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Abstract— The values of the complex permittivity have been determined over the frequency range of 10 MHz to 20 GHz, at
35°C using the time-domain reflectometry (TDR) method for 11 different concentrations of each tert-Butyl alcohol [TB] with
2-Propanol [2P] systems. The relaxation in these systems can be described by a single relaxation time using the Debye model
[1]. The static dielectric constants for the mixtures is fitted with the modified Bruggeman model by assuming an additional
parameter. Different physical parameters are described for the mixture.
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I. INTRODUCTION

The study of dielectric relaxation provides useful information about their molecular interactions [2-3] in liquids. Here, the
dielectric study of tert-butyl alcohol [(CH3)sCOH] with 2-propanol [(CH3),CHOH] mixtures is reported at 35°C; all these are
having —OH group, at different position resulting different hydrogen bonded interaction. The molecules of .these compounds
have several hydrogen bonding sites and enter into intra. or inter molecular hydrogen bonding giving rise to different
conformations. Due to great industrial applications , it is necessary to investigate the molecular dynamics of these short-chain
molecules in dilute solutions to understand the role of hydrogen bonds and the number of carbon atoms present in the chain.
These short chain molecules have end -OH group. Dielectric relaxation times give the conformation about the intra molecular
rotation and static hindrance offered by the environment. Alcohols have probably been studied more extensively and their
dielectric properties are well established. The effect of hydrogen bonded interaction in TB is expected to be more than in 2P.
Earlier to this work, no work was reported on effect of tert-butyl alcohol [TB] and 2-propanol [2P] mixtures in the alcoholic
system. The alcohol systems are associative due to hydrogen bonding.

1. EXPERIMENTAL
Chemicals

Without further purification, the TB and 2P (AR grade, Merck Pvt. Ltd., West Mumbai, India) chemicals were used and 11
different concentrations were prepared by adding in steps of 10 % volume percentage of 2P in TB alcohol starting from 0 % to
100 %. The mole fraction x; of 2P in the respective mixtures were calculated as

X1 = (Vapymy) /[ (Vipymz) + (V2p2imy) ]

where m;. molecular weight, , vi. volume percent, and pj - represent density of the it (i=1 for TB and 2 for 2P respectively) in
the mixtures.

Apparatus

The time domain reflectometry [4-9] technique is used for the study of complex permittivity spectra. HP 54750 sampling
oscilloscope (Hewlett Packard) with TDR plug in module HP 54754A has been used. A fast rising step voltage pulse of 200
mV about 39 ps rise time generated by a pulse generator was propagated through a coaxial line system of impedance 50 Q.
Transmission line system under test was placed at the end of coaxial line in the standard military applications (SMA). The
change in the pulse after reflection from the sample placed in the cell was monitored by the sampling oscilloscope. The
reflected pulse were digitized in 1024 points without sample Ry(t) and with sample Rx(t) in the memory of the oscilloscope and
transferred to a PC through 1.44 MB floppy diskette drive. Figure 1 shows recorded incident pulse Ry(t) and reflected Rx(t)
pulse from the sample cell for pure tert-butyl alcohol at 35°C. After getting time referenced the reflected pulses R, () and Rx (t)
are subtracted and added in the oscilloscope memory. This time dependent subtracted and added pulses are shown in Figure 2.
The temperature controller system with water bath and a thermostat is used to maintain the constant temperature within the
accuracy limit of + 0.5 °C. The sample cell is surrounded by a heat insulating container through which the water of constant
temperature using a temperature controller system is circulated. The temperature at the cell is checked using the electronic
thermometer.
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Figure 1: Incident pulse without sample Ri(t), Reflected pulse Rx(t) with sample of tert-butyl alcohol.
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Figure 2: Subtracted pulse p(t) and added pulse q(t).

I11. DATA ANALYSIS

By using standard Fourier transform method, the time dependent data were transformed into frequency domain in the
frequency range of 10 MHz to 20 GHz and the complex reflection coefficient spectra p“(w) were obtained as [10- 12]

p'(0)=(c/jood)[p(w)/a(w)] (1)
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where p(m) = [Ra(t) - Rx(t)] and g(w) = [Ru(t) + R«(t)] are Fourier transforms . Here c, o, d is the velocity of light,
angular frequency and the effective pin length respectively and j= V=1 . Here Ra(t) is reflected pulse without sample and Ry(t)
reflected pulse with sample pulse . By applying bilinear calibration method [2], the complex permittivity spectra &”(w) were
obtained from reflection coefficient spectra p*().

