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Abstract
The calorimetric glass transition and dielectric dynamics of α-relaxation in propylene glycol

(PG) and its five oligomers (polypropylene glycol, PPG) have been investigated by the modulated
differential scanning calorimetry (MDSC) and the broadband dielectric spectroscopy. From the
temperature dependence of heat capacity of PPGs, it is clarified that the glass transition tempera-
ture (Tg) and the glass transition region are affected by the heating rate. The kinetic changes of PG
and PPGs near Tg strongly depend on the underlying heating rate. With increasing the molecular
mass of PPGs, the fragility derived from the relaxation time against temperature also increases.
The PG monomer is stronger than its oligomers, PPGs, because of the larger number density of
the –OH end group which tends to construct the intermolecular network structure. Adam-Gibbs
(AG) theory could still hold for MDSC results due to the fact that the dielectric relaxation time
can be related to the configurational entropy.
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Introduction

The dynamics of the glass-forming materials have been extensively studied theo-
retically and experimentally during recent years [1]. The studies on fragile or inter-
mediate liquids are the main topics on the liquid-glass transitions because of their
non-simple dynamical behaviors originated from the molecular cooperativity and
the complex relaxation modes [2–4].

Experiments on the low molecular mass molecules are very important to examine
the validity of the theories and simulations because of their simple structure. The
calorimetric measurement and broadband complex dielectric measurement are pow-
erful and straightforward techniques to gain insight into the molecular dynamics of
many kinds of glass-forming materials.

In this work, we studied the liquid-glass transition and α-relaxation in terms of
the thermal and dielectric properties of several kinds of alcohols with two –OH
groups per molecule, i.e., propylene glycol (PG) and its five kinds of oligomers
(polypropylene glycol, PPG) with a short [–OCHCH3CH2–] repeat chain unit. These
samples have the similar chemical structure with intermolecular hydrogen bonding
but different molecular mass from 76 to 4000 g mol–1.
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The correlation between calorimetric and dielectric relaxation properties has
been studied. Both properties reflect the different glass transition phenomena. The
former is a relaxation process in the freeze-in, but the latter is a non-equilibrium
process during the vitrification process. However, they are closely related with each
other. For this reason, the glass transition temperatures determined by both methods
were compared. Both relaxation behaviors were analyzed on the basis of the Adam-
Gibbs (AG) theory of which main idea is the cooperatively rearranging region
(CRR).

Experimental

A method called the temperature modulated differential scanning calorimetry
(MDSC) has been recently introduced and developed [5, 6]. In MDSC, a sinusoidal
oscillation of temperature is used as the external perturbation superimposed upon an
underlying linear temperature change, so that the sample temperature, T, at time t is
given by

T = To + qt + Asin(2πt/P) (1)

where To is the initial temperature for the MDSC scanning, q [K min–1] is the under-
lying heating rate, A is the amplitude of temperature modulation and P [s] is the
modulation period. The most suitable amplitude A is represented as the function of
the underlying heating rate and period, i.e.,

A = qP/2π (2)

The period P was fixed at 100 s to compare the calorimetric glass transition tempera-
ture with the dielectric glass transition temperature where the relaxation time is
100 s, so that the amplitude A was changed only by the heating rate.

Heat flow (HF) from MDSC can be separated into two parts: one is reversing heat
flow (RHF) and the other is non-reversing heat flow (NHF) in the following equa-
tion:

dQ/dt = CpdT/dt+f(T, t) (3)

where Cp is the heat capacity and f(T, t) is the kinetic component. Heat capacity,
which indicates the thermodynamic property of materials, can be derived from the
RHF only. The non-reversing heat flow is associated with kinetic processes, such as
relaxation, crystallization or melting. The MDSC (TA Instruments, DSC-2920) sys-
tem was used to investigate the thermal property of materials. At first the samples
were cooled down from 313 to 120 K with 2, 5 and 10 K min–1 heating rates, then
remained at 120 K for 10 min, and finally reheated to 313 K with the same heating
rates in cooling. The values of modulated temperature amplitude in this study were
determined by Eq. (2). Their values were 0.53, 1.33 and 2.65 K with 100 s period for
the 2, 5 and 10 K min–1 heating rates, respectively. The instrumental resolution of
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MDSC depends on the product of the heating rate and the modulation period, i.e.,
qP. These values, for example, were 3.3, 8.3 and 16.7 K at 2, 5 and 10 K min–1 heat-
ing rates, respectively.

