatile and
polyfunctional molecule that combines the charac-
teristics of amines and alcohols and is capable of
undergoing reactions typical of both alcohols and
amines. Competition for H-bond site governs the
nature of short-range order around molecules of
both components of the solvent mixture. For the
hydroxyamines, this is the dominant feature. The
molecules of DMAE exist in intermolecular hy-
drogen bonded form with the rotation of CH,N-
(CH,), group around C-O bond in dynamic equi-
librium. The dielectric study of the binary system
of these DP and DMAE molecules will give infor-
mation about interaction between OH-NH, and
NH,-NH, group thereby forming different types of
structures.

Due to good solubility of DP in DMAE, these
molecules may form a variety of clusters due to in-
ter- and intra-molecular hydrogen bonds, depend-
ing on the molecular geometry of individual mol-
ecules, and hence, it is interesting to investigate the
variation in the shapes of the dielectric relaxation
curves of the DP-DMAE system with concentration.
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The concentration dependence of the shape of the
relaxation curves and various dielectric parameters
of the DP-DMAE mixture are compared with those
of the monomeric, dimeric, trimeric and polymeric
molecules in the DP-DMAE solution, to obtain
some insight into the possible relaxation behaviour
of the DP and DMAE molecules in their mixtures.
The relaxation curves are treated assuming one
relaxation process, and their shapes are discussed
based on the cooperativity of DP and DMAE mol-
ecules.

The dipole moment value of DP molecules is
slightly larger than the dipole moment values of
DMAE in the gas phase. The values of static per-
mittivity ¢, relaxation time 7, activation enthalpy
AH, and Gibbs free energy of activation AG for DP
are larger than those for DMAE. The difference in
permittivity values of pure DP and DMAE are due
to difference pattern of alignment of dipoles in lig-

uid.

2. Experimental set-up
2.1. Chemicals

The chemicals used in the present work, 1,2-di-
aminopropane and dimethylaminoethanol, were
of spectroscopic grade and were obtained from
ACROS ORGANICS, New Jersey, USA, and Kem-
phasol, Bombay, respectively, commercially with
99% purity and were used without further puri-
fication. The solutions were prepared at different
volume percentage of DP in DMAE in the step of
10% at room temperature. The concentrations were
prepared for 5 ml solution at room temperature as-
suming ideal mixing behaviour, within 0.02% error
limit.

2.2. TDR set-up and data acquisition

The Hewlett Packard HP54750A sampling oscil-
loscope with HP54754A TDR plug-in module has
been used. After observing TDR response for a
sample under study, the time window was kept to
5 ns. By observing TDR response for a sample under
study, the SMA sample cell with 1.35 mm effective
pin length was used. The sample cell holds the lig-
uid under consideration. The physical dimensions
of the cell are very important, so one must be care-
ful while designing the sample cell. The impedance

of the cell should be matched with the coaxial trans-
mission line to which the cell is connected. If there
is impedance mismatch, then unwanted reflections
may disturb the wave thereby causing some errors
in the measurements. The proper design of the cell
includes the inner conductor and outer conduc-
tor diameters. The length of the inner conductor is
called the ‘pin length’ of the cell and is a very impor-
tant factor in analysis. The sample length must be
enough to avoid unwanted reflections.

In the total reflection method, the sample length
must be long enough to produce an adequate dif-
ference signal but short enough to keep less com-
plication of resonance effects at frequencies above
the range of interest.

The characteristic impedance of a coaxial line is
given by

1382, b

Z 7 log,, e ()

This impedance for our transmission line is fre-
quently 50 Q. Here, a is the diameter of inner con-
ductor, b is the inner diameter of outer conductor,
and ¢ is the relative permittivity of the dielectric be-
tween the conductors. Using Teflon and air and tak-
ing appropriate a, b, a cell can be designed to have
a matching impedance of Z = 50 Q (for air ¢ = 1
and for Teflon € = 2.2). The sample cell consists of
standard military applications (SMA) coaxial con-
nector with matched impedance with 3.5 mm inner
diameter of outer conductor. The inner conductor
of SMA connector itself is considered as ‘inner
conductor’ and hex-nut is treated as an outer con-
ductor. Since these SMA connectors have already
been designed for precise 50 ) impedance, a spe-
cial design, when used with high frequency, is not
required. The physical length of inner conductor
can be changed. When the cell is filled with sample
above the physical length of inner conductor, the
fringing effect takes place 7, 8]. Due to the fringing
field, the effective pin length [9] will not be equal to
the physical pin length. The effective electrical pin
length will be greater than the physical pin length.
The accurate determination of the effective pin
length d is very important for the accurate evalu-
ation of dielectric parameters. It is found that for
SMA type cell, the effective pin length [9] is greater
than the actual physical length by 0.1-0.2 mm.
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To reduce noise, the time dependent response
curve was averaged for 64 times and then stored in
TDR oscilloscope memory with 1024 points per wave-
form. First, the response waveform for an empty cell
is acquired and stored in memory and then, secondly,
the response waveform for a sample is acquired and
stored in other memory. The empty cell waveform is
used as a reference waveform. Both response wave-
forms are the reflected waveforms from the sample
cell with the open termination transmission line.

