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ABSTRACT 

The relationship between equilibrium dynamics and thermodynamics of glass-

forming materials is studied through experimental investigations and theoretical modeling 

in the domains of temperature, pressure, intermolecular interactions.  In this dissertation, 

several glass-forming systems are studied, including pharmaceutical and polymeric glasses.  

In the case of pharmaceuticals, the glass transition temperature (Tg) for synergistic co-

amorphous pharmaceutical mixtures is successfully described as a function of composition 

using the activity coefficient models with the physical meaning of the parameters 

maintained.  This approach contrasts with the common approach, that is using the Gordon-

Taylor and Kwei equations and fitting the parameters, so that the physical meaning of the 

parameters is compromised. 

In addition, in this dissertation, the configurational entropy, enthalpy, internal 

energy, free energy, along with the free volume, are examined for their abilities to reduce 

the temperature- and pressure-dependent segmental relaxation times data for polymers with 

no bias imposed by the assumption of a linear reciprocal dependence or other specific 

modeling forms.  This model-free method demonstrates a strongly material-dependent 

scaling ability for these configurational thermodynamic properties, which sheds doubt on 

the idea that there is a predominant thermodynamic property that governs the relaxation 

time.  

Finally, the structural recoveries of pressure-densified and, for the first time, 

pressure-expanded glasses are experimentally investigated using pressurizable dilatometry.  

The pressure-volume-temperature (PVT) data manifest an anomalously accelerated non-

equilibrium dynamics after a combined history of temperature and pressure cycles.  This 
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PVT data is further used to develop the KAHR structural recovery model to provide insight 

into the glassy dynamics.  The KAHR model prediction results suggest two limitations of 

the model: i) the structural recovery is assumed to depend on the instantaneous liquid state, 

and ii) the same kinetics are assumed for the temperature and pressure perturbations.  This 

work extends novel experiments and modeling of the non-equilibrium glassy dynamics and 

facilitates the development of the structural recovery theories to capture the nature of glassy 

relaxation for complicated temperature and pressure histories.  
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CHAPTER 1                                                                     
INTRODUCTION 

 Domains of the pressure and intermolecular interactions are appended to the 

temperature to study the equilibrium and non-equilibrium dynamics of the glass-forming 

materials.  In the first part, the relationship between the equilibrium dynamics and 

thermodynamics for several polymers is examined by scaling the pressure-dependent 

isochronal temperature data, along with the temperature-dependent isochronal pressure 

data.  Also, the pressure-involved non-equilibrium dynamics of polystyrene is investigated 

by dilatometry experiments and the structural recovery model.  In the second part, the 

thermodynamic activity coefficient models are used to predict the glass transition 

temperature for co-amorphous mixtures with strong interactions. 

 This dissertation consists of seven chapters.  Chapter 1 briefly introduces the 

motivation and organization of this dissertation.  Chapter 2 provides general background 

for the experimental methods, observations and modeling developments of the equilibrium 

and non-equilibrium dynamics under pressure and the equilibrium dynamics with strong 

intermolecular interactions for glass-forming materials.  Chapter 3-6 each are prepared 

journal manuscripts with minor modifications to adapt the dissertation style. 

 Chapter 3 demonstrates an examination of the scaling of the configurational 

thermodynamic properties to reduce the temperature- and pressure-dependent relaxation 

time data in the literature.  In this chapter, a model-free method is proposed without the 

constraints of imposing a specific mathematical form.  The results indicate that the best 

configurational property, between volume, enthalpy, entropy, or internal energy, is 

strongly material-dependent for various polymers.  This chapter is reproduced from the 
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published article in the Journal of Chemical Physics, entitled "A Model-Free Analysis of 

Configurational Properties to Reduce the Temperature- and Pressure-Dependent 

Segmental Relaxation Times of Polymers" [1], with the permission of AIP publishing. 

 Chapter 4 demonstrates the experimental investigate of the structural recovery for 

the pressure-densified and, for the first time, pressure-expanded glasses, along with the 

KAHR model predictions.  The methodology and PVT results for four types of temperature 

and pressure cycles are presented in this chapter.  The PVT relationship and the structural 

recovery data are analyzed using the Kovacs-Aklonis-Hutchinson-Ramos (KAHR) [2] 

model with model limitations further discussed and mitigated.  The article is planned for 

submission this spring. 

 Chapter 5 demonstrates the prediction of the synergistic glass transition 

temperature as a function of composition for co-amorphous pharmaceutical mixtures with 

strong intermolecular interactions.  This chapter presents a novel extension of the 

conventional thermodynamic glass transition model with non-ideality described using 

activity coefficient models.  The advantages and disadvantages of the activity model are 

discussed.  The article is planned for submission this spring. 

 Chapter 6 concludes the work in this dissertation, and Chapter 7 provides future 

suggestions to extend the current work. 
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CHAPTER 2                                                                        
BACKGROUND 

2.1 Equilibrium dynamics of glass-forming materials under pressure 

Glass-forming materials are characterized by a drastic slowing-down of the 

dynamics within a short temperature range just above the nominal glass transition 

temperature, 𝑇𝑔, [1-7], i.e. a super-Arrhenius temperature dependence of the 𝛼-relaxation 

time, 𝜏, followed by the vitrification of the material.  This super-Arrhenius behavior of 𝜏 

can be well explained using theories of the configurational entropy [8], or the free volume 

[9], where the relaxation units have too high of a barrier or insufficient space (free volume) 

to independent rearrange as temperature decreases.  A reduction of the configurational 

entropy or free volume can also be achieved by the elevation of the hydrostatic pressure 

[10-13], with 𝜏 also increased, thereby forming a glass [14, 15] at the so-called isothermal 

glass transition pressure, although the transition is not as distinct as the isobaric glass 

transition.  Studying the pressure dependence of the dynamics of glass-forming materials 

is important because pressure allows one to independently investigate the influence of the 

volume and temperature on 𝜏 [16, 17], as well as facilitate the differentiation of the primary 

and secondary relaxation mechanism [18]. 

Early interest in the pressure dependence of the viscosity was generated among the 

geological scientists and glass manufacturers  due to the viscosity’s influence on the 

pressure drop and capillary flow rate [19, 20].  Bridgman [21], in 1926, applied a 

pressurizable falling body viscometer to measure the pressure- and temperature- 

dependence of viscosity for 43 organic liquids up to 1.2 𝐺𝑃𝑎  and observed that the 

pressure-dependence gradually strengthens as pressure increases.  The measurement range 
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of the falling body viscometer was later extended to 10 𝐺𝑃𝑎, as performed by Piermarini 

et al. [22], by observing the drop of a sphere in the fluid that was compressed by a diamond 

anvil cell, with similar results that the logarithm viscosity increases more rapidly with 

increasing pressure.  Moreover, some novel modifications have been made on the capillary 

viscometer and shear rheometer to investigate the pressure effect on the viscoelasticity [23-

27].  The time-temperature-pressure superposition of the SRM2490 lubricant viscosity has 

been demonstrated by Bair and Qureshi [27] for the shear thinning region.  Our laboratory 

[28-30] and some other groups [31-33] have measured the bulk shift factor by conducting 

pressure relaxation experiments using a pressurizable dilatometer and applying the time-

pressure superposition.  Besides the pressurizable dilatometry, the bulk viscosity also can 

be characterized based on the acoustic absorption experiments [34]. 

The pressure-dependence of the equilibrium dynamics is also widely studied using 

the dielectric spectroscopy where the capacitance and resistance of the sample between two 

capacitor plates are measured to yield the storage and loss dielectric permittivity.  The 

hydraulic pressure can be applied directly or indirectly depending on if a secondary 

hydraulic fluid is used in the system [35].  For the indirect method, the unit of the protected 

capacitor and sample is immersed into the pressure transmitting fluid with the fluid and 

unit separated by a non-permeable membrane in order to avoid the contamination from the 

hydraulic fluid [36, 37].  For the direct approach, the sample itself is used as the hydraulic 

fluid [38].  Commonly, the frequency of maximum loss decreases as pressure increases, 

indicating a slow-down of the dynamics.  Moreover, Johari and Whalley [38], and Paluch 

et al. [39] observed that the elevation of pressure broadens the dispersion of the relaxation 

time for supercooled glycerol, which is presumably related to the hydrogen-bonding in the 
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glycerol as will be described later, whereas Naoki et al. [40] stated that the distribution 

parameter of the Williams-Watts function [41] is independent of pressure for o-Terphenyl, 

and Mpoukouvalas and Floudas [42] showed a frequency-pressure superposition for the 

supercooled poly(methyl-p-tolyl-siloxane).  Besides the viscosity and dielectric loss 

frequency, researchers also applied other techniques, such as light scattering, neutron 

scattering, and nuclear magnetic resonance, as discussed in a review by Roland et al’s [35]. 

The super-Arrhenius temperature dependence of the equilibrium dynamics is well 

described by the Williams-Landel-Ferry (WLF) equation [43], 

 log
𝜏

𝜏0
= log 𝑎𝑇 =

𝐶1(𝑇 − 𝑇𝑔)

𝐶2 + 𝑇 − 𝑇𝑔
 (2.1) 

and the equivalent Vogel-Fulcher-Tammann (VFT) equation [44-46], 

 𝜂 = 𝜂0 exp (
𝐵

𝑇 − 𝑇∞
) (2.2) 

Here, 𝐶1, 𝐶2, and 𝐵 are material-dependent parameters, and the parameter 𝑇𝑔 − 𝐶2 = 𝑇∞ 

corresponds to a finite temperature where the dynamics becomes infinitely slow; notably, 

experiments have shown that the super-Arrhenius dependence of the equilibrium relaxation 

time is not maintained below the nominal 𝑇𝑔, in both atmospheric [47] and pressurized 

conditions [28], thereby limiting the applicability of equations 2.1 and 2.2 to temperature 

near 𝑇𝑔.  The super-Arrhenius nature for glass-forming materials is not changed by the 

elevation of pressure [48, 49], so in order to adapt the temperature dependence of 𝜏 at 

elevated pressures the simplest modification of equations 2.1 and 2.2 will be adding a 

pressure dependence of 𝑇𝑔 or 𝑇∞ to the corresponding term [13].  For isothermal pressure 
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cycles, the pressure dependence of 𝜏 can be simply expressed using the Ferry-Stratton 

equation [13, 50], 

 log
𝜏(𝑃)

𝜏(0)
=

𝐷1𝑃

𝐷2 − 𝑃
 (2.3) 

where 𝐷1  and 𝐷2  are parameters that varies with materials.  Equation 2.3 is a 

transformation from equation 2.1 with 𝑇 assumed to be a constant and this mathematical 

form also suggests that at a finite pressure, 𝐷2, the dynamics will become infinitely slow. 

 Both the WLF and VFT equations can be theoretically interpreted using the 

configurational entropy or free volume theories as mentioned earlier.  From the perspective 

of the configurational entropy, Adam and Gibbs [8] has derived that the logarithm of 𝜏 

depends linearly on the product of temperature and the configurational entropy.  Therefore, 

their approach can be easily extended [51, 52] for describing the pressure dependence of 𝜏 

by adding the pressure-dependence using the Maxwell relation, (
𝜕𝑆

𝜕𝑃
)

𝑇
= − (

𝜕𝑉

𝜕𝑇
)

𝑃
, of 

which the practice will be shown in Chapter 3.  However, studies indicate that part of the 

excess property from the crystalline to liquid state is non-configurational [53], and a 

fraction parameter to the configurational entropy need to be applied to describe the 

equilibrium relaxation time for salol [52].  On the other hand, similarly using the concept 

of the cooperative motion, Avramov [54] obtains a thermally activated dynamics in terms 

of the total entropy, which avoids the disadvantage regarding the uncertainty of the 

vibrational portion in the excess entropy. 

From the perspective of the free volume, the rearranging rate of the molecular or 

segmental units is determined by their neighbor vacancies, i.e. the estimation of free 
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volumes.  Ferry [55], in his book, express the fraction of free volume, 𝑓, in terms of the 

coefficient of thermal expansion, 𝛼, and the compressibility, 𝛽, of the vacancy: 

 𝑓(𝑇, 𝑃) = 𝑓𝑟𝑒𝑓 + ∆𝛼(𝑇 − 𝑇𝑟𝑒𝑓) − ∆𝛽(𝑃 − 𝑃𝑟𝑒𝑓) (2.4) 

where ∆𝛼  and ∆𝛽  is the difference of the coefficient of thermal expansion, 𝛼 , and 

isothermal compressibility, 𝛽, between the liquid and glassy states, respectively, with the 

glassy value assumed to have the same temperature- and pressure-dependence as that for 

the occupied volume; ∆𝛼  and ∆𝛽  can be easily obtained from the pressure-volume-

temperature (PVT) data.  Haward [56] reviewed various definitions of the occupied volume 

along with their advantages and disadvantages.  On the other hand, the defect diffusion 

model [57, 58] assumes a dynamical diffusion of the local vacancies that tend to cluster to 

obey the change of the entropy due to the change of temperature or pressure, and the 

relaxation rate positively depends on the number of free local vacancies.  This defect 

diffusion model is briefly mentioned here for its possibly potential applicability to explain 

the anomalous macroscopic mobility after depressurizing from a densified polymer glass. 

 As mentioned earlier, pressure allows to examine the dependence of the equilibrium 

dynamics on the various thermodynamic properties.  Tarjus et al. [59] and Roland et al. 

[60] independently reported the application of the thermodynamic scaling to reduce the 

dynamics data, 𝜏 𝑜𝑟 𝜂 ~ 𝑇𝑉𝛾, where 𝛾 is a material-dependent parameter that is suggested 

to be one third of the repulsive exponent in the potential function [61], e.g. 𝛾 roughly equals 

−4 for a Lennard-Jones liquid.  On the other hand, White and Lipson [10] showed that the 

relaxation time scales with 𝑇𝑉𝑓
𝛾

 for common polymers and several molecular liquids, 

where 𝑉𝑓 is the free volume and is computed using their locally correlated lattice model 
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[62].  However, the regression of these two scalings to any classical thermodynamic 

quantities has not been achieved.  Although Casalini et al. [63] showed a derivation of the 

thermodynamic scaling using the Avramov model, the work described in Chapter 3 [64] 

shows that the dependence of the equilibrium dynamics of polymers on the thermodynamic 

properties is strongly material-dependent and the existence of a universal scaling of a 

thermodynamic properties is debatable. 

 The pressure dependence of the glass transition temperature is often characterized 

by two regions: a linear positive dependence at moderate pressures [28, 48, 49, 65-67] and 

a gradually weakened one at high pressures [61, 68].  The pressure dependence of 𝑇𝑔 can 

be estimated using the Ehrenfest relations with the glass transition considered as a 

secondary thermodynamic transition [69].  Hodge [70] has shown the derivation of 
𝜕𝑇𝑔

𝜕𝑃
 

from the volume, entropy, and enthalpy approaches, and summarized the arguments about 

the discrepancy between the experimental values of 
𝜕𝑇𝑔

𝜕𝑃
 and that estimated using the 

volume approach.  The Andersson-Andersson equation [68] is often used to describe 𝑇𝑔 as 

a function of pressure, 

 𝑇𝑔 = 𝑐 (1 +
𝑏𝑃

𝑎
)

1/𝑏

 (2.5) 

where 𝑎, 𝑏, and 𝑐 are adjustable parameters depends on materials.  Equation 2.5 can be 

approximated by a linear dependence when 𝑏  is 1.  The pressure dependent Vogel 

temperature, 𝑇∞, as shown in equation 2.2, can also be described using the form of equation 

2.5 [71] with values of parameters different from those for 𝑇𝑔 , indicating a different 

pressure dependence for these two thermal properties.   
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Knowledge of 𝑇𝑔(𝑃) allows one to describe the equilibrium dynamics in terms of 

the distance from the pressure-dependent glass transition state, i.e. 𝑇/𝑇𝑔(𝑃) or 𝑇 − 𝑇𝑔(𝑃), 

of which the latter is equivalent to equation 2.1.  The 𝑇 − 𝑇𝑔 scaling has been successfully 

applied to reduce the dynamics data for linear, star, and network polymers [72],  and this 

𝑇 − 𝑇𝑔 scaling implicitly assumes a constant distance from 𝑇𝑔 to 𝑇∞, which seems to be at 

odds with the earlier mentioned mismatched pressure-dependence of these two thermal 

properties, although the location of 𝑇∞ is controversial [73-75].  Although investigation of 

the distance between 𝑇𝑔  and 𝑇∞  as a function of pressure, molecular architecture, and 

mixture composition is of interest, it is rarely studied. 

