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In order to study the molecular weight dependence of the dielectric properties, 
the dynamics of the a-relaxation in both liquid and supercooled liquid of the 
dyhydroxyl propylene glycol monomer (PG) and its five oligomers (poly 
propylene glycol, PPG) has been investigated as the organic fragile glass- 
forming materials in the frequency range from lOmHz to lOGHz by means of 
broadband dielectric spectroscopy. The frequency dependence of the complex 
dielectric permittivity is analyzed by the Harvrilliak-Negami(HN) expression. 
The temperature dependence of the characteristic loss peak frequency f, for 
the a-process shows a Vogel-Tammann-Fulcher(VTF) behavior. The PG 
monomer is more fragile liquid than its oligomers because of the linear increase 
of the measure of non-linearity to I/Mn. 

Keywords: fragile liquid; poly propylene glycol: non-linearity. 

INTRODUCTION 

When an electric field is applied to a dielectric material, the permanent dipoles 
inherent in most molecular matters tend to orient to the same direction of an 
electric field. The complex dielectric measurement is a powerful and 
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330 I.-S. PARK uI. 

straightforward technique to gain insight into the molecular dynamics of many 
materials. Currently, the relaxation dynamics of simple glass-forming liquids 
have been extensively studied to clarify the dynamics of the liquid, supercooled 
liquid, and glass by the measurements of viscosity, dielectric constant, NMR, 
light scattering, neutron inelastic scattering, ultrasonic attenuation etc.'I4'. 

From these results it is well established that the a! -relaxation shows universal 

features regardless of the type of the glass-forming liquids. The main 
characteristic features of this relaxation are the non-Debye behavior or stretched 
exponential time decay of the response function and the non-Arrhenius 
temperature dependence of a characteristic relaxation time. 

In the present paper, we studied the dielectric relaxation of dyhydroxyl 
alcohols i.e., propylene glycol monomer and its oligomers as intermediate 
glass formers and discussed molecular weight dependence of the dielectric 
properties in the supercooled and liquid states in the frequency range 10 mHz 
to 10 GHz . The dielectrict5' and them&" properties of these material were 
already reported, but the frequency of dielectric measurement was limited to 
1MHz. We extended the frequency limit to 10 GHz to clarify the whole picture 

of the a! -relaxation. 

EXPERIMENTS 

Two kinds of measurement systems were used in order to cover the broad 
frequency range from 10 mHz to 10 GHz. One is the ImpedandGain-phase 
analyzer(So1artron SI 1260) in low-frequency range from 10 mHz to 10 MHz. 
In this case, a sample was kept between two electrodes of which distance was 
fixed to 0.4 mm. Frequency scans were performed at a constant temperature, 
which was decreased step by step. The current amplifier was also used 
additionally below 100 Hz. The other is the time domain reflectometry (TDR) 
system (HP54750A digital Oscilloscope and HP54754A Differential TDR 
plug-in) in high frequency range from 1 MHz to 10 GHz. 

The experimental TDR equipment is schematically shown in Figure 1.  The 
TDR plug-in generates a 0.2V voltage step pulse and sends it to a sample as an 
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DIELECTRIC RELAXATION OF GLASS-FORMING LIQUID 33 I 

FIGURE I Block diagram of TDR system. 

incident signal, V,,(t), through a transmission line. The oscilloscope records 

both the incident and reflected, R(t), steps. The complex permittivity E *( o) 

= E ’ (0) - i E ”  (0) was calculated by the following equations, where 

Rs( 0 )  and Rx( O )  are Fourier transforms of reflection signals of standard 

sample, Rs(t), and unknown one, Rx(t). 

p ( E s*/ xscotxs) xxcotxx 
E x * =  

l-g2(od/c)2p( E s*~xscotxs) 

c (Rs( O) - Rx( 0)) p =  - 
gd io (Rs( o)+ Rx( w)) 

xt = ( o d/c)( E *J”* (k = s and x), c the speed of light, d the length of sample 

cell, g the characteristic conductance between the line and sample section, o 

the angular frequency and E *a the complex permittivity of standard sample. 
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332 1.-S. PARK el al. 

The detailed procedure and operation of TDR technique were already 
reported e l s e ~ h e r e ~ ~ ~ ' .  We used 3 kinds of cables with different radius and 
length to cover the large frequency windows. Air, ethanol and n-propanol were 
used as the standard samples, of which complex dielectric permittivities were 
already reported"o~"l. The temperature of a sample was monitored by an 
alumel-chrome1 thermocouple. 