The data acquisition is carried out for 11 con-
centrations at 288, 298, 308, and 318 K. The tem-
perature of a sample was maintained at a desired
value, within accuracy limit of +1 K, by circulating
constant temperature water through heat insulat-
ing jacket surrounding the sample cell.

At each time the response waveforms without a
sample and with a sample were recorded. The time
dependent response waveform without a sample is
referred to as R (¢) and with a sample as R (¢).

2.3. Data analysis

The time dependent data were processed to obtain
complex reflection coeflicient spectra p’(w) over
the frequency range from 10 MHz to 10 GHz using
Fourier transformation as [10, 11]

(@) = LM, )
1wd g(w)

where p(w) and g(w) are Fourier transformations of
R/(t) - R (t) and R (t) + R (%), respectively, c is the
velocity of light, w is angular frequency, d is effec-
tive pin length, and i = V-1.

The complex permittivity spectra ¢’ (w) [12] were
obtained from reflection coeflicient spectra p'(w)
by applying the bilinear calibration method [13].

The complex permittivity spectra measured
using TDR are fitted by the nonlinear least-squares
fit method to the Havriliak-Negami expression
[14] to obtain various dielectric parameters. The ac-
curacy in the measurement of dielectric dispersion
¢"and dielectric loss ¢” values obtained from this
technique is within £5%.

£, —¢,
[l+(iwr)(1‘”’)]ﬂ ’

(w)=¢,+

(3)

where ¢'(w) is the complex permittivity at an an-
gular frequency w, ¢_is the permittivity at high fre-
quency, ¢, is the static permittivity, 7 is the relaxa-
tion time of the system, « is the shape parameter
representing symmetrical distribution of relaxation
time, and f is the shape parameter of an asymmet-
ric relaxation curve.

Equation (3) includes Cole-Cole (8 = 1) [15],
Davidson-Cole (a¢ = 0) [16],and Debye (« = 0,
B =1) [17] relaxation models. The dielectric model
for fitting dielectric parameters suitable for present
system is the Debye dispersion model.

3. Results and discussion

Frequency dependence curves for the dielectric
dispersion ¢"and absorption ¢” of DP-DMAE with
varying volume fraction of DMAE at 298 K are de-
picted in Figs. 1 and 2, respectively. In the case of
DP-DMAE mixtures, there is a considerable pos-
sibility of modifications in these homomolecular
clusters due to molecular interactions between the
DP and DMAE molecules. Apart from the com-
plexities in the DP-DMAE mixtures, the observed
dielectric dispersion behaviour is a simple Debye-
type for all the concentrations studied, and this is
also the case for the individual molecules.

Both ¢’ (Fig. 1) and ¢” (Fig. 2) increase with in-
creasing volume percentage of DMAE in the bi-
nary mixture DP-DMAE at the low-frequency
end and decrease at the high-frequency end. The
frequency at which the loss factor is a maximum,

14.5

12.5

70%
—— 80% DMAE
—=+—90% DMAE
—=—100% DMAE

10.5

851

6.5

4.5

2.5 t t t
0.01 0.1 1 10 100
Frequency in GHz

Fig. 1. Frequency dependent dielectric dispersion ¢’
curves for 1,2-diaminopropane, dimethylaminoethanol
and their mixtures at 298 K.
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£ (r=1/Q2nf_)) shifts to higher values with de-
creasing the volume percentage of DMAE in the
mixture, corresponding to their individual relaxa-
tion times, because the individual molecular values