The deviation of the temperature dependence of equilibrium dynamics from the 

Arrhenius behavior is characterized by the dynamic fragility index [3], 𝑚, 

 𝑚 = (
𝜕 log 𝜏

𝜕𝑇𝑔/𝑇
)

𝑇=𝑇𝑔

 (2.6) 

Böhmer et al. [76] have examined roughly 70 glass formers, including polymers, organic 

liquids and inorganic glasses, and shown that 𝑚 increases with the breadth of the relaxation 

time distribution.  𝑚  can decrease, increase, or remain constant with the increasing 

pressure [68, 77-79]; moreover, studies show that for some materials, the increase of 𝑚 

with increasing pressure levels off at high pressures [80, 81].  On the other hand, this 

pressure dependence also relates to how the fragility index is estimated; when using the 

activation energy term, 𝐵, in equation 2.2, the fragility is often independent on the pressure 

[36, 51, 78], whereas the pressure dependence of the fragility becomes negative when using 

the thermodynamic scaling [82].  Huang et al. [79] examined 6 polymers and showed that 
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the pressure dependence varies among the experimental methods, i.e. isobaric, isothermal, 

or isochoric measurement, and is also material-dependent.  A universal explanation for 

these complicated observations is still lacking. 

2.2 Non-equilibrium dynamics of glass-forming materials under pressure 

The super-Arrhenius slowing-down of the equilibrium dynamics, during cooling, 

causes the molecular or segmental mobility of the glass-forming material to be insufficient 

to maintain a macroscopic equilibrium (or metastable equilibrium if the crystallization was 

bypassed) state, thereby demonstrating a glass transition.  The glass transition is often 

manifested by a jump of the heat capacity or thermal expansion, or is determined where 

the relaxation time or viscosity reaches 100 𝑠 or 1013 𝑃𝑎 𝑠 [6, 69, 83-88].  The glassy state 

is a non-equilibrated state that spontaneously evolves towards the liquid (or supercooled 

liquid) state, with the rate controlled by the non-equilibrium dynamics.  The atmospheric 

non-equilibrium dynamics, that are often investigated using Kovacs’ three signatures of 

structural recovery [89-91], and the cooling rate or aging time-dependent enthalpy 

overshoot [92, 93], are reasonably described by the structural recovery models, like the 

Kovacs-Aklonis-Hutchinson-Ramos (KAHR) [94, 95] or Tool-Narayanaswamy-

Moynihan (TNM) [96-98] models.   

The pressure-dependence of the non-equilibrium dynamics provides another 

domain to examine the structural recovery models and reveal the nature of the glassy 

dynamics.  Tribone et al. [99] conducted so-called pressure-jump volume-relaxation 

dilatometry experiments for polystyrene in the vicinity of the pressure-induced isothermal 

glass transition, with the volume relaxation measured after a pressurization, along with 

another measurement after depressurization back to the initial pressure.  Their results 
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indicate that the nonlinear characteristics of structural recovery manifested in temperature-

jump relaxation experiments are similarly observed in pressure-jump experiments.  

Corsaro [100] conducted a slightly different pressure-jump experiment for a boric oxide 

glass with the depressurization step followed by an additional pressurization, with respect 

to the above Tribone et al.’s experiment; the magnitude of the pressure-jump for the 

addition pressurization is up to 50% of that for the prior depressurization step.  After this 

additional pressurization, the volume deviates further from the equilibrium state, thereby 

being expected to keep expanding towards the equilibrium state; however, their result 

shows first a contraction that is then followed by an expansion, similar to the memory effect 

observed in temperature-jump experiments.  Besides pressure-jump experiments, Colucci 

et al. [17] conducted isobaric and isochoric glass transition experiments, and showed a 

stronger transition strength for the isobaric cases and their results indicate the free-volume 

determined at the isochoric glasses transition state varies with the total volume. 

Besides volumetric studies, pressure-dependence of the enthalpic recovery also has 

been investigated in-situ by Takahara et al. [101, 102] using a pressurizable adiabatic 

calorimetry with a bellows-type dilatometer.  Isobaric temperature jumps and isothermal 

pressure jumps are performed, respectively, from the state of 𝑇𝑔(𝑃) and 𝑃 , and 𝑇  and 

𝑃𝑔(𝑇), to the state of 𝑇 and 𝑃.  The rate of the pressure jump-induced relaxation is faster 

[102] or similar [101] to that of the temperature jump-induced relaxation, for 3-

methylpentane and 1-propanol, or polystyrene and o-terphenyl, respectively.  The enthalpic 

and volumetric responses for the same history relax at different rates, with the volumetric  

response being faster; moreover, these two responses are suggested to relax towards 

different equilibrium states.  Wondraczek and Behrens [103] have compared the volumes 
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of silicate glasses with same excess enthalpy but different formation histories, including 

various pressures and cooling rates, and noticed that the volume is more sensitive to the 

pressure history. 

Besides the volumetric and enthalpic recoveries, physical aging experiments allows 

one to investigate the pressure-dependence of the viscoelastic, mechanical, and structural 

properties below 𝑇𝑔.  Vijayan et al. [104] separately applied the isobaric and isothermal 

approaches to obtain polyurethane glass at the same temperature and pressure and found 

that the Young’s modulus of the isobaric glass relaxed faster than the isothermal glass.  

They further applied the sequential pressure-up and -down perturbations on the same glass 

and observed that a memory effect-like evolution of the Young’s modulus [105].  Due to 

limitations of the apparatus, some physical aging experiments were conducted by forming 

a glass at a high pressure followed by the physical measurement at the atmospheric pressure.  

The resulting glass was termed a pressure-densified glass as will be studied in Chapter 4.  

Dale and Rogers [106] found that the compressive yield stress of the atmospheric 

polystyrene glasses inversely depends on pressure when the formation pressure is beyond 

100 𝑀𝑃𝑎.  And Yourtee and Cooper [107] noticed a marginal brittle-ductile transition for 

the densified polystyrene glass.  Roe and Song [108] applied the X-ray scattering technique 

and observed that the short-range ordering for a pressure-densified polystyrene is relaxing 

in a weekly time scale even at temperatures 50 °𝐶 below 𝑇𝑔.  Casalini and Roland [109] 

measured the atmospheric relaxation of the Johari-Goldstein motion of a poly(methyl 

methacrylate) glass prepared at 200 𝑀𝑃𝑎 and showed that the corresponding aging rate is 

independent on the densification caused by the pressure cycles, with the relaxation time 
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being equivalent to those obtained from the isobaric temperature-jump relaxation 

experiments.   

In order to study the pressure-dependence of structural recovery or physical aging 

mentioned above, the atmospheric KAHR model has been extended to describe the 

pressure-dependent non-equilibrium dynamics, as was shown by Ramos et al. [95], where 

the response of pressure perturbations are linearly added with the temperature perturbations, 

and several forms of the pressure-dependence of the relaxation time (or shift factor 𝑎𝑃) 

have been given.  Simon et al. [110] used an exponential form of 𝑎𝑃(𝑃) and adapted the 

KAHR/TNM model to incorporate a negative pressure effect during the isochoric 

vitrification for the nanoconfined o-terphenyl; the resulting model quantitively described 

the accelerated aging rate and the elevated equilibrium fictive temperature that are 

observed under confinement.  Tribone et al. [99] applied the exponential form, as well as 

the Kovacs-Tait [95] form, to describe their pressure-jump volume relaxation data, which 

showed equivalent predictions between these two forms.  Moreover, their predictions for 

the depressurizing relaxations gradually deviate from the experimental data with the 

increasing temperature and pressure.  Gupta [111] developed a two-internal parameter 

treatment, with a fictive pressure added to the conventional fictive temperature, which 

provides a method to elucidate the effect of pressure in the relaxation phenomenon.  Grassia 

et al. [112] and Holt et al. [113] have shown to modify the KAHR model with the relaxation 

time described using the thermodynamic scaling, that well predict the isobaric and 

isothermal glass transitions.  Grassia and Simon [114] later adapted the relaxation time to 

the non-super Arrhenius dependence on temperature below the nominal 𝑇𝑔  and the 

nonlinear dependence on the structure near the equilibrium state, with a ten-parameter 
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expression, of which five needed to be adjusted, and the model well captured the pressure-

dependent glass transition along with the signatures of atmospheric structural recovery and 

the expansion gap.  Other models to describe the pressure-dependent glass transition 

include the stochastic theories developed by Robertson et al. [115, 116] and Vleeshouwers 

et al. [117] where the distribution of the relaxation time is related to the fluctuation of the 

free volume, and the stochastic constitutive models developed by Caruthers et al. [118, 119] 

where the relaxation rate depends on the mesoscopic properties rather than the macroscopic 

history.  So far, none of structural recovery models can predict the non-equilibrium 

responses for the pressure-densified glass, especially the early devitrification, increased 

thermal expansion, and drastic 'memory' effect as will be shown in Chapter 4; Holt et al. 

[113] showed the potential of the thermodynamic scaling to marginally predict these 

phenomenon except for the increased thermal expansion, and their results gave significant 

quantitative deviations.   

2.3 Equilibrium dynamics of athermal glass-forming materials 

The intermolecular or intramolecular interactions can incorporate a stronger 

temperature-dependence of the equilibrium dynamics for glass-forming materials, due to 

the fact that the associating interaction is often inversely related to temperature, thereby 

increasing the apparent activation energy with the decreasing temperature  [120].  Typical 

associated fluids and polymers include, but are not limited to, glycerol [38, 120, 121], 

sorbitol [122-124], and poly(propylene glycol) [68].  Due to the strong enthalpic 

interactions and their temperature dependences, these glass-forming materials often have a 

low value of 𝛾 [35, 60] in the previously mentioned thermodynamic scaling, 𝑇𝑉𝛾, where 

the thermal energy dominates the dynamics more than the volume.  Huang and McKenna 
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[125] have found that the dynamic fragility of hydrogen-bonding small molecules is 

independent of the thermodynamic fragility, 𝐶𝑃,𝑙𝑖𝑞/𝐶𝑃,𝑐𝑟𝑦 (𝑜𝑟 𝑔𝑙), whereas the negative and 

positive dependences are also observed for polymers and inorganic glasses, respectively.  

The pressure-dependence of 𝑇𝑔  becomes weaker with more extensive associating 

interactions [35, 126], which is presumably related to the hydrogen bonding decomposition 

with increasing pressure [124, 127], considering that a reduced population of associations 

results in a reduced temperature dependence of dynamics; the weak or positive pressure 

dependence of fragility for glycerol can also be explained by this pressure-induced bonding 

decomposition [81].  Moreover, the chemical interaction also plays an important role in 

studying the effect of confinement observed on the equilibrium dynamics, with reduced, 

unchanged, or increased 𝑇𝑔 values with decreasing size are all observed [128], of which 

the elevated 𝑇𝑔  is often related to the associating interaction with the unsilanized 

confinement matrix or surface [129-131]. 

The interaction can also be studied as a function of molecular architecture, such as 

for ionic liquids, which involves coulombic interactions that is stronger and long-ranged 

with respect to the hydrogen-bonding.  Zheng et al. [132] observed that the viscosity of a 

methyl imidazolium ionic liquid is higher than that of an ethyl imidazolium ionic liquid 

due to the increased attractive electrostatic interaction with an decreasing chain length.  Tao 

and Simon [133] have shown that the fragility of the imidazolium ionic liquids increases 

with the incorporation of the aromatic structure in comparison to that of the alkyl.  Xue et 

al. [134] noticed that the viscosity of the branched alkyl imidazolium ionic liquids is higher 

than that that of the linear alkyl imidazolium ionic liquid, although the latter has a higher 

hydrodynamic radii, giving that the viscosity of the branched polymer is lower than that of 
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the equal-𝑀𝑤  linear chain; the strengthened electrostatic interaction due to the reduced 

radii slows-down the dynamics. 

The interaction becomes more complicated for polyelectrolyte systems that 

involves the coulombic force [135], which is most obvious and earliest studied; the entropic 

driven force[136, 137], which accounts for the 'escaping tendency' of the counterions; and 

the perturbation of the hydration shell induced by the distribution of counterions [135].  

The dehydrated polyelectrolyte complexes are extremely difficult to process due to the very 

high 𝑇𝑔 and fragility [138], and the addition of salt and humidity are necessary to achieve 

a higher molecular mobility for a moderate extrusion condition.  Rheological experiments 

show an obvious evolution of the crossover frequency towards the high frequency region 

with an increasing salt concentration [139, 140], which disturb the association between the 

polycation and polyanion chains, and a time-temperature-salt superposition can be 

achieved for investigating the long-time response at the low salt concentration. 

The inter- or intramolecular interactions also needs to be elucidated for the 

plasticized polymer or polymer blends, especially for the strong cases, which significantly 

influence the phase stability and the equilibrium dynamics [141, 142], such that the 

composition dependent 𝑇𝑔 can show positively or negatively deviated from the weight- or 

molar averaged manner [143-147], or even shows a combination of the positive and 

negative deviations [148, 149].  For some binary cases, 𝑇𝑔 of the mixture could be even 

higher [144, 149] or lower [143] than the 𝑇𝑔 of both components, with a maximum or 

minimum showing up, respectively.  Masser et al. [150] showed that the composition 

dependence of dynamic fragility also undergoes a maximum for hydrogen-bonded polymer 

blends.  Modeling such synergistic 𝑇𝑔 provides insight of the interactions as will be shown 
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in Chapter 5.  On the other hand, a discontinuous composition dependence has been 

observed in several studies [151-155], of which the relationship with a local self-

concentration seems to be suggested [156] and is of interest to be studied in the future. 
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CHAPTER 3                                                                                                  
A MODEL FREE ANALYSIS OF CONFIGURATIONAL 

PROPERTIES TO REDUCE THE TEMPERATURE AND 

PRESSURE-DEPENDENT SEGMENTAL RELAXATION TIMES OF 

POLYMERS 

This chapter is reproduced from the published article in the Journal of Chemical 

Physics, entitled "A Model-Free Analysis of Configurational Properties to Reduce the 

Temperature- and Pressure-Dependent Segmental Relaxation Times of Polymers" [1], with 

the permission of AIP publishing. 

3.1 Introduction 

Cooling a super-cooled liquid results in decreasing entropy that often extrapolates 

to a negative entropy value at finite temperature, in conflict with the third law of 

thermodynamics, as articulated by the Kauzmann paradox [2].  The temperature 𝑇𝐾 , at 

which the excess entropy reaches zero during cooling, is often nearly the same value as the 

Vogel temperature 𝑇∞ [3], a dynamic parameter describing the non-Arrhenius nature of the 

temperature-dependent segmental relaxation time 𝜏.  The similarity between 𝑇𝐾  and 𝑇∞ 

has been taken to reflect an essential relationship between the thermodynamics and 

dynamics [4].  However, the existence of a thermodynamic state property that universally 

determines the dynamics has long been debatable.  In 1965, Adam and Gibbs [5] proposed 

a linear relationship between the logarithm of 𝜏 and the reciprocal of the configurational 

entropy term, 𝑇𝑆𝑐.  The Adam-Gibbs model was shown, by Casalini et al. [6] and later 

Schwartz et al. [7, 8], to describe both the temperature- and pressure-dependence of 

relaxation times with the configurational entropy expressed as a function of both 

temperature and pressure.  On the other hand, several analysis [9-11] indicated  that 

experimental data do not scale with 1/𝑇𝑆𝑐 at atmospheric pressure, as well as at higher 

pressures [11, 12], but this conclusion is complicated by the difficulty in determining 𝑆𝑐, 
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which is taken to be the difference between the liquid and crystal for crystalline materials 

or the difference between the liquid and ideal glass for amorphous non-crystallizable 

materials and polymers: 

 𝑀𝑐(𝑇, 𝑃) = 𝑀𝑙𝑖𝑞𝑢𝑖𝑑(𝑇, 𝑃) − 𝑀𝑖𝑑𝑒𝑎𝑙 𝑔𝑙𝑎𝑠𝑠(𝑇, 𝑃) (3.1) 

where 𝑀𝑐  represents the temperature- and pressure-dependent configurational 

thermodynamic property, and 𝑀𝑙𝑖𝑞𝑢𝑖𝑑  and 𝑀𝑖𝑑𝑒𝑎𝑙 𝑔𝑙𝑎𝑠𝑠  represent the thermodynamic 

property in the liquid and ideal glassy states, respectively.  However, the latter 

configurational properties depend on the position of the ideal glass, which is often 

approximated to occur at the Vogel temperature 𝑇∞ , although the validity of this 

assumption is debatable given the recent evidence that the relaxation time scales do not 

actually diverge below 𝑇𝑔 [13-18].  In addition, since the heat capacity and coefficient of 

thermal expansion of the ideal glass are taken to be the same as those measured in the 

glassy state, a fraction of  𝑀𝑐(𝑇, 𝑃) may be attributable to non-configurational degrees of 

freedom [19-21]. 