The samples used were propylene glycol monomer (PG) and its five 
oligomers (poly propylene glycol, PPG) which have the molecular weights 

(PPG-4000). All the samples are the organic fragile glass-forming liquids with 
two -OH groups. The PG was purchased from Wako Pure Chemical Industries, 

Ltd. It was distilled and desiccated by molecular sieves 3 A prior to use. The 

tPG was purchased from Tokyo Chemical Industry Co., Ltd. and the others 
were from Aldrich Chemical Company, Inc. 

192 (tPG), 425 (PPG-425), 725 (PPG-725). 2000 (PPG-2ooo) and 4ooo 

RESULTS AND DISCUSSION 

On cooling a glass-forming material from liquid to glass state, the characteristic 
relaxation frequency decreases dramatically. The high sensitivity and large 
frequency range are the main reasons why the dielectric measurement becomes 
the powerful technique for studying the dynamics of glass-forming liquid, 
especially slowing dynamics. 

We give, in Figure 2. the observed dielectric loss of the PPG-4OOO at 
several temperatures. The Harvrilliak-Negami (HN) expression'12' in frequency 
domain and a stretched exponential Kohlrausch-Williams-Watts (KWW)1'3' 
function in time domain are the popular forms to analyze the complex dielectric 

permittivity, E * (o).  These dielectric losses have well been reproduced by 

the HN empirical relaxation function, 
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FIGURE 2 Normalized dielectric loss spectra of the PPG-4000 at several 
temperatures. The solid lines are the fitted curves by the Harvrilliak- 
Negami expression. 

where t HN is a characteristic relaxation time, and E ,  and E ~ are the 

dielectricconstant in the high and low frequency limits, respectively. 
The Arrhenius plot of the relaxation frequency for PG, tPG and PPG-4000 

are shown in Figure 3. The Vogel-Tammann-Fulcher(VIT) fits"41, f, = A 
exp[-mJ(T-T,)], provide good description of the loss peak positions in all the 
experimental temperature windows for all the samples. In this equation, the D 
means the fragility and To Vogel-Fulcher temperature. We employed the 
method of temperature derivative analysis'15' to determine its dependence 
precisely, [dlnf-/d( 1fl)j"'' = ( l-TJI')(")-''' for the VTF dependence. In all 
the temperatures, we can obtain an expression of linear dependence of f, 
against 1/T. 

This WF behavior is derived from the model in which the intermolecular 
cooperativity was discussed by the concept of conformer which is the smallest 
segmental unit of rotation"6'. This model assumed that the conformer must 
move in cooperation with its neighbors to complete a rotational relaxation. The 
marked decrease of f,, causes the increase of the conformer size in each 
domain which reveals a tendency to increase the cooperativity . 

To identify To, theoretical arguments with a percolation singularity based 
on the free volume approach for the particle dynamics are referred"". Recently, 
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FIGURE 3 Arrhenius plots, i.e., log f, vs. 1OOON for PG, tPG and 
PPG-4000. The data are fitted by the Vogel-Tammann-Fulcher relation 
(solid lines) 

the meaning of To is argued with the view-point of cooperativity"6'. This is the 
low-temperature limit at which every conformer becomes meshed with all 
others and the entire body becomes one huge meshed domain when an electric 
field is impulsed. The conformational entropy is, therefore, zero at this 
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DIELECTRIC RELAXATION OF GLASS-FORMING LIQUID 335 

temperature. 
On the other hand, there are several methods to determine the glass 

transition temperature T, from the calorimetric, viscosity and dielectric 
measurements. We determined the T, at which the dielectric relaxation time of 
fitted results by the VTF relation is 6Osec. 

From these analysis, we determined the parameters such as To and T,. The 
ratio Tom, is directly related to the measure of non-linearity, x, in the 
Narayanaswamy-Moynihan expressi~n"~. '~ '  with the relation x = (1- Tbl;) 'I9. 

'O1. The x increases linearly with 1/Mn as shown in Figure 4. It  is clear that the 
x increase with the decrease of molecular weight as indicated the decrease of 
Tom, with i t  It agrees to the fact that the PG monomer is more fragile liquid 
than its oligomer. The detailed analysis will be published later. 
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