—=— 0% DMAE
—+— 10% DMAE
54 —+—20%DMAE
—=—30% DMAE
------- 40% DMAE
49 e 50% DMAE
------- 60% DMAE
—s— 70% DMAE
39 ——80% DMAE
——90% DMAE
—=—100% DMAE

Frequency in GHz

Fig. 2. Frequency dependent dielectric loss (absorption)
" curves for 1,2- diaminopropane, dimethylaminoetha-
nol and their mixtures at 298 K.

are sufficiently different (i. e. 79.21 and 14.23 ps)
to allow their resolution in practice. However, in
a mixture of two associated liquids it seems that
the individual principal relaxation processes of the
components coalesce, and hence the mixture ex-
hibits a single relaxation time. Earlier, Kumar et al.
[18] observed Debye-type behaviour in amines
(aliphatic/aromatic)-alcohol =~ mixtures, despite
large differences in the values of individual mol-
ecule relaxation times.

The values of the dielectric parameters ¢ and
7 obtained from Eq. (3) for DP, DMAE and DP-
DMAE with the volume fraction of DMAE at four
different temperatures are recorded in Table 1.
From Table 1 it can be observed that static permit-
tivity systematically increases with increase in volume
fraction of DMAE in DP. The same type of change in
permittivity values has been observed at four tem-
peratures under study.

The 7 values gradually increase with increase in
volume fraction of DMAE in DP. With increase in

Table 1. Temperature dependent dielectric parameters for binary mixture of dimethylaminoethanol-1,2-diamino-

propane. Number in parenthesis represents error, e. g. 13.06 (02) means 13.06 + 0.02 X

omap Volume fraction of

dimethylaminoethanol.
< 288 K 298 K
DMAE g, 7, ps g, T, PS
0 13.06 (02) 15.12 (09) 12.54 (02) 14.23 (07)
0.1 12.92 (26) 25.08 (89) 12.76 (24) 23.38 (40)
0.2 12.90 (32) 28.63 (28) 12.44 (26) 27.48 (30)
0.3 13.64 (36) 39.25 (50) 13.43 (29) 33.47 (07)
0.4 13.23 (38) 46.74 (30) 13.01 (34) 40.49 (99)
0.5 13.87 (45) 55.28 (30) 13.67 (39) 48.40 (80)
0.6 13.77 (41) 69.47 (75) 13.57 (38) 57.47 (60)
0.7 13.81 (47) 78.70 (70) 13.59 (42) 68.83 (50)
0.8 13.56 (45) 85.20 (48) 13.29 (45) 72.60 (44)
0.9 13.46 (54) 85.81 (45) 13.29 (71) 78.10 (60)
1 13.84 (01) 93.58 (03) 13.68 (05) 79.21 (04)
308 K 318K
£, T, ps g, T, ps

0 11.86 (01) 13.50 (05) 10.75 (01) 11.72 (07)
0.1 12.63 (21) 21.17 (11) 12.59 (15) 15.58 (60)
0.2 12.41 (23) 24.13 (10) 12.20 (28) 18.00 (70)
0.3 12.93 (27) 30.16 (80) 12.63 (20) 23.95 (48)
0.4 12.76 (28) 35.01 (60) 12.16 (22) 27.94 (41)
0.5 13.48 (29) 42.28 (50) 13.19 (24) 32.38 (35)
0.6 13.12 (31) 50.39 (40) 13.03 (22) 37.61 (24)
0.7 13.31(37) 56.16 (35) 13.28 (39) 44.49 (40)
0.8 13.28 (48) 60.99 (42) 13.14 (30) 48.74 (25)
0.9 13.20 (55) 63.13 (40) 12.93 (34) 53.22 (24)
1 13.44 (06) 67.20 (04) 13.17 (05) 58.95 (03)
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temperature, the relaxation time values are decreas-
ing by maintaining the same type of variation with
change in concentration. In the DP-rich region,
7 values are not so much sensitive with change in
temperature. The values ¢ as well as 7 increase with
increase in volume fraction of DMAE in DP, which
indicates that with increase in the number of di-
poles in the solution, the intermediate structures
formed rotate slowly thereby giving the increase in
the values of 7 in the solution.