In the early 2000s, three groups [22-24] showed that the temperature- and pressure-

dependent relaxation time scaled well with 𝑇𝑉𝛾 for glass-forming materials. This so-called 

'thermodynamic scaling', or 'density scaling' for 𝑇/𝜌𝛾, accounts separately for temperature 

and volume effect.  The scaling parameter 𝛾 has been related to one-third of the exponent 

of the repulsive potential term in the pairwise potential function.  A thermodynamic 

explanation for 𝑇𝑉𝛾 , provided by Casalini et al. [25], is related to the entropy-based 

Avramov model [26], in which the dynamics are considered to be thermally activated with 

the variance of the activation energies related to the total entropy [27].  Although the 
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temperature- and pressure-dependent relaxation times are well described by the Avramov 

model for many glass-forming materials, the model implicitly assumes a pressure-

independent fragility that is not the case for some materials as summarized by Roland et al. 

[28]; for example, Paluch and Roland [29] showed that an addition of a pressure-dependent 

exponent to the temperature effect in Avramov model was necessary to describe 
𝑑𝑚𝑇

𝑑𝑃
=

−0.03 𝑀𝑃𝑎−1 for polytolylsiloxane.  In contrast to the more recent 𝑇𝑉𝛾 thermodynamic 

scaling, 𝑇 − 𝑇𝑔 has historically been used in the polymer community [30].  Guo and Simon 

[31] compared the two scalings for polycyanurate networks, polystyrene, poly(vinyl 

acetate), and poly(vinyl chloride); the results indicated that the 𝑇 − 𝑇𝑔 scaling performed 

as well as the thermodynamic scaling, implying that the relaxation time may scale with 

some thermodynamic property referred to the glass transition point. 

Recently, Caruthers and Medvedev [11, 12] have tested the relationship between 

the dynamics and configurational (or excess) properties, proposing that the logarithm of 𝜏 

is proportional to the reciprocal of the configurational (or excess) enthalpy for 21 glass-

forming liquids and 12 polymers at atmospheric pressure: 

 log
𝜏

𝜏0
= log 𝑎𝑇 = 𝐵 [

1

𝐻𝑐(𝑇)
−

1

𝐻𝑐
0] (3.2) 

where the subscript 'c' indicates 'configurational' enthalpy for polymers, and 𝐵 and 𝐻𝑐
0 are 

parameters fitted to experimental data at atmospheric pressure.  For all 33 materials, only 

four of which have reliable high-pressure relaxation time and PVT data that allow the 

examination of the pressure-dependence of 𝜏 [11, 12], the 1/𝑇𝑆𝑐  (Adam-Gibbs) model 

neither linearly describes the atmospheric relaxation time nor predicts the experimental 

data at elevated pressures.  The 1/𝐻𝑐 model, as well as the 1/𝑈𝑐 (configurational internal 
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energy) model, can predict the temperature- and pressure-dependence of the relaxation 

time for poly(vinyl acetate), poly(vinyl chloride) and polystyrene, with better high-pressure 

data needed to differentiate the two models [12]. On the other hand, for ortho-terphenyl, 

the 1/𝑈𝑥  model is the only model able to well describe 𝜏(𝑇, 𝑃) [11].  The results of 

Medvedev and Caruthers are based on the assumption of a linear relationship between the 

relaxation time and the reciprocal of the configurational property.  We extend the work by 

asking the question whether the results depend on the imposition of this reciprocal linear 

relationship.  Thus, a model-free method is proposed here to directly study the correlation 

between the relaxation time and the configurational properties, including configurational 

entropy (𝑇𝑆𝑐), configurational enthalpy (𝐻𝑐), configurational internal energy (𝑈𝑐), and 

configurational volume (𝑉𝑐), for polymers, without imposing any specific mathematical 

form, such as the reciprocal linearity.  Therefore, we test if a given configurational property 

reduces the temperature- and pressure-dependent relaxation time data to a single curve, 

given the fact that a domain rigorously depends on the codomain as long as the associated 

function is injective and surjective, independent of its exact mathematical form. 

Polymers are amorphous or semi-crystalline materials with the configurational 

properties often defined as the difference between the liquid and ideal glassy states as 

mentioned above.  However, the ideal glass, assumed to occur at the Kauzmann 

temperature 𝑇𝐾 to solve the Kauzmann paradox [32], is not accessible to experiments, and 

the existence of such a transition is controversial [18, 33-35].  In addition, 𝑇𝐾  is the 

temperature where the extrapolated entropy decreases to a value smaller than the crystalline 

entropy, and it is often approximated by the Vogel temperature 𝑇∞ for polymers, although 

the lack of super-Arrhenius divergence below 𝑇𝑔 [13-18] raises questions concerning the 
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meaningfulness of 𝑇∞ and its equivalence with 𝑇𝐾.  In addition, the evaluation of 𝑇∞ from 

the Williams-Landel-Ferry (WLF) or Vogel-Fulcher-Tammann (VFT) temperature 

dependence of the relaxation time above 𝑇𝑔  may also introduce bias into the results.  

Therefore, we refer the configurational properties to an arbitrary reference state to obtain 

the relative configurational properties for analysis, eliminating the bias associated with the 

existence and the position of the ideal glass.  To choose a suitable reference state, we set 

up two reasonable criteria: the pressure-dependent reference state must be isochronal (iso-

𝜏 ) and the choice of the reference state should minimize the need to extrapolate the 

relaxation time data.  As mentioned earlier, Guo and Simon [31]chose 𝑇𝑔(𝑃)  as the 

reference state and showed that the 𝑇 − 𝑇𝑔(𝑃) scaling reduced the relaxation time well for 

four polymers, although for PVAc and PVC the pressure-dependent isobars of the dielectric 

relaxation time data slightly diverged outward as pressure increased.  We similarly use 

𝑇𝑔(𝑃) as the reference state for the analysis of our rheological data.  However, since Zhao 

and McKenna [36] have shown a divergence between the relaxation time from the shear 

rheological and dielectric experiments for PVAc, we avoid choosing 𝑇𝑔(𝑃) as the reference 

state for the dielectric data.  Rather, we choose an isochronal reference state in the middle 

of the data range, although this has no physical significance.  We further demonstrate that 

the choice of the reference state does not qualitatively influence the results. 

The objective of this work is to use a model-free method to study the dependence 

of the relaxation time on the thermodynamic quantities.  It is unnecessary to assume a 

specific form of relationship between the relaxation time and configurational 

thermodynamic properties. The ability that the relaxation times scale with the relative 

configurational properties are compared for four materials: a linear poly(vinyl acetate) 
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(PVAc), a linear poly(vinyl chloride) (PVC), a linear polystyrene (linear PS), and a three-

arm star polystyrene (star PS).  These are the same materials studied in our earlier work on 

the 𝑇 − 𝑇𝑔 scaling [31], and are the materials, except the star PS, studied by Medvedev and 

Caruthers [12]. 

3.2 Methodology 

To evaluate the configurational properties for polymers, we assume that the 

temperature- and pressure-dependence of the state properties of the ideal glassy state are 

the same as those of the isobaric glass.  The configurational enthalpy 𝐻𝑐  can then be 

evaluated as a function of temperature 𝑇 and pressure 𝑃 based on a reference state 𝐻𝑐𝑜 at 

𝑇𝑜 and atmospheric pressure 𝑃𝑎 (0.1 𝑀𝑃𝑎): 

 𝐻𝑐(𝑇, 𝑃) = 𝐻𝑐𝑜 + ∫ (𝐶𝑝𝑙 − 𝐶𝑝𝑔) 𝑑𝑇′
𝑇

𝑇𝑜

+ ∫ [(
𝜕𝐻𝑙

𝜕𝑃′
)

𝑇
− (

𝜕𝐻𝑔

𝜕𝑃′
)

𝑇

]
𝑃

𝑃𝑎

𝑑𝑃′ (3.3) 

where subscripts ‘𝑙’ and ‘𝑔’ represent the liquid and glassy states respectively.  Since the 

ideal glass is not experimentally accessible, the values of 𝐻𝑐𝑜 and 𝑇𝑜 cannot be determined 

experimentally; conventionally, assuming the existence of an ideal glass at the Kauzmann 

temperature, 𝐻𝑐𝑜  is taken to be zero at either  𝑇𝐾  or at the Vogel temperature 𝑇∞ . An 

alternative approach which avoids assumptions surrounding the position of the ideal glass 

was used by Medvedev and Caruthers [12] who assigned a value of 𝑇𝑜 and allowed 𝐻𝑐𝑜 to 

be the fitting parameter required to inversely linearize the data.  On the other hand, in our 

analysis, in order to avoid the influence of 𝑇𝐾, 𝐻𝑐(𝑇, 𝑃) is related to the configurational 

enthalpy at an isochronal state 𝐻𝑐
𝑟(𝑇𝑟(𝑃), 𝑃), given by the following equation: 
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𝐻𝑐
𝑟(𝑇𝑟(𝑃), 𝑃) = 𝐻𝑐𝑜 + ∫ (𝐶𝑝𝑙 − 𝐶𝑝𝑔) 𝑑𝑇′

𝑇𝑟

𝑇𝑜

+ ∫ [(
𝜕𝐻𝑙

𝜕𝑃′
)

𝑇𝑟

− (
𝜕𝐻𝑔

𝜕𝑃′
)

𝑇𝑟

]
𝑃

𝑃𝑎

𝑑𝑃′ 

(3.4) 

where 𝑇𝑟(𝑃) is the isochronal state temperature where the segmental relaxation time of the 

material has a prespecified but arbitrary value, analogous to 𝑇𝑔(𝑃) for  ≈ 100 s or 𝑇𝐾(𝑃) 

for  ≈ ∞ (assuming an ideal glass exists at 𝑇𝐾).  Then, the relative configurational enthalpy 

{𝐻𝑐 − 𝐻𝑐
𝑟}(𝑇, 𝑃) is simply a summation of an atmospheric pressure term and a pressure-

dependent correction, independent of the choice of 𝑇𝑜 or 𝑇𝐾: 

 

{𝐻𝑐 − 𝐻𝑐
𝑟}(𝑇, 𝑃) = ∫ (𝐶𝑝𝑙 − 𝐶𝑝𝑔) 𝑑𝑇′

𝑇

𝑇𝑟(𝑃)

 

+ ∫ [(
𝜕𝐻𝑙

𝜕𝑃′
)

𝑇
− (

𝜕𝐻𝑙

𝜕𝑃′
)

𝑇𝑟(𝑃)
]

𝑃

𝑃𝑎

𝑑𝑃′ − ∫ [(
𝜕𝐻𝑔

𝜕𝑃′
)

𝑇

− (
𝜕𝐻𝑔

𝜕𝑃′
)

𝑇𝑟(𝑃)

]
𝑃

𝑃𝑎

𝑑𝑃′ 

(3.5) 

 

Similarly, the evaluation of configurational entropy, internal energy, and volume 

relative to the reference value 𝑀𝑐
𝑟 at the isochronal reference temperature 𝑇𝑟(𝑃) are shown 

in the following equations:  

 

{𝑆𝑐 − 𝑆𝑐
𝑟}(𝑇, 𝑃) = ∫ (

𝐶𝑝𝑙 − 𝐶𝑝𝑔

𝑇′
)  𝑑𝑇′

𝑇

𝑇𝑟(𝑃)

 

+ ∫ [(
𝜕𝑆𝑙

𝜕𝑃′
)

𝑇
− (

𝜕𝑆𝑙

𝜕𝑃′
)

𝑇𝑟(𝑃)
]

𝑃

𝑃𝑎

𝑑𝑃′ − ∫ [(
𝜕𝑆𝑔

𝜕𝑃′
)

𝑇

− (
𝜕𝑆𝑔

𝜕𝑃′
)

𝑇𝑟(𝑃)

]
𝑃

𝑃𝑎

𝑑𝑃′ 

(3.6) 
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{𝑉𝑐 − 𝑉𝑐
𝑟}(𝑇, 𝑃) = ∫ [(

𝜕𝑉𝑙

𝜕𝑇′
)

𝑃𝑎

− (
𝜕𝑉𝑔

𝜕𝑇′
)

𝑃𝑎

] 𝑑𝑇′
𝑇

𝑇𝑟(𝑃)

 

+ ∫ [(
𝜕𝑉𝑙

𝜕𝑃′
)

𝑇
− (

𝜕𝑉𝑙

𝜕𝑃′
)

𝑇𝑟(𝑃)
]

𝑃

𝑃𝑎

𝑑𝑃′ − ∫ [(
𝜕𝑉𝑔

𝜕𝑃′
)

𝑇

− (
𝜕𝑉𝑔

𝜕𝑃′
)

𝑇𝑟(𝑃)

]
𝑃

𝑃𝑎

𝑑𝑃′ 

(3.7) 

 

 {𝑈𝑐 − 𝑈𝑐
𝑟} = {𝐻𝑐 − 𝐻𝑐

𝑟} − 𝑃{𝑉𝑐 − 𝑉𝑐
𝑟} (3.8) 

 

The pressure-dependence of the enthalpy and entropy are determined from the equation of 

state for the liquid and glassy states: 

 
𝜕𝐻

𝜕𝑃
(𝑇, 𝑃) = −𝑇 (

𝜕𝑉

𝜕𝑇
)

𝑃
+ 𝑉(𝑇, 𝑃) (3.9) 

 

 
𝜕𝑆

𝜕𝑃
= − (

𝜕𝑉

𝜕𝑇
)

𝑃
 (3.10) 

For PVAc, the dielectric relaxation times are obtained from the isobaric 

measurements by Heinrich and Stoll [37] and Schwartz et al. [7], and the isothermal 

measurements by O’Reilly [38].  For PVC, the dielectric relaxation times are obtained from 

the isobaric measurements by Heinrich and Stoll [37] and Koppelmann and Gielessen [39], 

and the isothermal measurements by Saito et al. [40] and Sasabe and Saito [41].  For linear 

PS, the dielectric relaxation times are obtained from the isobaric measurements by 

Schwartz et al. [8] and the isothermal photon correlation measurements by Patterson et al. 

[42].  For linear and three-arm star PS, the rheological relaxation times are from Agarwal’s 
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[43] shear data, and shear and bulk rheology experiments of our laboratory [31, 44, 45].  

For shear and bulk rheology data of PS, the isochronal reference state 𝑇𝑟(𝑃) is chosen as 

the glass transition point 𝑇𝑔(𝑃), since Guo and Simon [31] have shown that the relaxation 

time data is reduced well by the 𝑇 − 𝑇𝑔(𝑃) scaling.  For dielectric data, 𝑇𝑟(𝑃) is taken in 

the middle of the data range, with 𝑇𝑟(𝑃) at elevated pressures interpolated from a fitting of 

the thermodynamic scaling.  The values of 𝑇𝑟 at atmospheric pressure and the associated 

logarithm of 𝜏 are tabulated in Table 3.1, as well as the temperature and pressure range for 

the data used to test the scaling.  Importantly, the same data sources and ranges of the 

dielectric relaxation times are used as were analyzed by Medvedev and Caruthers [12].  

Although the associated 𝑃𝑉𝑇 data is only available up to 80, 200, and 200 𝑀𝑃𝑎 for PVAc, 

PVC, and linear PS respectively, the entire pressure range of the dielectric data is used for 

the results shown here with the PVT data extrapolated using the Tait equation of state, as 

needed.  We have also completed the full analysis using only limited dielectric data (up to 

200 , 200 , and 100 𝑀𝑃𝑎  for PVAc, PVC, and linear PS respectively) to avoid large 

extrapolation of the equation of state, and importantly, there is no quantitative difference 

in the results. 

To apply equations 3.3-3.6 to evaluate the configurational properties, knowledge 

of the heat capacity and the 𝑃𝑉𝑇 equation of state for both liquid and glassy states is needed.  

The heat capacity at atmospheric pressure is expressed as a linear function of temperature, 

𝐶𝑃 = 𝑎𝑇 + 𝑏.  Parameters 𝑎 and 𝑏 for PVC are retrieved from Wunderlich’s [46]work, and 

for PVAc from Bu et al’s [47] optimization on Wunderlich’s [46] work.  For polystyrene, 

we use results from our laboratory [48], which has been shown to be consistent with 

Wunderlich’s [49] data, and which are the same for the linear and star polystyrene within 



Texas Tech University, Xiao Zhao, May 2021 

40 
 

the error of measurements [50].  Parameters 𝑎 and 𝑏, and the data range of applicability 

are provided in Table 3.2. 

