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Abstract

The isothermal enthalpy relaxation of glycerol and propylene glycol is studied for different sub-
glass transition annealing temperatures using our usual method. The kinetics of the glass transition
is analyzed using the Kohlrausch-Williams~Watts model. The Vogel-Fulcher~Tamman model was
previously used for the spectrometric specific heat analysis of glycerol and propylene glycol by
Birge and co-workers at temperatures higher than the glass transition. We present the comparison
of the enthalpy relaxation times as a continuation of their data for sub-glass transition tempera-
tures. The results show an intermediate thermal domain between the liquid state and the glassy
state. The relaxation times are experimentally determined within the model of the non-exponential
relaxation theory. The effects of the cooling and warming rates are also investigated for their rele-
vance in the determination of the relaxation times.
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1. Introduction

Propylene glycol and glycerol are commonly used in the biological and pharmaceuti-
cal sciences. They are actually pharmaceutical additives and used as glass formers in
aqueous solutions for applications such as freeze-drying techniques. They are common
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cryoprotectants for the preservation of simple biological systems at low temperatures by
preventing massive ice crystallization. They are also used as vitrification agents in the
design of vitrification solutions for the cryopreservation of organized tissues and organs
by vitrification. Therefore for their capability to vitrify and for a better understanding of
the glassy state, the study of the enthalpy relaxation is presented for the pure compounds
as an introduction to the investigation of their aqueous solutions. The method for the in-
vestigation of the calorimetric enthalpy relaxation has been developed to have access to
the enthalpy relaxation times using isothermal experimental conditions [1,2]. The impor-
tance of the enthalpy relaxation processes is underlined by the uncertainty of the behav-
ior of the materials below the glass transition. Macroscopic consequences are fracture
creations or collapses of the freeze-dried products or phase separations. As a first step to
understanding these processes, isothermal experiments at sub-glass transition tempera-
tures for propylene glycol and glycerol provide a method for the calculation of enthalpy
relaxation times. These results are then compared with published data of enthalpy relaxa-
tion times for experiments above the glass transition temperatures [3,4]. The introduction
of the notion of the lowest glass transition temperature by Shi which is presented in a
separate paper, allows the determination of a specific domain below the glass transition
where the configuration of the material is similar to that of the ideal glass and completes
the characterization of the glassy state [5,6].

2. Materials and methods

Propylene glycol (99%+ from Aldrich) and glycerol (ACS reagent from Sigma) were
without any further purification. The calorimetry was carried out using a DSC-4 from
Perkin-Elmer adapted for low temperatures. The temperature and energy calibration of
the DSC-4 was done as usual with various melting peaks of pure compounds [1]. Sam-
ples were placed in the calorimeter at room temperature and cooled at 40°C min™! to be-
low the glass transition at —150°C and —130°C, respectively, for propylene glycol and
glycerol before annealing.

The analysis of the glass transition kinetics was done as usual [1,2]. The excess en-
thalpy released during annealing by the glassy state was calculated using the glassy state
with annealing of 0 min as a reference. This excess enthalpy was analyzed using the
Kohlrausch—-Watts—Williams function or stretched relaxation function for non-linear re-
laxation [7]:

OHIt Tt ( 4, ¢ W
SHI=iT,1 7| (AL

where ¢, and T, are the annealing time at the temperature T,. 8 is an exponent reflecting
the non-linearity of the relaxation process of the glassy state and t(T,) is the relaxation
time at the temperature T,. The determination of the different parameters was done as
usual [1,2].
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A recent description of the nature of the glass transition showed a characteristic pa-
rameter of the glass transition with the lowest glass transition temperature T, which can
be reached by the glassy state [5,6]. T, is rate independent, even if the glass transition
itself is. These temperatures T are determined with the best fit of the representation

In(V,)= T +In(C) )

where V, is the rate of cooling or heating. These experimental conditions optimized the
identification of the fictive temperature of the glassy state with the glass transition tem-
perature T,. The determination of 7 allowed the estimates of the utmost excess enthalpy
that can be stored by the glassy state. Therefore three thermal domains were considered
for the present study. The first domain was the liquid domain above the glass transition,
the second in the range between T, and T where the maximum excess enthalpy is tem-
perature dependent, which is similar to the rubbery state for polymers and the third below
T, where the maximum has reached its utmost value. For the last two thermal domains,
the enthalpy relaxation times were represented by an Arrhenius thermal variation as re-
ported in other publications for ion conductance below the glass transition. For the ther-
mal domain above the glass transition, a Vogel-Fulcher-Tamman was assumed as the
best representation of the published data.

3. Results

The variations with the annealing time of the excess enthalpy for propylene glycol and
for glycerol for chosen annealing temperatures are reported respectively in Figs. 1 and 2.
The data are fitted with Eq. (1). A relaxation function 8 can be defined as

_8H[1,;T,)

Q[1,;T,1=
OH[eo; T, ]

3)

This relaxation function is calculated and reported in Fig. 3 for glycerol as a function of
the annealing time ,. £, is reported in a logarithmic scale and the relaxation function is
reported as In(~In(@)) as usual. The representation gives theoretically linear curves. The
regression determines the relaxation times 7 and the exponent 8 by combining Egs. (1)
and (3).