A large value of 7 for DMAE molecules is at-
tributed to H-bonded polymeric cluster forma-
tion. The primary relaxation of DMAE may be due
to the cooperative process of long chain multim-
ers with (O-H-N or may be H-N~H) linkage. The
observed relaxation time 7 of DMAE (79.21 ps) is
much smaller than the 7 of ethanolamine (155 ps)
[19] and ethanol (139.85 ps) [20], which suggests
that there is substantial hindrance to molecular
reorientation due to the bulky —-CH, side group
in ethanol. Moreover, the fact that the 7 values
of amines are smaller than homologous alco-
hols indicates [21], on the one hand, the weaker
dipolar character of the NH, group with respect
to the OH group and, on the other hand, that the
relaxation times for amines are near to the rota-
tion time of the NH, group in its free state. The
7 value of DMAE is much smaller than ethanol
and aminoethanol, which suggests that there is
substantial hindrance to molecular reorientation
due to the terminal hydroxy (OH) and dimethyl-
amine (-N(CH,),) groups. The Kirkwood correla-
tion factor of propylamine (g = 1.45) [22] is larger
in comparison with DP (g = 1.003), the observed
relaxation time 7 of DP (14.23 ps) is much larger
than the 7 of propylamine (3.05 ps), which sug-
gests the fact that there is substantial hindrance to
molecular reorientation due to -NH, groups and
also bulky —CH, side group of propane. Increase
in volume fraction of DMAE in DP when relaxa-
tion value 7 increases is a manifestation of the di-
electric orientation of the clusters containing both
DP and DMAE molecules, which is because of the
continuous breaking and making of H-bonds in
the heterogeneous mixture.

The excess parameters [22,23] related to g and 7
provide valuable information regarding interaction
between (solute-solvent) polar-polar liquid mix-
tures. These properties are also useful for the detec-
tion of the cooperative domain in the mixture and

may give evidence for the formation of multimers
in the mixture due to intermolecular interaction.
The excess permittivity is defined as

eh=(e) -I[(e),x,+(e),x,)] (4)
where x is the mole fraction, and suffixes m, A, B
represent mixture, liquid A and liquid B, respec-
tively.

The excess inverse relaxation time is defined as

(1/n)F=(1/7), - [(1/7) x, + (1/7) x, ], (5)

which represents average broadening of dielec-
tric spectra. The inverse relaxation time analogy is
taken from spectral line broadening (which is the
inverse of relaxation time) from the resonant spec-
troscopy [24].

In DP-DMAE, three kinds of cooperative do-
mains are expected due to molecular interactions: co-
operative domain (CD) includes DP molecules only,
CD includes DMAE molecules only,and CD includes
both DP and DMAE molecules. Further, the ratio of
these cooperative domains may vary with concent-
ration of individual molecules in the mixture. For
the detection of the CD in the mixture, it is useful to
compute the excess permittivity ¢* which may pro-
vide evidence for the formation of dimmers/multim-
ers in the mixture due to molecular interactions.

The obtained excess permittivity and excess
inverse relaxation data for the binary mixture of
DP-DMAE are presented in Figs. 3 and 4, respec-
tively. The observed ¢ is found to be negative at the
DMAE-rich region for all temperatures and at the
DP-rich region at 288 K (Fig. 3). The negative values
of €* indicate that the total number of dipoles de-
creases in the DMAE- and DP-rich region (288 K)
which is due to the opposite alignment of the dipoles
of the interacting DP and DMAE molecules. Further,
the low value of €" at concentrations near to that of
pure DMAE indicates that there is less interaction
between DP and DMAE molecules, and hence coop-
erative domain decreases in comparison with the co-
operative domain including DP-DMAE molecules
at remaining concentrations. The positive value of
" indicates that the total number of dipoles in DP-
DMAE increases with the formation of monomeric
or dimeric structures which is due to the parallel
alignments of the dipoles of the interacting DP and
DMAE molecules.



P. Undre and P. W. Khirade / Lith. ]. Phys. 51, 313-323 (2011)

319

—— 288K
—a— 298K
—=— 308K

—= 318K

g®
-

mole fraction of DMAE =

Fig. 3. Variation of excess permittivity with mole frac-
tion of dimethylaminoethanol in 1,2-diaminopropane
at various temperatures.

0 0.2 0.4 0.6 0.8 1

T T
mole fraction of DMAE

—— 288K
—e— 298K
—+— 308K

—»x=-318K

-28

Fig. 4. Variation of excess inverse relaxation time with
mole fraction of dimethylaminoethanol in 1,2-diamino-
propane at various temperatures.