The PVT behavior of the four materials are well described by the Tait equation [51-

53]: 

 𝑉(𝑃, 𝑇) = 𝑉(𝑃𝑎, 𝑇) {1 − 𝐶 ln [1 +
𝑃

𝐵0exp (−𝐵1𝑇)
]} (3.11) 

where 𝐵0  and 𝐵1  are material-dependent parameters, and 𝐶  is taken to be 0.0894.  At 

atmospheric pressure, the liquid specific volume is expressed as a polynomial of 

temperature: 

 𝑉(𝑃𝑎, 𝑇) = 𝑎0 + 𝑎1𝑇 + 𝑎2𝑇2  (3.12) 

where 𝑎0, 𝑎1 and 𝑎2 are parameters that depend on materials, and the glass specific volume 

is expressed as an exponential function of temperature: 

 𝑉(𝑃𝑎, 𝑇) = 𝑎0exp (𝑎1𝑇)  (3.13) 

where 𝑎0 and 𝑎1 are parameters that also depend on materials.  Equation 3.10 can also be 

written in a density-explicit form, which is equivalent to the volume-explicit form used 

here [52].  The Tait parameters, provided in Table 3.3, are obtained by fitting the 𝑃𝑉𝑇 data 

for PVAc measured by McKinney and Goldstein [54] and for PVC measured by Hellwege 

et al. [55] and Rodgers [56]; for the dielectric relaxation time for the linear PS, the 

corresponding Tait parameters are fitted to the 𝑃𝑉𝑇 data measured by Zoller and Walsh 

[57], to be consistent with Medvedev and Caruthers [12]; and for the rheological relaxation 

times for the linear and star PS, the Tait parameters were obtained from our PVT data [44, 

58].  Within the fitting range, for the linear PS, the PVT behavior described by the Tait 
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equation obtained from our data yield almost identical relative configurational properties 

with that obtained from the data of Zoller and Walsh, with an average relative difference 

of 1.61% with respect to the relative configurational properties.  Furthermore, comparing 

equations 3.10 and 3.11, the former is vulnerable to inaccuracy when extrapolated due to 

the intrinsic inflection of the polynomial function; hence, equation 3.11 is often used for 

the liquid state as was the case for PVC and PS by Medvedev and Caruthers [12].  We have 

examined the difference between equations 3.10 and 3.11 for 𝑉𝑙𝑖𝑞(𝑃𝑎, 𝑇) of PVC and PS 

within the data range, and obtained the relative difference of 0.008%  and 0.08% 

respectively, indicating the validity of equation 3.10 for the present study.  

3.3 Results 

The dielectric relaxation time data for PVAc, from three sources [7, 37, 38], are 

plotted in Figure 3.1A, as log 𝑎𝑇 ≡ log 𝜏/𝜏𝑟 , where 𝜏𝑟  is the relaxation time in the 

isochronal reference state.  Heinrich and Stoll’s [37] measurements obviously cover the 

entire data range and agree well with Schwartz et al.’s [7] isobars up to 100 𝑀𝑃𝑎.  The 

same data are plotted in Figure 3.1B against the relative configurational entropy, enthalpy, 

internal energy, and volume.  When above the reference temperature, the temperature- and 

pressure-dependent relaxation times scale well with the relative 𝐻𝑐 and 𝑇𝑆𝑐, although a 

potential divergence tends to occur at high temperatures for 𝐻𝑐 − 𝐻𝑐
𝑟 > 30 𝐽/𝑔; below the 

reference temperature, divergence of the high-pressure data occurs for all four scalings, 

possibly due to the large extrapolation of the equation of state.  However, neither 𝑈𝑐 nor 

𝑉𝑐 are suitable to reduce the relaxation times since the isobars do not superpose on a single 

curve, diverging at both high and low temperatures. 
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The dielectric relaxation time data for PVC, from four sources [37, 39-41], are 

plotted in Figure 3.2A, as log 𝑎𝑇 ≡ log 𝜏/𝜏𝑟 .  Heinrich and Stoll’s [37]measurements 

almost cover the entire data range except for two highest pressure points from Sasabe and 

Saito’s [41] isotherm at 371 𝐾, which is only one order of magnitude beyond the range; in 

addition, Heinrich and Stoll’s isobars agree very well with Kopplemann and Gielessen’s 

[39] isobars within 100 𝑀𝑃𝑎.  The same data are plotted in Figure 3.2B against the relative 

configurational properties.  The temperature- and pressure-dependent relaxation times 

scale well with all four configurational properties within the data range, although a slight 

deviation tends to occur at low temperatures for relative 𝑇𝑆𝑐, 𝐻𝑐  and 𝑈𝑐 < −5 𝐽/𝑔 and 

relative 𝑉𝑐 < −0.002 𝑐𝑚3/𝑔. 

The dielectric relaxation time data for linear PS, and the rheology shift factors for 

the linear and star PS, are plotted in Figure 3.3, as log 𝑎𝑇  against the relative 

configurational property.  The temperature- and pressure-dependent relaxation times scale 

well with all four configurational properties for the linear and star PS within the data range, 

although a slight downward divergence occurs for star PS at 55 𝑀𝑃𝑎 and 397 𝐾, which 

was also observed in Guo and Simon’s [31] work on the 𝑇 − 𝑇𝑔 scaling.  The deviation 

may be due to an error in the data, but extension of the rheology data to a higher 

temperature range is necessary to test this supposition. 

In order to quantify how well relaxation times scale with the relative 

configurational property, the root-mean-square deviation (RMSD) of a polynomial fit to 

all data points (shown as the solid line in Figures 3.1-3.3) is evaluated and plotted in Figure 

3.4 for all materials and scalings.  Consistent with our qualitative evaluation, for PVAc, 

the quantitative analysis indicates the superiority of relative 𝑇𝑆𝑐 and 𝐻𝑐, which reasonably 



Texas Tech University, Xiao Zhao, May 2021 

43 
 

agrees with Medvedev and Caruthers’ results [12], although we cannot rule out scaling 

with 𝑇𝑆𝑐 for PVAc in the present study.  For PVC, the quantitative analysis indicates an 

equivalence among the relative 𝑉𝑐, 𝑇𝑆𝑐, 𝐻𝑐 and 𝑈𝑐.  For linear PS, both the dielectric and 

rheology data indicate that all four scalings are also essentially equivalent, as does the 

rheology data for star PS  The difficulty of distinguishing a superior scaling for the linear 

and star PS may be due to the lack of high-pressure relaxation time and 𝑃𝑉𝑇 data with a 

wide temperature (or relaxation time) range, since the highest pressure is still below 

100 𝑀𝑃𝑎 for the rheological data and the number of data is very limited at high pressures 

(only 1 at 250 𝑀𝑃𝑎) for the dielectric data, or perhaps due to an intrinsic equivalence 

among the scalings for the material.  The polystyrene results also suggest that the 

experimental methodology and molecular structure do not qualitatively affect the 

relationship between the logarithm of 𝜏 and the relative configurational properties.  The 

RMSD for the scaling of 𝑇 − 𝑇𝑟 is also shown as the black bar in Figure 3.4.  For PVAc 

and linear PS, relaxation times slightly scale better with the relative configurational 

properties than with 𝑇 − 𝑇𝑟, whereas the opposite results are shown for PVC and star PS.  

Based on our analysis, dependences of the relaxation time on the configurational properties 

are strongly material-dependent.  The observation is consistent with Guo and Simon’s [31] 

finding that 𝑇 − 𝑇𝑔(𝑃)  scaling worked for some materials but not others, and with 

thermodynamic scaling, whose material-dependent parameter 𝛾  can be related to the 

relative contributions of energy and entropy to the relaxation process [22], but the results 

are not indicative of the universal scaling with only a single thermodynamic variable, such 

as 𝐻𝑐 or 𝑈𝑐. 
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3.4 Discussion 

The bias and error associated with the ideal glassy state can be eliminated by 

referring the absolute configurational properties to an isochronal reference state.  However, 

there rests the possibility that the choice of the reference state 𝑇𝑟(𝑃) affects the goodness 

of the scaling.  To quantify the influence of 𝑇𝑟, different isochronal reference states, as 

indicated by 𝑇𝑟 − 𝑇𝑔(𝑃𝑎), were chosen, and the RMSD of the polynomial fit to all data 

points was re-evaluated for each scaling and each reference state.  The RMSD as a function 

of 𝑇𝑟 − 𝑇𝑔(𝑃𝑎) is shown in Figure 3.5 for PVAc, PVC, and for the PS dielectric data.  For 

PVAc, the superiority of relative 𝑇𝑆𝑐 and 𝐻𝑐 over relative 𝑉𝑐 and 𝑈𝑐 is independent of the 

choice of 𝑇𝑟 , although whether the relative 𝑇𝑆𝑐  or 𝐻𝑐  is the best scaling variable does 

depend on 𝑇𝑟 with differences small and within the error.  For PVC, the equivalence of all 

four scalings is independent of the choice of 𝑇𝑟 . For the linear PS dielectric data, the 

superiority of relative 𝐻𝑐 and 𝑇𝑆𝑐 over relative 𝑉𝑐 and 𝑈𝑐 is only independent of the choice 

𝑇𝑟 within the range of 𝑇𝑟 − 𝑇𝑔(𝑃𝑎) from 0 to 40 𝐾, beyond which the relative 𝐻𝑐 and 𝑇𝑆𝑐 

are superior over relative 𝑉𝑐 and 𝑈𝑐.  The influence of 𝑇𝑟 on the results for the linear and 

star PS rheology data are similar to those for the PS dielectric data and are not shown here; 

a student T-test indicates no statistical significant difference among the relative 𝑉𝑐, 𝑇𝑆𝑐, 𝐻𝑐 

and 𝑈𝑐  throughout 𝑇𝑟 − 𝑇𝑔(𝑃𝑎) from 10 to 50 𝐾 for the rheology data, again suggesting 

that the experimental methodology and molecular structure do not qualitatively affect the 

results.  Although 𝑇𝑟 influences the scalings for PS for 𝑇𝑟 − 𝑇𝑔(𝑃𝑎) > 50 𝐾, the range is 

out of the range for most of the relaxation time data. 

The observation for PVAc and PS, that 𝑇𝑟 quantitatively influences the results, is 

considered to be related to a change of (𝑑𝑇𝑟(𝑃)/𝑑𝑃)𝜏 for different 𝜏, possibly due to a 
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change in the distribution of the relaxation times with temperature and pressure [40, 59, 

60].  In other words, the quantity [𝑑(𝑀𝑐 − 𝑀𝑐
𝑟)/𝑑𝑃]𝜏 , which is related to the 

(𝑑𝑇𝑟(𝑃)/𝑑𝑃)𝜏, may change as the isochronal reference state changes, resulting in a change 

in the degree of superposition of the scalings at various pressures.  However, within the 

data range tested, the extent of the change of (𝑑𝑇𝑟(𝑃)/𝑑𝑃)𝜏  is not large enough to 

influence the results qualitatively.  Hence, the 𝑇𝑟  analysis implies that the choice of 

reference state will not qualitatively affect what is observed in the Results section, but for 

some materials, such as PVAc and PS, it has a quantitative influence.  On the other hand, 

to confirm our observation that the scaling ability with the relative configurational property 

is strongly material-dependent, we also analyzed the temperature- and pressure-dependent 

relaxation time data of ortho-terphenyl (oTP) using the same data source as used by 

Caruthers and Medvedev [11]. In contrast to the polymeric materials, our results for oTP 

confirm the superiority of the relative 𝑈𝑥  over relative 𝑇𝑆𝑥 , 𝐻𝑥 , and 𝑉𝑥  without the 

assumption of a reciprocal linear relationship. 

Importantly, the goodness of the scalings for oTP is very sensitive to the accuracy 

of the equation of state; Casalini et al. [61]indicated that an extrapolation of the Tait 

equation to 200 𝑀𝑃𝑎, when parameters were determined from data to only 80 𝑀𝑃𝑎, may 

result in a failure of thermodynamic scaling should the equation of state not be sufficiently 

accurate.  Caruthers and Medvedev [11] imposed a ±10%  deviation on their model 

parameters and analyzed how sensitive the model was to the error.  Similarly, in the present 

study, the sensitivity of the results to the thermodynamic quantities used to obtain the 

configurational properties is a concern, and hence, a sensitivity analysis is performed to 

explore how robust our conclusions are.  Due to the data availability, the glass heat capacity 
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(𝐶𝑃,𝑔) and the glass volume (𝑉𝑔) must be extrapolated the most in temperature space, 

whereas in pressure space, the liquid volume (𝑉𝑙𝑖𝑞) is extrapolated the most due to its high 

compressibility.  Hence, we choose to look at the effects of changing three variables – 

namely, the glass heat capacity, the glass coefficient of thermal expansion (𝛼𝑃,𝑔), and the 

liquid compressibility (𝛽𝑇,𝑙𝑖𝑞) for PVAc.  Within the data range, 𝐶𝑃,𝑔 is assumed to be the 

same at the lowest temperature and to increase linearly with temperature to reach a 10% 

change at the highest temperature; 𝛼𝑃,𝑔  and 𝛽𝑇,𝑙𝑖𝑞  are changed by 10% at atmospheric 

pressure and 𝑇𝑟(𝑃𝑎) respectively.  The resulting relative configurational properties and 

associated RMSD for the scalings are re-evaluated and plotted with respect to the bias types 

in Figure 3.6.  For PVAc, the goodness of scalings is insensitive to the changes made in 

the Tait parameters although the scaling of relative 𝑈𝑐 is slightly influenced by 𝐶𝑃,𝑔 with a 

small difference.  The same analyses applied to PVC and PS (not shown) show consistent 

results. 

Relative configurational quantities are used in this work and a brief comment is 

warranted concerning the difference between Medvedev and Caruthers’ [12] approach  and 

ours in this respect.  For example, our configurational enthalpy is given by equation 3.3, 

which is same as that of Medvedev and Caruthers [12] as given by 

  𝐻𝑐(𝑇, 𝑃) = 𝐻𝑐o + (∫ ∆𝐶𝑃

𝑇

𝑇0

𝑑𝑇′)

𝑃𝑎

+ ∫ (
𝜕𝐻𝑐

𝜕𝑃
)

𝑇
𝑑𝑃′

𝑃

𝑃𝑎

 (3.14) 

Although Medvedev and Caruthers allowed 𝐻𝑐o to be a fitting parameter and avoided the 

placement of 𝑇𝐾, one can show that if equation 3.14 meets the requirement that 𝐻𝑐 = 0 at 

𝑇𝐾,𝑃𝑎
, it is also true that 𝐻𝑐(𝑇, 𝑃) = 0 at 𝑇𝐾,𝑃≠𝑃𝑎

.  Our assumption is that we can choose 
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the reference condition to be an isochrone in temperature-pressure space; such an 

assumption is consistent with the scaling being tested as well as with the experimental 

finding that 𝑇𝑔 − 𝑇𝐾 is a constant, independent of pressure, by Takahara et al. [62] using 

adiabatic calorimetry, as well as with 𝑇 − 𝑇𝑔 scaling [31]. The question that we must now 

ask is whether the isochronal reference configurational property is indeed a constant; i.e., 

we have shown whether or not the relaxation times scale with the relative configurational 

property but not with the configurational property, the latter of which would require the 

reference value to be a constant.  From equations 3.4 or 3.14, 𝐻𝑐
𝑟, as well as the other 

isochronal configurational properties, will be a constant if the temperature and pressure 

integrals compensate for one another.  Hence, we calculated the amount that the isochronal 

configurational property changed over the pressure range of the data, e.g., 𝐻𝑐
𝑟(𝑃∗) −

𝐻𝑐
𝑟(𝑃𝑎), where 𝑃∗ is the highest pressure in the data range; this value, which is independent 

of the choice of 𝑇𝐾, was then normalized by the range of the relative property, e.g., the 

range of {𝐻𝑐 − 𝐻𝑐
𝑟}(𝑇, 𝑃) .  The results are shown in Table 3.4, along with the error 

determined from the bias applied in the sensitivity test.  All of the reference configurational 

properties are constant within error except for three values: 𝑈𝑐
𝑟 for PVAc and PS and 𝑉𝑐

𝑟 

for PVC; thus, the conclusions reached based on Figures 3.4 and 3.5 apply not only to the 

relative configurational properties but to the configurational quantities themselves, except 

for these three cases.  Hence, the relaxation times scale with 𝑇𝑆𝑐 and 𝐻𝑐 for PVAc, with 

𝑇𝑆𝑐, 𝐻𝑐 and 𝑈𝑐 for PVC, and with 𝑉𝑐, 𝑇𝑆𝑐, and 𝐻𝑐 for the linear and star PS. 