The values of ¢ obtained experimentally are fitted with the Debye equation [1, 13]

€(0) = got 2= @)
()] = (') - -
1+ jJor

where €0, &, and © as fitting parameters. To determine the values of dielectric parameters, nonlinear least-squares fit method
[14] was used. A sample p*(®) and £*(w) spectrum for 20 % TB are shown in Figures 3 for TB-2P systems at 35°C.

IV. RESULTS AND DISCUSSION

Complex Permittivity Spectra and Relaxation Time

Intermolecular hydrogen bonding in the liquid state plays an important role in both viscous flow and relaxation phenomena.
This interaction opposes the molecular reorientation, since breaking and reforming of hydrogen bonds is required for molecular
rotation in an alternating electric field. In binary liquid mixtures, a wide range of possible interactions between their
constituents like hydrogen bonding, molecular associations, dipole—dipole, and dipole-induced dipole interactions. The density
and €o values for pure liquids used are given in Table 1. The experimentally obtained values of static permittivity (eo),
dielectric constant at high frequency (e.) and relaxation time (t) as obtained by fitting method are listed in Table 2 for TB-2P
system . The values of a and [ are taken to be 0 and 1, for the systems. For this system, the behaviour of (o) and relaxation
time (t) in mixtures given as a function of mole fraction of 2-Propanol for different temperatures is as shown in Figure 4. The
static dielectric permittivity values increases with increase in volume percentage of 2P in TB, which also increases with
temperature. The value of relaxation time decreases with increase in volume parentage of 2P in TB. The relaxation time of
each compound decreases with the rise in temperature. It is also observed that, the dielectric parameters of these mixtures are
intermediate between the pure liquids.

Table 1: Comparison of data for the liquids used with literature values at 22°C.

Name of liquid Dielectric Constant Dielectric Relaxation Time
€0 T
Observed Literature Observed Literature value®
Value Value
value
tert-Butyl alcohol 11.88 11.512 289.10 276.89°
2-Propanol 18.47 18.48° 251.25 245.87°

where a and b data are taken from references [4,9] respectively.

IV. | The Excess Permittivity Model

The information related to interactions between TB-2P system may be attempted through excess properties [15]
related to the permittivity factor and relaxation time in the mixture. The excess permittivity E is defined as

eF= (€0 — €x0)m-[(€0 — €)1 X1H+(€0 — €x)2 X2] (3)

where x- mole fraction and suffices m, 1, 2 represents mixture, liquid 1 (TB) and liquid 2 (2P) of mixtures .
The qualitative information provided by excess permittivity about dimmers in the mixture is as :

(i) €E= 0 indicates that no multimer has been formed.
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(ii) ef < 0 indicates that the total effective dipoles get reduced resulting less effective dipole polarization.

(iii) €F > 0 indicates that the structure of dimer is such that the total effective dipole moment increases resulting more effective
dipole polarization.

The mixtures is expected to contain three types of clusters (monomer or dimer) in for TB-2P system: The pairs corresponding
to dimers are TB-TB, 2P-2P and TB-2P.When 2P is added to TB, some of 2P will form dimer with TB.
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Figure 3 a) p*(w) spectra of TB-2Propanol for 20 % of TB at 35°C.

b) £"(w) spectra of TB-2Propanol for 20 % of TB at 35°C.

Table 2: Dielectric relaxation of Temperature dependent parameters for TB+2P mixtures?
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X2 T=35°C
€0 € T (ps)

0.0000 11.29(0) 3.08(0) 251.39(0)
0.1172 13.34(8) 3.12(7) 238.90(3)
0.2300 13.91(2) 3.13(1) 232.60(4)
0.3386 14.29(1) 3.14(3) 224.13(8)
0.4433 14.80(5) 3.15(6) 219.42(1)
0.5443 15.18(8) 3.18(7) 213.89(5)
0.6418 15.66(6) 3.21(4) 208.25(3)
0.7360 15.93(1) 3.25(6) 200.97(7)
0.8269 16.60(7) 3.28(3) 187.15(2)
0.9149 16.98(1) 3.29(5) 180.90(1)
1.0000 17.42(0) 3.35(0) 175.60(0)

2 x2 be the mole fraction of 2-Propanol in TB mixture. The number in parentheses indicates error in values e.g. 17.24(9) means
17.24 +0.9.