From Fig. 4 it is found that the (1/7)* values of
DP-DMAE binary mixtures are negative over the
entire concentration range. The negative peak value
is observed at 80% DP-DMAE concentration. The
negative values of (1/7)* indicate the formation of
linear structures, probably dimeric, and these rotate
slowly under the influence of an external varying
field.

Different molecules are connected by hydrogen
bonds; it will be necessary to break these bonds
for the dielectric relaxation to be produced. This
question has been envisaged by considering the
Kirkwood correlation factor g [25] which itself ex-

presses the existing dipolar correlation between the
molecule and its surroundings.

The g for pure liquid can be obtained by the ex-
pression

47Np’p _ (80 _Sw)(zso + 800)

9%kTM ¢ 80(800 + 2)2 , ©

where y is the dipole moment, p is the density of
liquid at temperature T, M is the molecular weight,
k is the Boltzmann constant, and N is the Avogadro’s
number.

The effective averaged angular Kirkwood cor-
relation factor g [26, 27] of the mixed solvents
was determined by the following volume fraction-
weighted mixture law:

4 2 2 i
N[y pa D, + HUpPs D, geft _
9%kT\ M, M,

(80m — 8oom )(280m + gaom )
80m (8oom + 2)2

(7)

b

where g* is the effective Kirkwood correlation fac-
tor for a binary mixture, and ®,, @, are volume
fraction of liquid A and liquid B, respectively.

Considering the Kirkwood correlation factors g,
and g, for the molecules of liquids 1 and 2 which
contributed proportional to their pure liquid g val-
ues in the binary mixture, Eq. (7) of the Kirkwood
correlation factor can be written as

47rN(ﬂipAgA B+ HoPoSs qDBJgf _

9kT M, M,

(SOm — 8oom )(280m + goom)
80m (goom + 2)2

(8)

2

where g, is the corrective Kirkwood correlation fac-
tor for a binary mixture. The evaluated g, values of
the DP-DMAE mixture are given in Fig. 5.

The calculated values of g7 are presented in Ta-
ble 2. The g* values change periodically with change
in concentration of DMAE in binary mixture of
DP-DMAE. This concentration-dependent peri-
odic behaviour of the investigated mixed solvents
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Fig. 5. Plots of g, against volume fraction of dimethyl-
aminoethanol for 1,2-diaminopropane-dimethylami-
noethanol binary mixtures at various temperatures.

confirms the change in dipolar ordering of DMAE
molecules due to their H-bond molecular interac-
tions with DP molecules. The corrective Kirkwood
correlation factor g, of the investigated mixtures
deviate from unity (Fig. 5) confirming the change
in net dipolar ordering. The plots of g, values of
DP-DMAE mixtures have good resemblance with
their corresponding &" plots, i. e. the mixtures
which have g, values greater than unity have posi-
tive " values, and vice versa (Fig. 3). The g values
higher than unity for DP-DMAE mixtures reveal
enhanced in the effective dipolar ordering due to
hetero-molecular H-bond interactions. Whereas
the g values of DMAE and DP (288 K) rich region

Table 2. The value of Kirkwood correlation factor (g°f)
for dimethylaminoethanol-1,2-diaminopropane binary
mixture at various temperatures.

&
XDMAE

288 K 298 K 308 K 318K
0 1.02 1.00 0.97 0.88
0.1 0.99 1.01 1.03 1.06
0.2 0.98 0.97 1.00 1.01
0.3 1.04 1.05 1.04 1.04
0.4 0.99 1.00 1.01 0.99
0.5 1.03 1.05 1.07 1.08
0.6 1.01 1.03 1.02 1.05
0.7 1.01 1.02 1.03 1.06
0.8 0.98 0.99 1.02 1.04
0.9 0.96 0.98 1.00 1.01
1 0.98 1.00 1.01 1.02

are less than unity, which suggests that the addi-
tion of a small amount of DMAE breaks a large
amount of H-bonded long-range ordered DP
structures.

Since the Arrhenius plots of log 7 vs 1/T dis-
played a good linearity for all the studied liquid
mixtures, the kinetic parameters that characterise
the molecular mobility in those systems were eval-
uated using the Eyring formula [28, 29].