Based on the values we used for 𝐻𝑐
𝑟(𝑇𝑟(𝑃), 𝑃), we can also choose 𝑇𝐾,𝑃𝑎

 from a 

WLF fitting and then use equation 3.14 to compute the constant of integration that we 

implicitly used in our definition of the configurational enthalpy.  We compute that 𝐻𝑐o in 
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our work is 6.1, 2.4 and 5.7 kJ/mol for PVAc, PVC, and PS, respectively, at 𝑇𝑜 = 430, 

430, and 530 𝐾 using 𝑇𝐾,𝑃𝑎
 values of 262.7, 326.9, and 323.6 𝐾; these values compare 

favorably with the integration constants that reciprocally linearized the data in Medvedev 

and Caruthers’ [12] work of  7.4, 2.7 and 5.9 kJ/mol for PVAc, PVC, and PS, respectively, 

at the same 𝑇𝑜 values which imply 𝑇𝐾,𝑃𝑎
 values of 241.6, 305.9, and 320.0 𝐾, where 𝐻𝑐 =

0. 

The ability to scale segmental relaxation times with the relative configurational 

Gibbs free energy (𝐺𝑐) is also analyzed and the associated results are shown in Figure 3.4 

as the circular marker.  Interestingly, the material-dependent RMSD of the relative 𝐺𝑐 is 

consistent with that of 𝑇 − 𝑇𝑟 , suggesting the existence of a relationship between the 

relative 𝐺𝑐 and 𝑇 − 𝑇𝑟.  In addition, as mentioned in the Introduction section, the 𝑇 − 𝑇𝑔 

scaling [31] implies that the relaxation time may scale with a thermodynamic property 

referred to the glass transition point.  Hence, the exploration of a potential relationship 

relating the 𝑇 − 𝑇𝑟 scaling to a thermodynamic property is of interest.  A given variable, 

𝑀, will be able to reduce the relaxation time if 

 
𝜕𝜏

𝜕𝑀
=

𝜕𝜏

𝜕𝑇

𝜕𝑇

𝜕𝑀
 (3.15) 

is invariant with pressure.  Here, we consider that 𝜕𝜏/𝜕𝑇  is independent of pressure 

because of its equivalence to 𝜕𝜏/𝜕(𝑇 − 𝑇𝑔), whose independence on the pressure has been 

reported [31].  Also, 𝜕𝑇/𝜕𝑀 can be treated as 𝜕(𝑇 − 𝑇𝑟)/𝜕(𝑀 − 𝑀𝑟) where 𝑇𝑟  and 𝑀𝑟 

are at the isochronal reference state.  Hence, treating 𝑀 as the configurational property, the 

temperature- and pressure-dependent relative 𝑀𝑐 is plotted in Figure 3.7 as a function of 

𝑇 − 𝑇𝑟 for PVAc.  Interestingly, the relative 𝐺𝑐 seems to scale with 𝑇 − 𝑇𝑟 to form a single 
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curve.  Consistent results are observed for the linear and star PS but are not shown here.   

Although not universal, 𝐺𝑐  is suggested to represent the physical meaning of 𝑇 − 𝑇𝑟 

scaling for PVAc and PS within the data range examined. 

3.5 Conclusions 

The ability to reduce the temperature- and pressure-dependent segmental relaxation 

time 𝜏 of several polymers by scaling with the relative configurational thermodynamic 

properties is analyzed using a model-free method where no specific mathematical 

relationship is assumed between the logarithm of 𝜏 and the configurational property 𝑀𝑐, in 

order to eliminate bias associated with the imposition of a linear reciprocal model or any 

other specific function.  In addition, by referring the configurational property to an 

isochronal state, the error associated with the Kauzmann temperature for the ideal glass, 

which is often taken as the Vogel temperature, can be eliminated.  The scaling ability of a 

given configurational property strongly depends on the material, but not on the 

experimental method to obtain 𝜏 or the molecular structure for PS.  Our results are in good 

agreement with Medvedev and Caruthers for some materials, with the relaxation times 

scaling well with 𝑇𝑆𝑐 and 𝐻𝑐 for PVAc and with 𝑈𝑐 for oTP.  However, in the absence of 

imposing a mathematical function, we find that  scales equally well with 𝑇𝑆𝑐, 𝐻𝑐 and 𝑈𝑐 

for PVC and with 𝑉𝑐, 𝑇𝑆𝑐, and 𝐻𝑐 for the linear and star PS within the data range tested.  

Using this model-free method, the choice of the reference state does not qualitatively affect 

the goodness of scaling, but for some materials, such as PVAc and PS, it does have a 

quantitative effect.  In addition, a sensitivity analysis indicates that our results are not 

qualitatively sensitive to small errors in 𝐶𝑃,𝑔, 𝛼𝑃,𝑔, and 𝛽𝑇,𝑙𝑖𝑞.  Interestingly, 𝐺𝑟 seems to 

represent the physical meaning of 𝑇 − 𝑇𝑟 scaling for PVAc and PS within the data range 
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tested.  Importantly, the existence of  a configurational (or excess) state property that 

universally determines the dynamics of polymers is debatable and needs to be further 

explored with better high-pressure data and a non-biased methodology.  
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Table 3.1. Reference states, and temperature and pressure ranges for all materials and 

tests. 

 Dielectric Relaxation  
Bulk and Shear 

Rheology 

 PVAc PVC Linear PS  Linear PS Star PS 

𝑇𝑟(𝑃𝑎) (𝐾) 333 368 403  367 367 

log 𝜏 at 𝑇𝑟(𝑃) -1.81a -2.37a -4.78a  2.69 2.69 

Temperature range (𝐾) 308-463 363-423 373-458  365-411 367-412 

Pressure range (𝑀𝑃𝑎) 0.1-500 0.1-500 0.1-250  0.1-76 0.1-55 
aReciprocal frequency of maximum dielectric loss. 

 

 

 

Table 3.2. Parameters of the heat capacity as a function of temperature at 𝑃𝑎. 

 𝑎 × 103 (𝐽 𝑔−1 𝐾−1) 𝑏 × 102 (𝐽 𝑔−1) Data range (𝐾) 

PVAc 
𝐶𝑃𝑙

 0.7202 163.2 304-370 

𝐶𝑃𝑔
 3.450 26.36 80-304 

PVC 
𝐶𝑃𝑙

 5.586 -55.38 354-380 

𝐶𝑃𝑔
 3.071 2.620 300-354 

PS 
𝐶𝑃𝑙

 3.000 73.00 375-407 

𝐶𝑃𝑔
 4.320 -5.100 310-370 
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Table 3.3. Parameters of the Tait equation for the four materials. 

 PVAc PVC 
PS 

Dielectric 

PS 

Rheology 
Star PS 

Liquid state 

𝑎0 (𝑐𝑚3 𝑔−1) 0.8231 0.7013 0.9239 0.9293 0.9277 

𝑎1 × 104 (𝑐𝑚3 𝑔−1 °𝐶−1) 6.451 3.703 5.342 4.113 4.107 

𝑎2 × 107 (𝑐𝑚3 𝑔−1 °𝐶−2) -1.609 1.034 1.513 5.113 5.416 

𝐵0 (𝑀𝑃𝑎) 188.2 249.9 273.4 216.9 246.0 

𝐵1 × 103 (°𝐶−1) 3.375 3.471 4.300 3.500 3.520 

Temperature range (𝐾) 308-373 373-423 373-523 368-427 368-413 

Pressure range (𝑀𝑃𝑎) 0.1-80 0.1-200 0.1-200 0.1-94 0.1-70 

Glassy state 

𝑎0 (𝑐𝑚3 𝑔−1) 0.8361 0.7148 0.9519 0.9506 0.9497 

𝑎1 × 104 (°𝐶−1) 2.923 2.238 2.448 2.370 2.300 

𝐵0 (𝑀𝑃𝑎) 223.0 372.7 350.0 208.5 270.0 

𝐵1 × 103 (°𝐶−1) 1.958 2.238 2.900 1.000 1.350 

Temperature range (𝐾) 243-308 293-370 303-363 333-393 353-393 

Pressure range (𝑀𝑃𝑎) 0.1-80 0.1-200 0.1-200 0.1-94 0.1-70 

 

 

Table 3.4. The percent change in the reference configurational property 

over the pressure range of the data: 𝑀𝑐
𝑟(𝑃∗) − 𝑀𝑐

𝑟(𝑃𝑎) normalized by the 

range of {𝑀𝑐 − 𝑀𝑐
𝑟}(𝑇, 𝑃). 

 
𝑉𝑐

𝑟(𝑃∗)
− 𝑉𝑐

𝑟(𝑃𝑎) 

𝑇𝑟𝑆𝑐
𝑟(𝑃∗)

− 𝑇𝑟𝑆𝑐
𝑟(𝑃𝑎) 

𝐻𝑐
𝑟(𝑃∗)

− 𝐻𝑐
𝑟(𝑃𝑎) 

𝑈𝑐
𝑟(𝑃∗)

− 𝑈𝑐
𝑟(𝑃𝑎) 

PVAc 5.4 ± 21.6 0.1 ± 6.7 -10.6 ± 7.2 -40.0 ± 11.3 

PVC -87.7 ± 54.4 4.0 ± 9.8 -9.6 ± 9.3 3.1 ± 14.0 

PS -19.1 ± 53.3 -4.1 ± 19.0 -27.1 ± 21.6 -69.4 ± 27.3 
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Figure 3.1. (A) The dielectric relaxation time data for PVAc from Heinrich and Stoll’s 

[37] isobars from 0.1 to 500 𝑀𝑃𝑎 (ℎ𝑜𝑙𝑙𝑜𝑤 𝑚𝑎𝑟𝑘𝑒𝑟𝑠), Schwartz et al.’s [7] isobars 

from 0.1 to 300 𝑀𝑃𝑎  (solid markers), and O’Reilly’s [38] isotherms from 343  to 

391 𝐾  (cross signs), with log 𝑎𝑇 ≡ log 𝜏/𝜏𝑟 . (B) The temperature- and pressure-

dependent relaxation time data plotted as a function of the relative configurational 

property. The color code of symbols is same as that in Figure 3.1A. Black solid lines are 

polynomial fits to all data points.  View in color for best clarity.  Reproduced from ref 

[1] with permission. 
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Figure 3.2. (A) The dielectric relaxation time data for PVC from Heinrich and Stoll’s 

[37] isobars from 0.1 to 500 𝑀𝑃𝑎 (hollow markers), Koppelmann and Gielessen’s [39] 

isobars from 0.1 to 100 𝑀𝑃𝑎 (solid and semi-solid markers), Saito et al.’s [40] isotherm 

at 376 𝐾 (plus signs), and Sasabe and Saito’s [41] isotherms from 371 to 403 𝐾 (cross 

signs), with log 𝑎𝑇 ≡ log 𝜏/𝜏𝑟. (B) The temperature- and pressure-dependent relaxation 

time data plotted as a function of the relative configurational property: squares, 𝑉𝑐 ; 

triangles, 𝑇𝑆𝑐; circles, 𝐻𝑐; diamonds, 𝑈𝑐. The color code of symbols is same as that in 

Figure 3.2A. Black solid lines are polynomial fits to all data points.  View in color for 

best clarity. Reproduced from ref [1] with permission. 
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Figure 3.3. The temperature- and pressure-dependent relaxation time data, log 𝑎𝑇 ≡
log 𝜏/𝜏𝑟, for PS and star PS, plotted as a function of the relative configurational property: 

squares, 𝑉𝑐; triangles, 𝑇𝑆𝑐; circles, 𝐻𝑐; diamonds, 𝑈𝑐. At left (A), the dielectric relaxation 

time data for PS is retrieved from Schwartz et al.’s [8] isobars (hollow markers: red 

circles, 0.1 𝑀𝑃𝑎 ; blue squares, 50 𝑀𝑃𝑎; green triangles, 100 𝑀𝑃𝑎 ; purple inversed 

triangles, 150 𝑀𝑃𝑎; brown right triangles, 200 𝑀𝑃𝑎; orange left triangle, 250 𝑀𝑃𝑎.), 

and Patterson et al.’s isotherm at 419 𝐾 (cross signs).  In the middle (B), the rheological 

relaxation time data for PS is retrieved from Agarwal’s [43] and Meng et al.’s [45] shear 

and bulk rheology experiments (hollow markers: red circles, 0.1 𝑀𝑃𝑎; blue squares, 

42 𝑀𝑃𝑎; green triangles, 76 𝑀𝑃𝑎). At right (C), the rheological relaxation time data for 

star PS is retrieved from Guo et al.’s [44] bulk rheology experiments (hollow markers: 

red circles, 0.1 𝑀𝑃𝑎; blue squares, 36𝑀𝑃𝑎; green triangles, 55 𝑀𝑃𝑎). Black solid lines 

are polynomial fits to all data points. Reproduced from ref [1] with permission. 
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Figure 3.4. RMSD of a polynomial fit to all data points, for the dielectric measurements 

of PVAc, PVC and linear PS (on left), and shear and bulk rheology tests of linear and 

star PS (on right): green, relative 𝑉𝑐; red, relative 𝑇𝑆𝑐; blue, relative 𝐻𝑐; purple, relative 

𝑈𝑐.  The black bar and circle in each cluster are the RMSD for scalings of 𝑇 − 𝑇𝑟 and 

relative 𝐺𝑐, respectively. Reproduced from ref [1] with permission. 
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Figure 3.5. RMSD of the polynomial fit to all data points for  the dielectric data of (A) 

PVAc, (B) PVC, and (C) PS, plotted as a function of 𝑇𝑟 − 𝑇𝑔(𝑃𝑎): green squares, 𝑉𝑐; red 

triangles, 𝑇𝑆𝑐 ; blue circles, 𝐻𝑐 ; purple diamonds, 𝑈𝑐 . Reproduced from ref [1] with 

permission. 
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Figure 3.6. The RMSD for scalings of the relative configurational properties after re-

evaluation with the changed parameters (a bias of ±10%  on 𝐶𝑃,𝑔 , 𝛼𝑃,𝑔  and 𝛽𝑇,𝑙𝑖𝑞 ): 

green, relative 𝑉𝑐; red, relative 𝑇𝑆𝑐; blue, relative 𝐻𝑐; purple, relative 𝑈𝑐. Reproduced 

from ref [1] with permission. 
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Figure 3.7. Relative configurational property as a function of 𝑇 − 𝑇𝑟(𝑃) for PVAc.  The 

color code for symbols is the same as that in Figure 3.1A.  View in color for best clarity. 

Reproduced from ref [1] with permission. 
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CHAPTER 4                                                                                
MOBILITY OF PRESSURE-DENSIFIED AND PRESSURE-

EXPANDED POLYSTYRENE GLASSES: DILATOMETRY AND A 

TEST OF KAHR MODEL 

4.1 Introduction 

A glass is formed by cooling a polymer or glass-forming liquid sufficiently fast and 

deep [1-4], bypassing the crystallization if it exists. The glassy state is a non-equilibrated 

state that spontaneously evolves towards the equilibrium or metastable equilibrium liquid 

state, with its density increasing [5, 6] and with its fictive temperature [7-10], 𝑇𝑓 , 

decreasing, in a process that is known as structural relaxation [11, 12].  Accompanying 

structural relaxation, the modulus and brittleness of glasses can increase significantly, 

leading to premature failure, even though the extent of densification is generally less than 

1% [1, 12-17].  Consequently, understanding the non-equilibrium segmental or molecular 

mobility of the glassy materials that determines structural relaxation is important to achieve 

better properties and more reliable materials.   

The kinetics of structural recovery are widely described by the phenomenological 

Kovacs-Aklonis-Hutchinson-Ramos (KAHR) [18] model or the equivalent Tool-

Narayanaswamy-Moynihan (TNM) [7, 8, 19] model where the mobility is characterized 

by the magnitude and distribution of the relaxation time, 𝜏.  The KAHR and TNM models 

have been well developed to describe the representative 'Kovacs Signatures' aging 

experiments [5, 6, 20], enthalpy overshoot [10, 21], pressure-dependent structural 

relaxation [22-24], and pressure-jump induced volumetric recoveries [25].   