1V. 1l Excess Relaxation Time Model

The excess inverse relaxation time given as
(1/7)F = (1/0)m-[(1/7)1x2+(1/7)2 X2 ] @)

where (1/1)F gives excess inverse relaxation time represents the average broadening of dielectric spectra. The inverse
relaxation time analogy is taken from spectral line broadening, (which is inverse of the relaxation time) in the resonant
spectroscopy [16]. The values of £F and (1/z)E variation with mole fraction of 2-Propanol in TB at various temperatures are
shown in Figures 6. The information regarding the dynamics from this excess property is as follows:

(i) (1/7)E= 0 :There is no change in the dynamics of liquid 1 and 2 interaction indicating no formation of multimer.
(i) (1/7)E<0 : Interaction of the liquids 1 and 2 produces a field where the effective dipoles rotate slowly.

(iii) (1/7)E >0 : Interaction of the liquids 1 and 2 produces a field where the effective dipoles rotate quickly i.e. the
field will co-operate in rotation of dipoles.

Figure 6. a, b: shows that the values of €& and (1/t)E are positive near TB rich region and they become negative near 2P
region. It indicates that dimer structure in surrounding of TB rich region is different from 2P rich region. It is expected as TB
has stronger hydrogen bonded interaction as compared to 2P, as indicated by values of TB-2P system, the values of £F and
(1/7)E decreases with increase in temperature of the system. But in TB-nP system, & decreases as temperature increases and
(1/7)E increases at 35°C.

Both the excess parameters experimentally obtained were fitted to the Redlich-Kister equation [17, 18] as
AE= (x1%2) Y. Bn (X1 - X, )n ®)
n

where A is either £For (1/1)E. By using these By values, AF values were calculated and used as guideline to draw the smooth
curves in Figures 5.
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For TB-2P system: It is observed that values of Bo and B, get positive to negative with decrease in molecular size of 2P. The
values of B, becomes positive for 35°C of TB-2P as liquid 1 changes from TB to 2P, where as the values of B; becomes
smaller. For TB-2P system represents: By as rate for forming dimer TB-2P, B; as rate for forming trimer 2TB-2P, B2 as rate
for forming quartermers 2TB-2 2P, Bz as rate for forming pentamer 3TB-2 2P respectively. There is no report of theoretical
molecular simulation study for the systems to support the finding and very interesting to perform the theoretical simulation on
clusters to get detail structural information. The Values of numerical fitting parameter ‘a’ for mixtures is -0.173 at 35°C
temperatures.
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Figure 4: (a) Variation of &g verses Mole fraction of 2-Propanol in TB at various temperatures.

(b) Variation of t (ps) versus Mole fraction of 2-Propanol in TB at various temperatures.
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Figure 5: (a) Variation of €F versus Mole fraction of 2-Propanol in TB at 35°C temperatures.
(b) Variation of (1/7)F versus Mole fraction of 2-Propanol in TB at 35°C temperatures.

IV.iii  Kirkwood Parameter Model
The Kirkwood correlation parameter g [19] is also a parameter for getting information regarding correlation between
two molecules in mixture. The g for pure liquid may be obtained by the expression
4H Nﬂzp _((C"O _800)(280 +8oo)
9kTM g,(e,+2)?

(6)

where p is dipole moment in gas phase, p is density, M is molecular weight, k is Boltzman’s constant, N is Avogadro’s
number. The dipole moments for TB, 2P, nP and EG in gas phase are taken as 1.69 D, 1.68 D, 1.68 D and 2.2 D respectively,
where the dipole moment D is 108 e. s. u. For the mixtures of two polar liquids 1, 2, equation (4.6) is modified [09] with the
following assumptions:

1. Kirkwood correlation parameter g for the binary mixture is expressed interms of an effective averaged correlation
factor g°f. Hence, the Kirkwood equation for the mixture can be expressed as

4HN prl (I) +M§p2 (I) geff :(SOm_goom)(ZSOm-l_Socm)
kT | M, '+ M, £0 (2, +2)’ )
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where ¢1 and ¢2 as volume fractions of liquids 1 and 2 respectively. The g®™ will provide overall average information about
TB-2P, TB-nP and TB-EG dimmers.