To measure the dielectric relaxation time, two kinds of dielectric measurement
systems were used in this work to cover the broad frequency range: the Imped-
ance/Gain-phase analyzer (Solartron SI 1260) in low frequency range from 10 mHz
to 10 MHz and the time domain reflectometry (TDR) system (HP54750A digital os-
cilloscope and HP54754A differential TDR plug-in) in high frequency range from
1 MHz to 10 GHz [7].

The samples used were PG monomer and its five kinds of PPG oligomers which
have the molecular mass 192 (triPG), 425 (PPG-425), 725 (PPG-725), 2000 (PPG-
2000) and 4000 g mol–1 (PPG-4000). All of them have the same –C–C–O– back-
bone. The repeat numbers of [–OCHCH3CH2–] are 3 for triPG and nearly 7, 12, 34
and 69 for PPG-425, -725, -2000 and -4000, respectively. These samples are classi-
fied into intermediate glass-forming liquids [8].

Results and discussion

The typical schemes of HF, NHF and Cp for PPG-4000 are shown in Figs la, lb
and lc, respectively, for the different heating rate, 2, 5 and l0 K min–1 with their cor-
responding modulation amplitude. The MDSC results of other samples have the
similar features as PPG-4000.

The kinetic transitions of PG and PPGs are clarified from the fact that the NHF
changes stepwise around calorimetric glass transition temperature, Tg. The NHF data
for PPG-4000 in Fig. lb shows that the feature of the NHF strongly depends on the
underlying heating rate. For 2 K min–1 case, the values of the NHF change and a
sharp valley appears at 201.6 K, which is related to the enthalpy relaxation. For 5 and
10 K min–1 ones, the NHF values only reveal step-like change across the transition
regions, which depend on the heating rate, are approximately 10 and 20 K, respec-
tively.

The midpoint of the NHF was determined by the average of the onset and offset
points of the NHF, indicated as the T1 and T2 at the case of 5 K min–1 in Fig. 1b. The
values of midpoint of NHF are 198. 5 and 211.3 K for 5 and 10 K min–1, respec-
tively. The changed values of NHF at the bottom temperature in case of 2 K min–1

and at the midpoint temperature in 5 and 10 K min–1 are 0.0071, 0.0131 and
0.0245 W/g, respectively. From these results, it could be concluded that the transi-
tion region and the amount of NHF change across this region. These are very sensi-
tive to the heating rate.

From Cp results in Fig. lc, it can be also easily known that the glass transition re-
gion depends on the heating rate. The onset and offset points were obtained by the
same way in case of NHF. Their onset, offset and midpoints of triPG and PPG-4000
are listed in Table l. The midpoint of Cp data was assigned as Tg. The midpoints de-
termined from the Cp data are not the same as those of NHF ones. For example, the
difference of midpoints is 20 K at the case of 10 K min–1. The onset point decreases
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Fig. l The typical schemes about a) total heat flow b) non-reversible heat flow and c) heat ca-
pacity derived from the reversible heat flow for PPG-4000

Table 1 The onset, offset and midpoints of triPG and PPG-4000

Heating rate/
K min–1

Onset point/K Offset point/K Midpoint/K

triPG PPG-4000 triPG PPG-4000 triPG PPG-4000

10 180.6 189.4 194.8 206.7 187.7 198.1

 5 185.6 194.9 193.0 204.4 189.3 199.7

 2 188.3 199.4 192.9 203.0 190.6 201.2
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and the offset point increases with the increase of heating rate. The values of Tg are
related to the heating rate q by the equation [9, 10],

logq = − ∆h/RTg (4)

where ∆h is the activation enthalpy and R is the gas constant. According to Eq. (4),
the inverse glass transition temperature, 1/Tg should linearly decrease with the log
scale of heating rate. The earlier results for PG and several PPGs show that Eq. (4)
can be well applied to the DSC data [11]. In our case, however, the Tg from the Cp
data decreases with the increase of heating rate. This difference comes from the
modulation effect of the MDSC. The dielectric glass transition for triPG and PPG-
4000, where the relaxation time is 100 s, are 192 and 201 K, respectively when the
heating rate is nearly 1 K min–1. They are comparable with the calorimetric results
with the heating rate 2 K min–1. As the heating rate becomes fast, the peak of the
overshoot shifts to the higher temperature, while the peak height becomes lower.