However, the structural recovery model prediction of a combination of the 

temperature and pressure cycles is still challenging, including for the pressure-densified 
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glass (PDG), which is formed by first vitrifying a liquid at a high pressure, 𝑃1, followed by 

depressurizing the high-pressure glass to a low pressure, 𝑃2, with the resulting glass having 

a higher density in comparison to the corresponding conventional glass (CG) that is 

isobarically formed at 𝑃2.  PDG is common in injection molding [26] and has been studied 

for various glass-forming materials, including but not limited to phenolphthalein [27], 

glycerol [28], polystyrene [29-32], poly(methyl methacrylate) [29, 33-35], poly(vinyl 

chloride) [32, 36], and polycarbonate [36, 37].  In spite of its high density, PDG shows 

weakened yield stress [38], manifests a loss of latent heat during heating [39], and becomes 

more ductile during aging [40].  Importantly, structural recovery at temperatures even 

50 °𝐶  below the glass transition temperature, 𝑇𝑔 , is observable for PDG, both 

macroscopically [29] and microscopically [41], indicating that PDG is an 'unstable' 

densified material, having anomalously high segmental or molecular mobility in spite of 

its higher density.   

The increased mobility for PDG has been demonstrated in various experimental 

studies, including but not limited to scattering characterization [37, 41-45], mechanical 

testing [38, 40, 46, 47], dielectric spectroscopy [35, 48-50], calorimetry [29, 38-40, 45, 51], 

and dilatometry [29, 31, 33, 34, 37, 38, 40, 52], of which the last one, the dilatometric  

method, allows to in-situ perform pressure jumps and thermal cycles and measure the 

anomalous pressure-volume-temperature (PVT) behavior of the PDG in comparison to the 

corresponding CG.  When heating a PDG from the glassy to the liquid state, dilatometric 

studies show devitrification prior to 𝑇𝑔  accompanied by little or no overshoot of the 

extrapolated liquid line [37, 38, 53], whereas an aged (or densified) CG overshoots the 

extrapolated liquid line at 𝑇𝑓  and devitrifies at temperature above the nominal 𝑇𝑔 . 
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Moreover, during heating, the apparent thermal expansion coefficient for PDG is higher 

than that for CG in the glassy region [38, 40].  Recently, Holt et al. [52] have shown similar 

observations from dilatometric studies on polycarbonate and 1,3,5-tri(1-naphthyl)benzene, 

and demonstrated a 'memory'-like aging behavior for PDG, where the volume first expands 

to the level of the relaxation of CG followed by a conventional contraction analogous to 

the isobarically temperature jump-indued memory effect  [10, 54, 55]; a similar 'memory 

effect' also was observed by Pae and Vijayan [47] in terms of the evolution of Yung’s 

modulus for PDG.  

The ability to model the behavior of PDG is important not only for fundamental 

understanding but also for describing materials made through the injection molding process.  

Weitz and Wunderlich [29] combined the simple hole theory of Hirai and Eyring [56], 

which correlates the reduction of enthalpy accompanied by the compressed volume under 

pressure, with a two-state energy model, which assumed that the PDG inherited the higher 

energy configuration of the liquid state where the glass was vitrified; the model 

qualitatively predicted the increase of enthalpy of the PDG, but the prediction leveled off 

as pressure increased and the method overestimated the extent of densification by roughly 

three-fold.  The PVT behavior of PDG can be fitted by the Simha-Somcynsky [57] equation 

of state (EOS) to provide insight of the evolution of free volume during densification and 

relaxation [34, 58-60], but the molecular mobility or relaxation time are not explicitly 

determined.  Holt et al. [52] was able to qualitatively capture the signature of the 'memory'-

like experiment for PDG by modifying the KAHR model with 𝜏  described by 

thermodynamic scaling [61], i.e. 𝜏 ∝ 𝑇𝑉𝛾, but the magnitude of the initial expansion was 

not captured, with a discrepancy between the prediction and data presumably related to the 
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assumption of the same relaxation kinetics for temperature and pressure perturbations (as 

will become obvious later).  In the present study, we further examine the limitations of the 

classic KAHR structural recovery model to predict the PVT behavior for several PDGs.  

Two modifications, in particular, are investigated: i) we allow the relaxation time to depend 

on the departure from a phantom equilibrium state that evolves with time from the liquid 

line where the glass was vitrified towards the liquid line where the glass is devitrified, and 

ii) we allow the relaxation kinetics associated with temperature and pressure perturbations 

to relax independently. 

In addition to the experiments and modeling of the PDG, we also investigate the 

pressure-expanded glass (PEG) that is formed by first vitrifying a liquid at a low pressure, 

𝑃1 , followed by pressurizing the low-pressure glass to a high pressure, 𝑃2 , with the 

resulting glass having a lower density [62] in comparison to the corresponding CG that is 

isobarically formed at 𝑃2.  Pressurizing a low-pressure glass is one of the three approaches 

to obtain different glasses as was investigated and summarized by McKinney and Goldstein 

[63], of which the other two ways are depressurization of a high-pressure glass to form 

PDG and isobaric vitrification to form CG.  Moreover, the compression of isobarically 

formed glass is often performed in order to obtain the bulk modulus of a polymer glass [64-

68].  However, studies of the volumetric recovery of PEG have not been conducted to the 

best of our knowledge, not has this behavior been predicted by the KAHR or TNM models 

of structural recovery.  In particular, the non-equilibrium dynamics of the PEG during 

heating should be investigated in comparison to that for the PDG, in order to reveal the 

nature of the hydrostatic influence on the segmental or molecular mobility of glass-forming 

materials.  And Andersson and Johari [28, 69] recently have proposed to study the 
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evolution of thermal conductivity during heating of a pressurized ambient glass, equivalent 

to the pressure-expanded glass defined in current study.   

In the present study, the segmental mobility of polystyrene PDG and, for the first 

time, PEG is experimentally investigated during heating and isothermal aging.  The 

pressure and thermal cycles, and volumetric measurements are conducted in-situ using a 

custom-built pressurizable dilatometer in our laboratory, which has been successfully 

applied to measure the PVT behavior and pressure relaxation for linear [70, 71] and star 

[72] polystyrene, cyanurate network [73, 74], and polystyrene nanocomposites [75, 76].  

The structural relaxation for the isobaric and non-isobaric thermal histories are described 

using the KAHR structural recovery model in order to demonstrate its limitations, and 

several novel modifications of the KAHR model are made that allow quantitative 

description of experimental observations. 

4.2 Methodology 

Material 

High molecular weight atactic polystyrene (PS) powder is purchased from 

Scientific Polymer Products, Inc., with a weight-average molecular weight of 

2,257,000 𝑔/𝑚𝑜𝑙  and a number-average molecular weight of 1,928,00 𝑔/𝑚𝑜𝑙 .  The 

polystyrene powder is degassed in a vacuum oven for 3 days followed by loading into a 

cylindrical mold with a diameter of 4.02 𝑚𝑚 under 𝑁2 atmosphere.  The sample is molded 

at 200 °C under vacuum, followed by cooling at 0.10 𝐾/𝑚𝑖𝑛 to the room temperature.  𝑇𝑔 

of the raw polystyrene powder and the molded rod are 101.1 ± 0.1 °𝐶 and 100.8 ± 0.4 °𝐶, 

respectively, based on differential scanning calorimetry, indicating no significant 
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degradation.  The sample rod is machined to reduce its diameter to 3.90 𝑚𝑚 and then is 

annealed in the mold at 120 °C for 2 hour under vacuum.  Eight sample rods with an 

atmospheric density of 1.0410 ± 0.0019 𝑔/𝑐𝑚3  and total mass of 1.0449 ± 0.0001 𝑔 

are loaded into the sample cell of our custom-built pressurizable dilatometer for the 

pressure-volume-temperature (PVT) measurements. 

Dilatometry 

The setup and performance of the custom-built pressurizable dilatometer has been 

described elsewhere [71], but for the sake of completeness we briefly describe the 

instrument here.  The sample cell has a cylindrical interior space of 100 ×  ∅4.8 𝑚𝑚, 

giving a volume of approximately 2.0 𝑐𝑚3, and is filled with Krytox GPL107 fluorinated 

synthetic oil, which is the sample-confining and pressure transmitting fluid.  The sample 

cell is completely immersed in a Hart Scientific 6024 oil bath, which uses Dow Corning 

200 Fluid 100 CST silicone oil, and maintains a temperature stability better than 0.01 °𝐶.  

The pressure is controlled through a high-pressure piston connected to a stepper motor, 

with the displacement of the piston shaft measured using an Omega Engineering linear 

variable differential transducer (LVDT).  We notice that LVDT fails to produce linear 

signals for the range from −7 to −4 𝑉𝑜𝑙𝑡𝑠; hence, data are not used for analysis when the 

𝐿𝑉𝐷𝑇  is less than −4 𝑉𝑜𝑙𝑡𝑠 .  The temperature of the sample is measured using a 

thermocouple attached to the sample cell.  The pressure of entire system is measured by a 

Honeywell TJE 60000 PSI pressure transducer.  Data acquisition and automation control 

is implemented using a LabVIEW program. 
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The PVT behavior of our PS sample is measured for the following pressure and thermal 

histories: 

• Isobaric cooling and heating scans are performed at 0.10 𝐾/𝑚𝑖𝑛  from 170 

towards 40 °𝐶  and then back to 170 °𝐶  for pressures of 32 , 52 , 72 , 92 , and 

112 𝑀𝑃𝑎, with a hold of 60 minutes at the lower temperature in order to ensure 

that the temperature is well controlled prior to heating, since the cooling rate of 

0.10 𝐾/𝑚𝑖𝑛 cannot be maintained below 60 °𝐶. 

• Isothermal pressure scans are performed to obtain the bulk modulus in the liquid 

and glassy state, at 160 and 60 °𝐶, respectively.  For the liquid state, the system is 

held at the constant temperature of 160 °𝐶, and the specific volume is measured for 

pressures from 15 to 138 𝑀𝑃𝑎, using a pressurization rate of 0.40 𝑀𝑃𝑎/𝑚𝑖𝑛.  For 

the glassy state, Struik's protocol [77] is followed in order to ensure that structural 

relaxation does not influence the data.  Hence, the experiment comprises of three 

steps: i) isobaric cooling at 0.10 𝐾/𝑚𝑖𝑛 from 170 to 60 °𝐶 at 𝑃1 = 52 or 92 𝑀𝑃𝑎, 

ii) a hold of 1000 minutes at 60 °𝐶, and iii) a pressure scan at 0.40 𝑀𝑃𝑎/𝑚𝑖𝑛 

towards 𝑃2 = 92 𝑀𝑃𝑎  for 𝑃1 = 52 𝑀𝑃𝑎  and a scan towards 𝑃2 = 52 𝑀𝑃𝑎  for 

𝑃1 = 92 𝑀𝑃𝑎. 

• Non-isobaric thermal histories are performed to prepare and characterize the 

pressure-densified and pressure-expanded glasses.  These histories are comprised 

of three steps: i) cooling at 0.10 𝐾/𝑚𝑖𝑛 from 170 to 60 °𝐶 at 𝑃1, ii) application of 

a pressure jump from 𝑃1  to 𝑃2  at 60 °𝐶 , with pressurization or depressurization 

applied over 10 𝑚𝑖𝑛 in an evenly stepwise manner (using 5 steps), and iii) heating 

at 0.10 𝐾/𝑚𝑖𝑛 from 60 to 170 °𝐶 at 𝑃2.  Pressure-down jump experiments were 
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made for 𝑃1 = 92  𝑀𝑃𝑎  to 𝑃2 = 52  and 72 𝑀𝑃𝑎  at 60 °𝐶 , forming pressure-

densified glasses, PDG-52 and PDG-72; and pressure-up jump experiments were 

made from 𝑃1 = 52 𝑀𝑃𝑎  to 𝑃2 = 72  and 92 𝑀𝑃𝑎  at 60 °𝐶 , forming pressure-

expanded glasses, PEG-72 and PEG-92.  An average rate of pressure change is 

anticipated to represent the actual pressurization or depressurization rate because 

of the relatively short time coupled with the sample being deep in the glassy state. 

• Two Aging experiments at 112 °𝐶 and 52 𝑀𝑃𝑎 are performed for 6 days (5.36 ×

 105 𝑠), one for CG after a temperature down-jump, and one for a PDG after a more 

complicated thermal history.  For the CG, the sample is cooled at 0.10 𝐾/𝑚𝑖𝑛 from 

170 to 112 °𝐶 at 52 𝑀𝑃𝑎, followed by isothermal, isobaric aging.  For the PDG, 

the history includes cooling to deep in the glassy state, performing a pressure jump 

to form the PDG, and then heating to the aging temperature: cooling at 0.10 𝐾/𝑚𝑖𝑛 

from 170 to 60 °𝐶 at 𝑃1 = 92 °𝐶, followed by a depressurizing to 𝑃2 = 52 𝑀𝑃𝑎, 

heating at 0.10 𝐾/𝑚𝑖𝑛 to 112 °𝐶 at 𝑃2 = 52 𝑀𝑃𝑎, and then isothermal, isobaric 

aging at 112 °𝐶 and 52 𝑀𝑃𝑎. 

Equation of state 

The PVT data in the liquid state and the data of isobaric temperature scans in the 

glassy states are separately described by the Tait equation of state [78, 79], 

 𝑉(𝑃, 𝑇) = 𝑉(𝑃𝑎, 𝑇) {1 − 𝐶0 ln [1 +
𝑃

𝐶1exp (−𝐶2𝑇)
]} (4.1) 

where 𝐶0 , 𝐶1 , and 𝐶2  are material-dependent parameters, and 𝐶0  is often taken to be 

0.0894 [80] for polymers.  Here, the pressure and temperature are in the units of 𝑀𝑃𝑎 and 

°𝐶, respectively.  For the liquid state, the atmospheric specific volume is expressed as the 
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reciprocal of a polynomial function of temperature, consistent with previous work [71, 72, 

74, 76]: 

 𝑉(𝑃𝑎, 𝑇) =
1

𝑎0 + 𝑎1𝑇 + 𝑎2𝑇2
  (4.2) 

where 𝑎0 is the reference density at 0 °𝐶, and 𝑎1 and 𝑎2 are material-dependent constants.  

For the glassy state, the atmospheric specific volume is expressed as a reciprocal of an 

exponential function of temperature, 

 𝑉(𝑃𝑎, 𝑇) =
1

𝑎0exp (𝑎1𝑇)
  (4.3) 

where 𝑎0 is the reference density at 0 °𝐶, and 𝑎1 is equivalent to the coefficient of thermal 

expansion.  Although equation 4.3 is often used to describe the atmospheric liquid volume 

as well, we have found that the difference between equations 4.2 and 4.3 for PS is 

negligible for the temperature range of interest [81]. 

KAHR model 

The KAHR [18, 24] structural recovery model is used to describe the isobaric 

cooling and heating scans together including the liquid, glass transition, and glassy regions.  