The dielectric relaxation can be treated as a
rate process involving a path over a potential bar-
rier [24, 29]. Figure 6(a, b) shows free energy of
activation AG of the DP-DMAE mixtures as a
function of temperature at different solution com-
positions and as a function of solution composi-
tion at different temperatures, respectively. Over
the temperature range of 288-318 K, AG varies
gradually with the mole fraction of DMAE. It is
observed that the AG values of DMAE are higher
than those of DP over the temperature range of
288-318 K. This difference is attributed to the for-
mation of hydrogen bonded networks for DP and
DMAE that tend to increase the effective size of a
rotating dipole and the dielectric frictional force
between the rotating dipole and its neighbouring
molecules. Despite the distinctly different AG val-
ues of DP and DMAE and the presence of hydro-
gen bonding between DP and DMAE molecules,
there is a gradual increase in AG with increase in
DMAE composition as shown in Fig. 6(b), which

405 4 —®—0DMAE —+—0.1DMAE —=*—021lDMAE —®—03DMAE
—¥#=—04DMAE --===== 0.5DMAE -+ -06DMAE —&—0.7DMAE
385 4 —+—0.8§DMAE —=—09DMAE —%—1DMAE
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(a'; _____________________________________________________________
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245 T T T
283 203 303 313
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Fig. 6(a). Variation of free energy of activation AG for
the dipolar relaxation for dimethylaminoethanol-1,
2-diaminopropane binary mixture as a function of
temperature.
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Fig. 6(b). Variation of free energy of activation AG for
the dipolar relaxation for dimethylaminoethanol-1,
2-diaminopropane binary mixture as a function of
solution composition.

suggests that the DP and DMAE molecules in the
mixture react to the external field in a strongly
cooperative way rather than individually over the
temperature range of 288-318 K. It also suggests
that there is more hindrance to the rotation of the
DP and DMAE molecule clusters in DP-DMAE
in comparison with the rotation of their homoge-
neous clusters. This also supports the conclusions
drawn from the negative values of the excess in-
verse relaxation time. Further, the increase in hin-
drance to molecular rotation in the mixture is due
to intermolecular interactions between the DP and
DMAE molecules, and hence chain-like structures
are generated in DP-DMAE, which supports the
excess permittivity and relaxation time data. In
the DP-DMAE mixtures, the two different mol-
ecules are suggested to behave interchangeably in
forming the cyclic molecular clusters, yielding a
microscopically homogeneous liquid phase and a
pure Debye-type dielectric dispersion. The prima-
ry relaxation in these mixtures is attributed to the
cooperative process of the cyclic clusters, with the
clusters having an increased dipole moment rela-
tive to the individual molecules. Figure 6(a) shows
that AG of DP-DMAE mixtures is a linear func-
tion of temperature over the range of 288-318 K.
The varying relaxation behaviour over the entire
temperature range may be caused by changes in
the hydrogen-bonding ability that produce dif-
ferent structures of chain-like or cyclic clusters.

Factors such as changes in the angle between the
neighbouring dipoles or in the average number
of molecules in each cluster could yield different
cluster structures. Tsurko et al. [30] reported the
activation energy for the amino acid-propanol bi-
nary mixture. They suggested that the activation
energy increased with increase in mole fraction of
propanol and temperature. Jianfeng Lou et al. [31]
reported AG for the nitrobenzene-toluene, eth-
anol-butanol and butanol-formamide. They sug-
gested that AG for nitrobenzene-toluene mixture
linearly increases with increase in mole fraction
of nitrobenzene and temperature, consistent with
the ideal dielectric mixing behaviour that might
be expected on the basis of the nature of these sol-
vent mixtures. Nitrobenzene and toluene are polar
and non-polar solvents, respectively, and they do
not associate with each other or with like mole-
cules. But in case of ethanol-butanol and butanol-
formamide, AG linearly increases with increase in
compositions but decreases with increase in tem-
perature. This may be due to the molecules in both
mixtures reacting to the external field in a strongly
cooperative way.

An interesting trend may be observed in the
temperature-dependent relaxation time for the
DP-DMAE binary mixture. The most probable re-
laxation time determined for the DP-DMAE binary
mixture decreases with increasing temperature. In
general, this type of temperature-dependent effect
could indicate either a temperature-dependent rate
process with activation energy or an equilibrium
process with an enthalpy change between the two
(or perhaps more) states (AH).