The complex dielectric spectra, ε∗(ω), were well reproduced by the Havriliak-
Negami (HN) function,

ε∗(ω) = ε∞ + (ε0 − ε∞) / [1 + (iωτ)α]γ,    0 < α,γ ≤ 1 (5)

where ω is the angular frequency, τ is the characteristic relaxation time and ε∞ and
ε0 are the dielectric constant in the high and low frequency limits, respectively. The
dielectric relaxation times of the samples were determined by Eq. (5). The tempera-
ture dependence of the relaxation times from the dielectric measurements on PG and
PPGs is shown in Fig. 2 vs. normalized Tgd/T. The Tgd is the temperature where the
dielectric relaxation time is 100 s. This temperature was determined by the extrapola-
tion of the data through Vogel-Tammann-Fulcher (VTF) law, τ=τ0exp[DT0/(T–T0)]. It
is hard to distinguish the data of PPG-425 with PPG-725, -2000 and -4000, so that
only the results of PPG-425 are drawn.

Fig. 2 The temperature dependence of the relaxation time from the dielectric spectroscopy
for PG, triPG and PPG-425 is shown vs. normalized Tgd/T
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Angell classified the liquids into strong and fragile ones from the dependence of
the viscosity or the relaxation time vs. Tgd/T [8]. The temperature variations of the
relaxation time for strong and fragile liquids well obey the simple Arrhenius law,
τ=τ0exp(E/T) and the VTF law, respectively. The strength parameter, D, in VTF law
indicates the measure of the fragility of the materials. It can be known from the
Fig. 2 that the fragility increases with increasing the molecular mass. The values of
D from the VTF fitting are 16.9, 8.3, 7.7, 6.2, 5.8 and 5.6 in the order of increasing
molecular mass. As the number density of the –OH end group in PG monomer is
larger than that of PPGs with long chain, the intermolecular network structure can be
easily constructed by the hydrogen bonding even though it is classified as the weak
interaction.

The temperature dependence of relaxation time τ (T) in glass-forming liquids can
be described by the Adam-Gibbs equation [12], that is

lnτ = lnτ0 + ∆µsc
∗/kBTSc(T) (6)

where ∆µ is the activation energy per mole, sc
∗ is the minimum configurational en-

tropy, kB is the Boltzmann constant and Sc(T) is the configurational entropy. As the
value of ∆µsc

∗ is invariant during the relaxation process, the linear relationship be-
tween lnτ and (TSc(T))–1 can indicate the validity of the AG theory. The relaxation
time, τ, is evaluated from the dielectric measurements and the Sc(T) is from the cal-
orimetric measurements.

The configurational entropy Sc(T) was evaluated by the heat cpacity, Cp(T), in-
cluding the glass transition regions by following equation,

Sc(T) = Sc(T0) + ∫d
T0

T

T [Cpl − Cpg]/T (7)

where Cpl and Cpg are heat capacities of supercooled liquid and glass, respectively,
and T0 is the Vogel-Fulcher temperature in VTF law. The relationship between logτ

Fig. 3 logτ vs. (TSc)
–1 plots for PG, triPG, PPG-425, -725, -2000 md -4000. A good linearity

holds for these plots
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vs. (TSc(T))–1 is shown in Fig. 3 for PG and five PPGs where a good linearity holds
for all of the data.

Summary and conclusions

The MDSC has some advantages against the conventional DSC for the tempera-
ture modulation effect. By the application of the modulation, total heat flow can be
divided into RHF and NHF. The heat capacities derived from the RHF and that from
conventional DSC have different features. The kinetic relaxation in the liquid-glass
transition process can be clarified by the change of NHF.

The heat capacities of PPGs are different from the earlier DSC results in the man-
ner of the variation of the Tg with heating rate. The NHF changes of PG and PPGs
strongly depend on the underlying heating rate. The transition region and its mid-
point of both RHF and NHF do not coincide, therefore it is concluded that the two
transitions occur separately. The glass transition may be related to the α-relaxation
from the view point that the transition temperatures by Cp and dielectric relaxation
time are similar. The fragility increases with the increase of the molecular mass
which has the same meaning that the number density of –OH end group becomes
low. The density of the –OH group in PG and PPGs, which constructs the intermo-
lecular network structure by the hydrogen bonding, may determine the fragility of
the liquids.

The relationship between the calorimetric glass transition and the dielectric re-
laxation still remains valid through the AG theory. It is clearly explained by the
linearity between the dielectric relaxation time, lnτ, and the configurational entropy
in terms of (TSc(T))–1.
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