The model assumes additivity of the contributions of temperature and pressure 

perturbations to the total volume, 𝑉(𝑡): 

 

𝑉(𝑡) = 𝑉0 + ∫ 𝑉(𝑡){𝛼𝑔𝑙𝑎𝑠𝑠 + ∆𝛼[1 − 𝑀(𝑡, 𝑡′)]}𝑑𝑇

+ ∫ 𝑉(𝑡){𝛽𝑔𝑙𝑎𝑠𝑠 + ∆𝛽[1 − 𝑀(𝑡, 𝑡′)]} 𝑑𝑃 

(4.4) 

Here, 𝑉0 is the initial volume in the equilibrium liquid state; ∆𝛼 and ∆𝛽 are the change in 

the thermal expansion coefficient and isothermal compressibility between the liquid and 
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glassy states, i.e. ∆𝛼 = 𝛼𝑙𝑖𝑞𝑢𝑖𝑑 − 𝛼𝑔𝑙𝑎𝑠𝑠 and ∆𝛽 = 𝛽𝑙𝑖𝑞𝑢𝑖𝑑 − 𝛽𝑔𝑙𝑎𝑠𝑠, respectively, and are 

determined from the Tait equation except for 𝛽𝑔𝑙𝑎𝑠𝑠, which is measured from the isothermal 

pressure scans in the glassy state, since the Tait equation for the glass cannot provide that 

value.  𝑀(𝑡, 𝑡′) is the response function for the perturbations with respect to the reduced 

time from 𝑡′  to 𝑡, accounting for the time-dependent relaxation from the instantaneous 

glassy response to the long-time liquid response.  Notably, the same relaxation kinetics are 

assumed for both temperature and pressure perturbations.  In the present study, 𝑀(𝑡, 𝑡′) is 

expressed by the stretched exponential Kohlrausch-Williams-Watts function [82, 83]:  

 𝑀(𝑡, 𝑡′) = 𝑒𝑥𝑝
−(∫

𝑑𝜉
𝜏

𝑡
𝑡′ )

𝐵

 
(4.5) 

where 𝜏  is the relaxation time and 𝐵  is the stretched exponent that determines the 

distribution of 𝜏, which is considered to be equivalent to a summation of the weighted 

exponential response functions each with a unique 𝜏, as shown by Kovacs et al. [18] 

The magnitude of 𝜏 depends on 𝑇, 𝑃, and 𝛿, the departure from the equilibrium: 

 ln 𝜏 = ln 𝜏𝑟𝑒𝑓 + 𝜃𝑇(𝑇 − 𝑇𝑟𝑒𝑓) + 𝜃𝑃(𝑃 − 𝑃𝑟𝑒𝑓) + 𝜃𝛿𝛿 (4.6) 

 

 𝜃𝛿 = (1 − 𝑥)𝜃𝑇/∆𝛼 (4.7) 

and 

  𝛿 = (𝑉 − 𝑉𝑒)/𝑉𝑒 (4.8) 

Here, 𝜏𝑟𝑒𝑓 , 𝜃𝑇 , 𝜃𝑃 , and 𝑥  are material-dependent adjustable parameters; 𝑉𝑒  is the 

corresponding equilibrium state at the instantaneous 𝑇 and 𝑃, and is extrapolated from the 

liquid Tait equation; and the reference state is chosen as 𝑇𝑟𝑒𝑓 = 118 °𝐶  and 𝑃𝑟𝑒𝑓 =
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72 𝑀𝑃𝑎.  Values of the 𝜏𝑟𝑒𝑓, 𝜃𝑇, 𝜃𝑃, 𝑥, and 𝐵 parameters can be obtained experimentally 

or by fitting [84], and in the present study we fit to the PVT data and make comparisons to 

the literature.  The KAHR model, equations 4.4 and 4.5, are solved numerically, with the 

step size equal to 6 𝑠𝑒𝑐 maintaining the corresponding volumetric step change less than 

5 × 10−6 𝑐𝑚3/𝑔  and 8 × 10−5 𝑐𝑚3/𝑔  for temperature and pressure perturbations, 

respectively. 

4.3 Results 

Isobaric cooling and heating scans at 0.10 𝐾/𝑚𝑖𝑛 are performed at 32, 52, 72, 92, 

and 112 𝑀𝑃𝑎 .  The average of four scans at each pressure (except for the scans at 

112 𝑀𝑃𝑎 that are conducted twice) is plotted in Figure 4.1 and the standard deviation of 

each dataset are provided in Table 4.1.  The standard deviation results of isobaric scans in 

the present study are as good as those of the previous dilatometric isobaric scans for several 

polymeric materials from our laboratory [71, 74, 76].  In Figure 4.1, both the cooling and 

heating scans data show a linear dependence on temperature in both liquid and glassy 

regions, and a linear extrapolation is used to determinate the experimental 𝑇𝑔 as the point 

of intersection.  The experimental 𝑇𝑔 values are plotted as a function of pressure in Figure 

4.2, where the atmospheric 𝑇𝑔 of 97 °𝐶 is based on the capillary dilatometry value, 96 °𝐶, 

from Badrinarayanan et al. [71, 85] with a 1 °𝐶  correction due to the difference in 

molecular weight (𝑀 = 100 𝑘𝑔/𝑚𝑜𝑙) between that sample (𝑀 = 2000 𝑘𝑔/𝑚𝑜𝑙) and ours 

using the relationship reported by Altare [86]: 𝑑𝑇𝑔/𝑑𝑀 = (1.02 × 105 °𝐶 𝑚𝑜𝑙2/𝑘𝑔2)/

𝑀2.  The pressure-dependence of 𝑇𝑔 is 0.30 °𝐶/𝑀𝑃𝑎 and agrees well with the literature 

[31, 70, 87-89], ranging from 0.25 to 0.36 °𝐶/𝑀𝑃𝑎 for polystyrene.   
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The volumetric results for the isothermal pressure scans at 160 °𝐶 are plotted in 

Figure 4.3 against pressure, using several different masses of hydraulic fluid in order to 

cover a broad pressure range from 15 to 138 𝑀𝑃𝑎.  In Figure 4.3, the volume at 160 °𝐶 

and 𝑃 = 32, 52, 72, 92, and 112 𝑀𝑃𝑎 from the isobaric scans are also plotted and agree 

well with the isothermal pressure scan data.  For each mass of hydraulic fluid loading, a 

few data points at the lower-pressure end of each measurements deviates from the overall 

dependence due to the LVDT issue mentioned in Methodology. 

The isobaric cooling and heating scans and the isothermal pressure scans in the 

liquid state are simultaneously fitted by the Tait equation, and the results are shown as solid 

lines in Figure 4.1 and 4.3.  The Tait equation is also fit to the glassy isobaric data, as 

shown in Figure 4.1.  For both liquid and glassy states, the Tait equation well describes the 

experimental results with a fitting error of ± 0.00023 𝑐𝑚3/𝑔 .  Values of the Tait 

parameters are given in Table 4.2, which are in good agreement with the literature [64, 90] 

summarized in our previous work by Meng et al. [71].  The Tait equations can also describe 

the pressure-dependent 𝑇𝑔, determined as the intersection of the liquid and glass lines, as 

shown by the dot-dash line in Figure 4.2.  On the other hand, the Tait equation can only 

correlate with the existing PVT data and cannot capture the kinetics associated with the 

glass transition, such as, changes in the volume of glass lines for different cooling rates, or 

undershoots or overshoots at 𝑇𝑔 on heating. 

In order to capture the kinetics associated with the vitrification and devitrification 

phenomena, the isobaric cooling and heating scans are further described from the liquid to 

the glassy states by the KAHR model, with the pressure-dependent ∆𝛼 estimated using the 

Tait equation.  Predictions of the KAHR model are shown as solid lines in Figure 4.4, along 
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with the isobaric cooling and heating scan data.  The KAHR model quantitatively describes 

the pressure-dependent glass transition and the level of the glass lines, giving a fitting error 

of ± 0.00070 𝑐𝑚3/𝑔.  Values of the KAHR model fitting parameters are reported in Table 

4.3, with the values of 𝜃𝑇, 𝑥, and 𝐵 in good agreement with the literature values [5, 55, 91, 

92]; 𝜃𝑇  can also be approximated by ∆𝐻/𝑅𝑇𝑔
2 , where the parameter ∆𝐻 is used in the 

equivalent TNM model.  Although the reported values for 𝜃𝑃 are rarely founded in the 

literature, our result is the same order of magnitude as that reported by Tribone et al. [25] 

(≈ 0.1 𝑀𝑃𝑎−1) for polystyrene, and is similar to the value reported by Simon et al. [22] 

(= 0.2 𝑀𝑃𝑎−1) for ortho-terphenyl.  The KAHR model predicts the pressure-dependent 

𝑇𝑔, also determined as the intersection of the liquid and glass lines, as shown by the dotted 

line in Figure 4.2 and consistent with the experimental results and the Tait predictions. 

The PVT behavior of the pressure-densified and pressure-expanded glasses on 

heating are plotted against temperature in Figures 4.5 and 4.6, respectively, along with the 

corresponding isobaric cooling and heating scan data for the conventional glass.  As 

expected, the densities of the PDG in the glassy state are higher than those of the 

corresponding CG, whereas the densities of the PEG are lower.  The extent of densification 

(or expansion) is given by the densification compressibility, as introduced by McKinney 

and Simha [87]: 

 𝐷𝑒𝑛𝑠𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦 =
𝑉𝐶𝐺 − 𝑉𝑖

𝑉𝐶𝐺∆𝑃
 (4.9) 

where 𝑉𝐶𝐺 is the volume of the corresponding CG, 𝑉𝑖 is the volume of the PDG or PEG 

right after the pressure jump, and ∆𝑃 is the size of the pressure jump.  The densification 

compressibility for the two PDGs and the two PEGs are plotted against ∆𝑃, in Figure 4.7, 
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along with results from the literature for polystyrene (PS) [29, 42] and poly(vinyl acetate) 

(PVAc) [63].  Our results for the two polystyrene  PDGs are in good agreement with the 

literature results; those for two PEGs are the first two points in the literature for PS and 

agree with the literature for PVAc.  Interestingly, the absolute value of the densification 

compressibility appears to be independent of the size or sign of pressure jump and to be 

approximately constant.   

In spite of the increased density of the PDG, in Figure 4.5, the heating scan data for 

PDG-52 and PDG-72 show early devitrifications near 108 and 114 °𝐶, respectively, with 

no noticeable overshoot, in comparison to the corresponding CGs that devitrify near 116 

and 121 °𝐶 at 52 and 72 𝑀𝑃𝑎, respectively.  In addition, the slopes of the glass lines show 

increased apparent thermal expansion coefficient in comparison to CGs.  Both the early 

devitrification and higher 𝛼 indicate increased mobility in the PDGs relative to CGs.  In 

Figure 4.6, the heating scan data for PEG-72 and PEG-92 show early devitrification near 

112 and 110 °𝐶, respectively, in comparison to the corresponding CGs that devitrify near 

121 and 129 °𝐶 at 52 and 72 𝑀𝑃𝑎, respectively. In addition, the slopes of the glass lines 

for the PEG show slightly decreased apparent 𝛼 .  These again indicate the increased 

mobility in PEGs compared to CGs.  Notably, the data shown in Figures 4.5 and 4.6 are 

the average of three heating scans each for PDG-72 and PEG-72 in order to check the 

reproducibility of the non-isobaric thermal histories; the standard deviation of these three 

runs are also given in Table 4.1, and are similar to those for the isobaric experiments.  At 

the beginning of each heating scan (near 60 °𝐶) for PDGs and PEGs, slight tip-ups of the 

volume data are observed due to a backlash issue of the dilatometer regulator; similar 

phenomena are observed for the isobaric cooling and heating scans below 50 °𝐶.  The 
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KAHR model predictions, which are also shown in Figure 4.5 and 4.6, will be discussed 

shortly. 

In order to determine the glassy response to pressure jump perturbations and to 

obtain ∆𝛽 for the KAHR model, isothermal pressure scans are conducted at 60 °𝐶 for two 

glasses from 𝑃1 = 92  𝑀𝑃𝑎 towards 𝑃2 = 52 𝑀𝑃𝑎 and from 𝑃1 = 52 𝑀𝑃𝑎 towards 𝑃2 =

72 𝑀𝑃𝑎.  The resulting volumetric data are plotted in Figure 4.8 versus pressure, where 

the PVT data for PDGs and PEGs at 60 °𝐶 are also plotted and agree with the pressure scan 

data.  The pressure-dependence of the glassy volume is well described by the bulk modulus 

as a linear function of pressure, 𝐾𝑔𝑙[𝑀𝑃𝑎] = 43𝑃 + 1150, as shown in Figure 4.8, giving 

a fitting error of ± 0.00077 𝑐𝑚3/𝑔. 

The KAHR model can now be applied to predict the PVT data for the non-isobaric 

thermal histories, with the predictions shown as solid lines in Figures 4.5 and 4.6, for the 

pressure-densified and pressure-expanded glasses, respectively.  In both figures, the 

densities of the densified and expanded glasses at 60 °𝐶 are well predicted using the Tait 

equation for the liquid compressibility and the linear bulk modulus function mentioned 

above, which gives ∆𝛽.  On the other hand, the KAHR model predictions in Figure 4.5, for 

PDGs, show obvious overshoots and devitrification at temperatures above those where the 

corresponding CGs are devitrified, which disagrees with the experimentally observed 

unnoticeable overshoot and early devitrification.  Thus, the KAHR model is unable to 

capture the increased mobility for the PDG using parameters that describe the PVT 

behavior for the CG.  The KAHR model predictions in Figure 4.6, for PEGs, show early 

devitrifications in comparison to the corresponding CGs, which is in reasonably agreement 

with the PVT data.  However, the KAHR model cannot predict the slightly decreased 
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apparent thermal expansion coefficient of the glass lines (𝛼𝑔𝑙𝑎𝑠𝑠) during heating, as shown 

in Figure 4.6, for the PEG, and it similarly does not capture the increased 𝛼𝑔𝑙𝑎𝑠𝑠 for the 

PDG in Figure 4.5. 

4.4 Discussion 

Although the KAHR model describes the pressure-dependent segmental mobility 

for isobaric cooling and heating scans, our results for the non-isobaric thermal histories 

indicate limitations of the KAHR model, particularly to capture the increased mobility for 

the PDG.  What are the missing physics?  The conventional KAHR model assumes that the 

relaxation time depends on the departure from the instantaneous liquid state, (𝑉 − 𝑉𝑒)/𝑉𝑒, 

as is manifested in equation 4.8 where the equilibrium volume, 𝑉𝑒, is a function of the 

instantaneous temperature and pressure.  Thus, the PDG, having lower volume, 𝑉, than the 

corresponding CG, will have a smaller departure from equilibrium and reduced mobility, 

and the model will predict an overshoot of the extrapolated liquid line on heating and 

devitrification later than the corresponding CG.  However, studies by Weitz and 

Wunderlich [29] and Casalini and Roland [50] have suggested that the PDG has a high 

energy conformation corresponding to the liquid state where the glass was vitrified, thereby 

leading to an increased mobility in comparison to CG.  From this perspective, we propose 

a novel modification of the KAHR model assuming that the PDG has a 'phantom' liquid 

state, 𝑉𝑒
′, that evolves with time from the liquid line where the glass was vitrified (at 𝑃1) 

towards the liquid line where the glass is devitrified (at 𝑃2).  Therefore, 𝑉𝑒
′ is estimated 

using the Tait equation in terms of the instantaneous temperature, 𝑇, and a time-dependent 

phantom pressure, 𝑃′, 
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 𝑉𝑒
′ = 𝑉𝑒

′(𝑇, 𝑃′) (4.10) 

For the conventional KAHR model, 𝑃′  is a constant value equal to the instantaneous 

pressure.  For the PDG, 𝑃′ = 𝑃1 immediately after the pressure jump, leading to a larger 𝛿 

in equations 4.6 and 4.8, and thereby reducing the relaxation time. 

In the present study, 𝑃′ is assumed to relax from 𝑃1 to 𝑃2, starting after the pressure 

jump, 𝑡𝑗𝑢𝑚𝑝, in a manner tentatively similar to the stretched exponential response function, 

 𝑃′ = 𝑃1 + (𝑃2 − 𝑃1) [1 − 𝑒𝑥𝑝
−(∫

𝑑𝜉
𝜏′

𝑡
𝑡𝑗𝑢𝑚𝑝

)
𝐵

] (4.11) 

where  the stretched exponent 𝐵 is inherited from the KAHR model, i.e. 0.613 in this work, 

and the overall effective relaxation time 𝜏′ is adjusted to best predict the PVT data during 

heating for the PDG.  A similar method is used to also model the response of the PEG.  The 

best predictions of this modification are shown in Figures 4.5 and 4.6, as dotted green lines, 

for PDGs and PEGs, respectively.  For PDG-52 and PDG-72, this modification of a time-

dependent 𝑃′ significantly improves the ability to describe the early devitrification and 

lack of overshoot, using 𝜏′ of 16000 and 14000 𝑠, respectively.  For PEG-72 and PEG-

92, this modification improves, albeit subtly since the conventional KAHR prediction was 

reasonable, the ability to describe the data during devitrification, using 𝜏′  of 9000 and 

6000 𝑠, respectively.  The results of this modification corroborate the argument that the 

glass after a pressure jump remembers the liquid structure where it came from, i.e. the 

liquid from where it was vitrified before the pressure jump.  The uncertainty of 𝜏′  is 

approximately ± 1000 𝑠 for both the PDG and PEG, based on fitting with an additional 

5% error imposed relative to the best fit. 
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Although the modification of a time-dependent 𝑃′  significantly facilitates 

describing the anomalous mobility during devitrification for the PDG, the increase in the 

coefficient of thermal expansion of glass lines (𝛼𝑔𝑙𝑎𝑠𝑠) during heating is still not captured 

with this modification, and neither is the slightly decreased 𝛼𝑔𝑙𝑎𝑠𝑠  for the PEG.  The 

observed values of 𝛼𝑔𝑙𝑎𝑠𝑠 during heating for CG, PDG, and PEG are quantified by linear 

fits to the heating data from 60 to 90 °𝐶, and the results are summarized in Figure 4.9, 

along with those from the KAHR model predictions for PDG and PEG.  Apparently, the 

KAHR model underestimates 𝛼𝑔𝑙𝑎𝑠𝑠  of the PDG and overestimates that for the PEG.  