2. Assume that the correlation factors, gr for molecules 1 and 2 in the mixture contribute to the effective g
proportionality to their pure-liquid values g1, g.. With this assumption, the above equation for the mixture can be written as

kT | M, M, 2 |90 £4 (6, +2)° ®)

ATIN( u’p,g n2p,g (Eom—€wom) (2E0m+E )
111¢1+222¢ 0 0

where gr - the Kirkwood correlation factor for a mixture and ¢; and ¢, as volume fractions of liquids 1 and 2 respectively.

The correlation factor provide information about formation of multimers in liquid as

i) g = 1 indicates, there is no interaction between the molecules in liquid. The system may be considered like
non-polar.
i) g < 1 indicates that the intermolecular interaction is such that the total effective value of dipoles gets

reduced. It suggests antiparellel alignment of dipoles.
iii) g > 1 indicates parellel alignment of dipoles in multimers.

The value of the Kirkwood factor, gr, will be one for pure liquid. It will deviate from one for the mixture indicating presence of
interaction between two molecules. For TB-2P system: The values of the correlation factor for 2P are more effective than the
corresponding value in TB region. The g® values increases with increase in volume % of 2-Propanol in TB. The values of
Kirkwood factor grare less than or equal to unity for all measured temperature, indicating that the intermolecular interaction is
such that the total effective value of dipoles gets reduced. It suggests anti-parallel alignment of dipoles.
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Figure 6:  Bruggeman factor fg verses Volume fraction of 2 Propanol in TB at 35°C. Dashed line represents original
Bruggeman model. Solid point’s line represents theoretical Bruggeman model obtained from equation (9).
Experimental points are shown by the Marker .

IV. iv Bruggeman Parameter Model
The modified Bruggeman equation [20] is used as indicator for liquid 1 and 2 interactions. The Bruggeman factor fg

is given by,

1/3
En.—E& E
| €om— €02 01 _
fo= =(1-¢,) )
€017 €0 N\ €om

According to equation (9), when plotted fg against ¢ , a linear relationship is expected giving a straight line . However, the
experimental values of fg were found to be deviated from the linear relationship. The Bruggeman dielectric factor fg versus
volume fraction ¢, of 2P as in Figure 6. The above equation has been modified to fit the experimental data is as [21-23]
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fa=1-[a-(a-1) ¢2] 92 (10)

where a is numerical fitting parameter and has been determined by using the least squares fit method .The value of a = 1
corresponds to the ideal Bruggeman mixture formula. The deviation from one relates to corresponding liquids 1 and 2
interactions.

Conclusion

The study provides the permittivity parameters for the mixture of binary polar liquids. The main features are: The
molecules of these compounds have several hydrogen bonding sites and enter into intra or inter molecular hydrogen bonding
giving rise to different conformations. Alcohols are used as industrial solvents, surfactants, detergents, wetting agents and
many more. Due to great industrial applications of these molecules, investigation of their molecular dynamics in dilute
solutions to understand the role of hydrogen bonds and the number of carbon atoms present in the chain. These molecules have
end -OH group and they can enter into intra- and intermolecular hydrogen bonding In pure liquid state, the major contribution
to the relaxation process is due to overall rotation whereas in case of dilute solutions the group rotations are more significant.
The dielectric permittivity of a liquid depends on the temperature, density, viscosity and permanent dipole moment. Relaxation
Time: due to reorientation of the molecules as a whole generally increases (1) increases due to increases in the molar volume
of the molecule and (2) also due to increase in the viscosity of the solute. The &F values of the mixtures in 2P rich region is
negative over the concentration range in the respective system .This behavior may be interpreted at the molecular level,
because negative £F values can arise either from dipolar association between the components in the mixture or from dipolar
self-association of the polar component to form species of lower dipole moment. The other high resolution spectroscopy is
needed to get detail structure of the dimers. The interaction of the -OH group of polar molecules is discussed.
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