The value of AH increases with increase in
volume fraction of DMAE in DP from 3.72 kJ/
(K-mol) to 12.23 kJ/(K-mol) with increase in vol-
ume fraction of DMAE up to 0.6 in the mixture
of DP-DMAE (Table 3). This indicates that more
energy is needed for group dipole reorientation
with increase in volume fraction of DMAE in the
mixture. There is an increase in agitation with in-
crease in volume fraction of DMAE up to 60%
in the mixture, which may be due to the interac-
tion in NH -NH, group or may be due to NH -
OH group. Furthermore, AH decreases towards
the corresponding AH value of pure DMAE.
A large value of AH at 0.6 volume fraction of
DMAE indicates strong hydrogen bonding in the
solution.
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Table 3. The activation enthalpy (AH) of dimethylami-
noethanol-1,2-diaminopropane binary mixture for
various concentrations.

X Activation enthalpy AH,
o kJ/(K-mol)
0 3.72
0.1 8.81
0.2 8.86
0.3 9.22
0.4 10.23
0.5 10.75
0.6 12.23
0.7 11.53
0.8 11.17
0.9 10.08
1 9.02

4. Conclusions

The dielectric dispersion &' and dielectric loss
¢" of binary mixture of 1,2-diaminopropane in
dimethylaminoethanol have been studied using
the TDR technique in the frequency range from
10 MHz to 20 GHz over entire concentration at
288,298, 308, and 318 K. Both ¢"and ¢” increase
with increase in volume percentage of DMAE in
DP-DMAE mixture at the low-frequency end and
decrease at the high-frequency end. The ¢ as well
as 7 values increase with increase in volume frac-
tion of DMAE in DP, which indicates that with
increase in the number of dipoles in the solution
the intermediate structures formed rotate slowly
thereby giving the increase in the values of 7 in
the solution. The plots of g, values of DP-DMAE
mixtures have good resemblance with their cor-
responding &* plots, i. e. the mixtures which have
g, values greater than unity, have positive " values,
and vice versa. The g, values higher than unity for
DP-DMAE mixtures reveal enhancement in the
effective dipolar ordering due to hetero-molecu-
lar H-bond interactions. The dielectric behavior
of 1,2-diaminopropane and dimethylaminoetha-
nol liquid molecules and their conformations as
well as molecular dynamics of the system can be
explored only by comparing the dielectric data of
the mixture system with the dielectric data of the
individual molecules and their dynamics.
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DIELEKTRINE DISPERSIJA 1,2-DIAMINOPROPANO IR
DIMETILAMINOETANOLIO MISINIUOSE, PRIKLAUSANTI NUO SUDETIES IR
TEMPERATUROS

P. Undre, P. W. Khirade

Babasaheb Ambedkar Marathwada universiteto Fizikos katedra, Aurangabadas, Indija

Santrauka

Dielektriné dispersija ¢’ ir dielektriniai nuostoliai
¢" dvinariuose 1,2-diaminopropano ir dimetilamino-
etanolio misiniuose matuoti laikinés reflektometrijos
metodu 10 MHz - 20 GHz dazniy ruoZe, esant 288,
298, 308 ir 318 K temperatirai. Siuo metodu matuo-
jant &' ir &” vertes matavimo paklaida yra ne didesné
nei +5 %. Siekiant jvertinti jvairius dielektrinius
parametrus, nuo laiko priklausanc¢ios kompleksinés
skvarbos (e* (w) = &-i €") duomenys, pavyzdziui,
statiné dielektriné skvarba (g ), relaksacijos trukmeé
(1) ir skvarba esant auk$tam dazniui (e_), netiesiniu

maziausiy kvadraty metodu aproksimuoti Debajaus
formule. I$ nustatyty ¢, 7, Kirkvudo (Kirkwood) ko-
reliacijos daugiklio (g), aktyvacijos laisvosios energi-
jos (AG) ir aktyvacijos entalpijos (AH) temperatariy
priklausomybiy daromos i$vados apie -NH, ir -CH,
$oniniy grupiy jtaka molekulinei dinamikai ir tarp-
molekuliniams vandeniliniams ry$iams. 1,2-diamino-
propano ir dimetilaminoetanolio skys¢iy molekuliy
ir ju konformacijy dielektrinés savybés bei molekuliy
dinamika gali bati itirtos tik palyginus dielektrinius
misinio sistemos duomenis su pavieniy molekuliy ir jy
dinamikos dielektriniais duomenimis.