Then the relaxation times 7 can be analyzed as a function of the annealing tempera-
tures. But the temperatures 7 have still to be determined based on Eq. (2). The variation
of In(V,) with 1000/(T, — Ty) is reported in Figs. 4 and 5 with an excellent fit for the es-
timate of 7, for both compounds, propylene glycol and glycerol. Indeed, for annealing
temperatures below 7T, the maximum excess enthalpy recovery will then be relatively
constant assuming that the thermal variation of the specific heat of the glass and the ideal
glassy state is constant.
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Fig. 1. Variations of the excess enthalpy released during annealing as a function of the annealing time #, for
various annealing temperatures T, for propylene glycol. The line between the data is for clarity of the figure.

Having determined the different thermal ranges for the enthalpy relaxation times,
these enthalpy relaxation times are reported for propylene glycol and for glycerol in Figs.
6 and 7, respectively. These relaxation times are compared with those determined by
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Fig. 2. Variations of the excess enthalpy released during annealing as a function of the annealing time ¢, for
various annealing temperatures T, for glycerol. The line between the data is for clarity of the figure.
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RELAXATION FUNCTION IN GLYCEROL
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Fig. 3. Variations of the enthalpy relaxation function reported as In(-In(6)) as a function of the logarithm of
the annealing time period ¢, for glycerol.
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Fig. 4. Variations of the cooling rate V, represented in a logarithmic scale as a function of the ratio 1000/(T -
Ty) for propylene glycol. 7y is the recorded glass transition at the rate V., and Ty is the optimal value for the
best fit of the linear regression. The equation of the line is reported below the line with regression coefficient

R2.
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Fig. 5. Variations of the cooling rate V, represented in a logarithmic scale as a function of the ratio 1000/(Ty -
T) for glycerol. Ty is the recorded glass transition at the rate V,; and T is the optimal value for the best fit of
the linear regresswn The equation of the line is reported below the line with regression coefficient ;2
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Fig. 6. Comparison of the enthalpy relaxation times determined by isothermal relaxation experiments at a sub-
glass transition temperature in propylene glycol and enthalpy relaxation times calculated from spectroscopic
specific heat analysis from Birge and Nagel [3,4] for temperatures above the glass transition.
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Fig. 7. Comparison of the enthalpy relaxation times determined by isothermal relaxation experiments at a sub-
glass transition temperature in glycerol and enthalpy relaxation times calculated from spectroscopic specific
heat analysis from Birge and Nagel [3,4] for temperatures above the glass transition.

Birge et al. on propylene glycol and glycerol using a spectroscopic calorimeter [3,4]. The
exponents 3 have been reported for glycerol and propylene glycol in Figs. 8 and 9 using
an Arrhenius representation.
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Fig. 8. Exponent 3 as a function of 1000/T for propylene glycol.
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Fig. 9. Exponent § as a function of 1000/7 for glycerol.

4, Discussion and conclusion

The Kohlrausch—Williams—Watts function or stretched function is introduced to report
the effect of a wide distribution of relaxation times in the glassy state. This wide distri-
bution has been used for the determination of the Vogel-Fulcher—-Tamman law describ-
ing supercooled liquids in particular at very low temperatures. The exponent S reflects
the non-exponential nature of the relaxation processes and is a measure of the width of
the relaxation time distribution. For molecular liquid such as propylene glycol or glyc-
erol, it is thought that their relaxation time distribution is localized and well defined. The
present study is supporting the existence of a widening of the relaxation distribution as
the glass transition is approached. The present values of the exponent 8 which is decreas-
ing from 0.6 to 0.35 for both liquids is a characteristic behavior for the glassy state even
for the present molecular glassy state.

The final comparison of the relaxation times as a function of the temperature in Figs. 7
and 8 with the published data shows good accord between the two techniques. One can
also notice that the definition of the lowest temperature 7 is in agreement with the theory
developed by Shi specifying that the value of T; must be between the homogeneous nu-
cleation temperature and the isentropic temperature of Kauzmann [5,6].

The combination of the two methods for the determination or the enthalpy relaxation
times and for the determination of the lowest temperature of the glass transition T is a
good technique for the determination of the thermal properties of compounds such as
propylene glycol and glycerol. The relaxation times, dependent on the temperature, are
characteristics of the self and mutual diffusion coefficients for the two compounds below
the glass transition. Expanding this combination to glass-forming aqueous solutions will
characterize their glassy states in term of thermodynamic stability.




P.M. Mehl / Thermochimica Acta 267 (1996) 201-209 209

Note

A recent publication was found after the presentation of the present paper supporting
the use of the stretched relaxation function for the description of the relaxation of the
glassy state of propylene glycol and glycerol. Indeed, Fujimori and Oguni {8] have used
adiabatic calorimetry for the description of the relaxation process for the glassy state of
the same compounds and using also the stretched relaxation function. They also found
values of 8 similar to those presently found and reported in Figs. 8 and 9.

Acknowledgements

The author would like to thank Dr. H.T. Meryman for his grateful support. The author
thanks also Dr. F.G. Shi for the communication of his studies. This work is supported by
a grant from the generous G. Harold and Y. Leila Mathers Charitable Foundation.

References

(1] P.M. Mehl, Thermochim. Acta, 213 (1993) 177.

[2] P.M. Mehl, unpublished.

[3] N.O. Birge, Phys. Rev. B, 34 (1986) 1631.

{41 N.O.Birge and S.R. Nagel, Phys. Rev. Lett., 54 (1985) 2674.

[5] F.G. Shi, J. Mater. Res., 9 (1994) xx.

[6] F.G. Shi, Scripta Metall. Mater., 31 (1994) 261.

(7] G. Williams and D.C. Watts, Trans. Faraday Soc., 66 (1970) 80.

[8] H. Fujimori and M. Oguni, J. Non-Cryst. Solids, 172-174 (1994) 601.