Moreover, in Figure 4.9, for PDG-52, the observed 𝛼𝑔𝑙𝑎𝑠𝑠 value is obviously higher than 

those for the CGs at 52 and 92 𝑀𝑃𝑎; this stronger relaxation response in the glassy region 

cannot be obtained from the 𝑃′-modified KAHR model; in fact, decreasing 𝜏, relative to 

the 𝑃′-modified KAHR model prediction, results in greater underestimation of 𝛼𝑔𝑙𝑎𝑠𝑠 for 

the PDG.  In addition, in Figure 4.9, for PEG-92, the observed 𝛼𝑔𝑙𝑎𝑠𝑠 value is lower than 

those for the CGs at 52 and 92 𝑀𝑃𝑎; this weaker response obviously cannot be predicted 

unless the contraction associated with the pressurizing perturbation is stronger than the 

expansion associated with the heating perturbations. 

Therefore, we turn to another limitation of the conventional KAHR model — the 

assumption that thermal and pressure perturbations have the same relaxation kinetics.  

Recently, Holt et al. [52] pointed out that this assumption may be the cause of the 

discrepancy between experimental observations and model predictions for devitrifications 

and the 'memory'-like behavior of a molecular PDG as are described in the Introduction.  

Moreover, Santore et al. [93] have shown that the volumetric responses of thermal and 

mechanical stimuli for an epoxy glass relax with different time scales having a difference 
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of at least two decades.  So, we propose another modification of the KAHR model, 

assuming that the pressure perturbations relax independently of the thermal perturbations, 

by using two response functions, 𝑀"(𝑡, 𝑡′)  and 𝑀(𝑡, 𝑡′)  that are controlled by two 

independent relaxation times, 𝜏" and 𝜏, respectively, 

 

𝑉(𝑡) = 𝑉0 + ∫ 𝑉(𝑡){𝛼𝑔𝑙𝑎𝑠𝑠 + ∆𝛼[1 − 𝑀(𝑡, 𝑡′)]}𝑑𝑇

+ ∫ 𝑉(𝑡){𝛽𝑔𝑙𝑎𝑠𝑠 + ∆𝛽[1 − 𝑀"(𝑡, 𝑡′)]} 𝑑𝑃 

(4.12) 

Here, the 𝜏 value is still estimated using equation 4.6, whereas the value of 𝜏" is reverse-

engineered based on the best prediction of the PVT data for the PDG and PEG.  This 

modification results in an excellent description of the data, including the observed thermal 

expansion coefficient of glass lines during heating and the early devitrification for PDG-

52, PDG-72, PEG-72, and PEG-92, giving fitting errors of ± 0.00016 , ± 0.00012 , 

± 0.00009, and ± 0.00007 𝑐𝑚3/𝑔, respectively.  The logarithm of the representative 

reverse-engineered 𝜏" values for PDG-52 are plotted versus temperature in Figure 4.10, 

along with the 𝜏 values estimated using equation 4.6.  For PDG-52, which undergoes a 

depressurization of 40 𝑀𝑃𝑎 , our 𝜏"  value in the glassy state is within an order of 

magnitude as the volumetric relaxation time obtained for PS PDG by Weitz and 

Wunderlich [29] and Roe and Song [41], both of which are ~ 105 𝑠 at 50 °𝐶 after pressure 

down-jumps of 276 and 300 𝑀𝑃𝑎, respectively; notably, Roe and Song also showed that 

the effective relaxation rate for the PDG in the glassy state was increased by approximately 

1 decade with the pressure jump size increased by 150 𝑀𝑃𝑎.  The 𝜏" values in Figure 4.10 

are obtained for the case when the KAHR model is no modified by the time-dependent 𝑃′ 

for thermal perturbations.  When including this time-dependent 𝑃′, the corresponding 𝜏" 
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profile is slightly modified, being 3% lower than the unmodified 𝜏" in the glassy state, as 

shown in Figure 4.10.  The 3% deviation is smaller than the error of the 𝜏" profile in the 

glassy state, 7%, by more than two-fold, and a student T-test indicates no statistically 

significant difference between the two cases of 𝜏" values, i.e. cases with and without the 

phantom pressure 𝑃′  modification; therefore, these two 𝜏" profiles are considered to be 

equivalent to each other in the glassy state, implying that the independent pressure and 

thermal relaxations essentially contribute to predict the observed 𝛼𝑔𝑙𝑎𝑠𝑠 for the PDG. 

In addition to the investigation of the thermal response on heating of PDG and PEG, 

aging experiments have been conducted at 112 °𝐶 and 52 𝑀𝑃𝑎 after isobaric cooling from 

the liquid state for the CG, as well as after isobaric heating from 60 °𝐶 to 112 °𝐶 for PDG-

52. The volumetric response during aging are plotted in Figure 4.11 against the logarithm 

of aging time.  In the case of aging of the CG, the normal contraction towards the 

equilibrium state is observed.  For PDG, on the other hand, an initial expansion to the level 

of the CG is followed by a contraction, analogous to the Kovacs’ memory experiment as 

mentioned earlier.  Holt et al. [52] have shown similar observations for a molecular PDG 

and their KAHR model using thermodynamic scaling shows a very subtle initial expansion, 

although the prediction is not quantitatively in agreement with their data.  We have applied 

the 𝜏" profile (without the time-dependent 𝑃′) to predict the entire aging experiment in the 

present study for PDG-52, with the value of 𝜏" fixed when reaching 112 °𝐶 , and our 

method can quantitatively capture the signature of the 'memory'-like volumetric response, 

which is shown in Figure 4.12 along with the prediction for the CG using the conventional 

KAHR model.  The predictions of the equilibrium volume deviate from that of PVT data 

by roughly 0.0006 𝑐𝑚3/𝑔 due to the long-time stability of the pressure signal.  We also 
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find out that neither the conventional nor the 𝑃′-modified KAHR model can predict the 

initial expansion, consistent with the results of Holt et al. [52]. 

4.5 Conclusions 

In the present study, the segmental mobility of polystyrene pressure-densified glass 

and, for the first time, pressure-expanded glass is experimentally investigated during 

heating and isothermal aging, with the pressure and thermal cycles and volumetric 

measurement in-situ conducted using a custom-built pressurizable dilatometer.  As 

expected, the PDG and PEG respectively show the increased and decreased density with 

respect to the corresponding conventional glass.  Moreover, both glasses show early 

devitrification on heating compared to the conventional glass, with the PDG and PEG, 

respectively, also showing an increased and slightly decreased glassy thermal expansion 

coefficient.  These observations indicate that both the PDG and PEG have increased 

mobility relative to the conventional glass.  In addition, the PDG shows 'memory'-like 

behavior during isothermal aging after heating to the temperature near the devitrification 

point. 

The KAHR model of structural recovery is able to reasonably predict the early 

devitrification for the PEG, but fails with the PDG.   The modeling results are improved 

by a modification that allows the relaxation time to depend on the departure from a 

phantom equilibrium state that initially depends on the liquid state where the glass was 

vitrified and that evolves towards the state where the glass is devitrified.  On the other hand, 

the KAHR model cannot describe the increased and slightly decreased 𝛼𝑔𝑙𝑎𝑠𝑠  during 

heating for the PDG and PEG respectively.  To capture this experimental observations, 

another modification was made that allows the temperature and pressure perturbations to 
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relax independently from one another.  Moreover, this modification allows the KAHR 

model to predict the 'memory'-like aging behavior for the PDG.  
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Table 4.1. The standard deviation among multiple runs for isobaric cooling or heating 

cans and the representative non-isobaric thermal histories [10-4 cm3/g]. 

 
Isobaric cooling scans and heating scans at below 

pressures 

Non-isobaric 

thermal histories 

for below glasses 

 32 MPa 52 MPa 72 MPa 92 MPa 112 MPa PDG 72 PEG 72 

Cooling 36 43 30 65 32 N/A a N/A a 

Heating 20 34 19 43 34 17 45 
a Results for the cooling are equivalent to those for the isobaric cooling scans at 72 

MPa. 

 

 

Table 4.2. Parameters of the Tait equation for PS. 

 
𝑎0 

(𝑔 𝑐𝑚−3) 

𝑎1 × 104 

(𝑔 𝑐𝑚−3 °𝐶−1) 

𝑎2 × 107 

(𝑔 𝑐𝑚−3 °𝐶−2) 

𝐶1 

(𝑀𝑃𝑎) 

𝐶2 × 103 

(°𝐶−1) 

Liquid state 1.0773 -6.3085 3.9456 195.23 2.2801 

Glassy state 1.0414 -2.1341 N/A 235.46 1.3695 

 

 

Table 4.3. Values of the adjustable KAHR model parameters and the 

choice of reference state. 

ln 𝜏𝑟𝑒𝑓 𝜃𝑇  (𝐾−1) 𝜃𝑃 (𝑀𝑃𝑎−1) 𝑥 𝐵 

11.4 -0.670 0.199 0.525 0.613 
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Figure 4.1. PVT data for the isobaric cooling and heating scans at 32, 52, 72, 92, and 

112 MPa. For each pressure, the data are the average of four separate runs, except for 

the data at 112 MPa which are two. Also shown are the predictions of the Tait equation, 

fit separately in the liquid and glassy regimes. 
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Figure 4.2. Tg as a function of pressure for the isobaric temperature scans. The 

experimental Tg at 0.1 MPa is obtained using Badrinarayanan et al.’s [85] capillary 

dilatometer result for Dylene 8 polystyrene coupled with the molecular weight 

dependence of Tg determined by Altares [86]. Also shown are the predictions of the Tait 

equation extrapolation and the KAHR model. 
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Figure 4.3. PVT data for isothermal pressure scans at 160 °C with various loads of the 

hydraulic oil in the dilatometer: 5.40 g (blue circles), 5.56 g (red squares), 5.69 g (green 

axes), and 5.87 g (purple pluses).  Also shown are the PVT data for isobaric temperature 

scans at 160 °C, as well as the prediction of the Tait equation. 
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Figure 4.4. Predictions of the KAHR model for the isobaric cooling and heating scans at 

32, 52, 72, 92, and 112 MPa. Also shown are the PVT data that are used for fitting the 

KAHR model. 
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Figure 4.5. (A) PVT data for pressure down-jump experiments from P1 = 92 MPa to P2 

= 52 and 72 MPa (purple markers), coupled with the data for isobaric cooling and heating 

scans at 52 and 72 MPA (red markers); blue markers are the corresponding cooling 

scans. The PVT data for pressure down-jumps to 72 MPa are averaged over three runs.  

Also shown are predictions of the conventional KAHR model on the pressure down-

jump to 52 and 72 MPa (black solid lines), along with the predictions including the 

assumption of a time-dependent 𝑃′ (green dotted lines). (B) Zoom-in of the transition 

region shown in (A). 
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Figure 4.6. (A) PVT data for pressure up-jump experiments from P1 = 52 MPa to P2 = 72 

and 92 MPa (purple markers), coupled with the data for isobaric cooling and heating 

scans at 72 and 92 MPA (red markers); blue markers are the corresponding cooling 

scans. The PVT data for pressure up-jumps to 72 MPa are averaged over three runs. Also 

shown are predictions of the conventional KAHR model on the pressure down-jump to 

72 and 92 MPa (black solid lines), along with the predictions including the assumption 

of a time-dependent 𝑃′ (green dotted lines). (B) Zoom-in of the transition region shown 

in (A). 
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Figure 4.7. Densification compressibility for both the PDG and PEG using the 

volumetric data right after the pressure jump. Also shown are the densification 

compressibility estimated from the data of polystyrene (PS) in the literature: Weitz and 

Wunderlich [29], and Curro and Roe [42], as well as the data of poly(vinyl acetate) 

(PVAc) from McKinney and Goldstein [63]. Error bars are estimated from the 

uncertainty of the volumetric data. 
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Figure 4.8. PVT data for isothermal pressure scans at 60 °C from 52 towards 92 MPa 

(red crosses and hollow squares) and from 92 towards 52 MPa (blue axes and hollow 

circles).  The isothermal pressure scans are conducted before (hollow squares and 

circles) and after (crosses and axes) the PDG and PEG experiments.  Also shown are the 

PVT data for PDGs (filled triangles) and PEGs (inverse filled triangles) at 60 °C, and 

the prediction using a linear function of glassy bulk modulus.  The predictions using the 

linear bulk modulus function are referred to the pressure-densification and expansion 

experiment data at 92 and 52 MPa for scans from 92 and 52 MPa, respectively. 
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Figure 4.9. Coefficient of thermal expansion of glass lines (𝛼𝑔𝑙𝑎𝑠𝑠 ) during heating 

estimated on the PVT data for CG, PDG, and PEG, and on the KAHR model predictions 

for PDG and PEG. The error of the apparent 𝛼𝑔𝑙𝑎𝑠𝑠 for the PVT data is propagated from 

the uncertainty of the PVT data given in Table 4.1. 
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Figure 4.10. Relaxation time of the pressure perturbations (dotted line) that 

independently relaxes against that of the thermal perturbations (solid line) for the non-

isobaric thermal histories of PDG-52. Also shown is the independent relaxation time of 

the pressure perturbations when a time-dependent 𝑃′  is assumed for thermal 

perturbations (dashed line). 
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Figure 4.11. PVT data of the aging experiments at 112 °𝐶 and 52 𝑀𝑃𝑎 after isobarically 

cooling for a CG (black circles) or after isobarically heating from 60 °𝐶 to 112 °𝐶 for 

the PDG-52 (blue squares). Also shown are the predictions for the CG using the 

conventional KAHR model (black solid line) and for the PDG-52 using the KAHR 

model with the pressure perturbations independently relaxing assumed (blue dashed 

line).  
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CHAPTER 5                                                                                             
THE GLASS TRANSITION TEMPERATURE OF CO-AMORPHOUS 

MOLECULAR GLASSES WITH SYNERGISTIC INTERACTIONS 

5.1 Introduction 

Amorphous or glassy materials can provide improved properties in numerous 

applications due to their lack of crystallinity and grain boundaries, including in the areas 

of pharmaceutical and energetic materials [1-21].  For example, in pharmaceuticals, 

amorphous drugs provide higher bioavailability, improved dissolution, and lower toxicity 

relative to their crystalline counterparts [1-19],  whereas amorphous energetics are 

expected to show decreased shock sensitivity and improved performance relative to their 

crystalline counterparts [20, 21].  The improved bioavailability and solubility of co-

amorphous solids may also find applications in agrichemicals and personal care and 

household products [22].  However, the downside of molecular (i.e., low molecular weight, 

non-polymeric) amorphous solids is their tendency to crystallize during processing, storage, 

and use.  One solution is the addition of polymeric binders or excipients, which are mixed 

with the low molecular-weight glass former to form an amorphous solid dispersion, thereby 

increasing the glass transition temperature and reducing the potential for crystallization; 

however, the result is poor processability and often low loadings of the active components, 

leading to low energy densities for glassy energetic materials and, in the case of 

pharmaceuticals, requiring larger drug dosages and consequently reduced patient 

compliance.  In addition, the hygroscopic polymers used as excipients in pharmaceuticals 

may result in the formulations being unstable in humid conditions.  An alternative solution 

is the creation of stable co-amorphous molecular glasses in which the interactions between 

the two or more low molecular-weight components are strong enough to prevent phase 
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segregation and crystallization of the pure components while at the same time, ensuring 

that co-crystallization of the components is frustrated due to a mismatch of shapes or 

interactions between the components.  Co-amorphous pharmaceuticals are a relatively new 

development in the drug delivery field and hold the promise of providing significant 

increases in drug dissolution rates, supersaturation levels, and bioavailability [22-39]. 

The glass transition temperature, 𝑇𝑔 , and the dynamics and kinetics of related 

phenomena, such as structural recovery and physical aging, are at the forefront of studies 

on co-amorphous solids for a number of reasons.  First and foremost, since crystallization 

during storage and in use must be avoided, a brute force approach to making a stable co-

amorphous solid is to make 𝑇𝑔 as high as possible.  By definition, molecular mobility is 

approximately the same for all compounds at their 𝑇𝑔  (with an α-relaxation time of 

100 𝑠𝑒𝑐), and then, with decreasing temperature, mobility decreases roughly 1 decade 

every 20 𝐾 in the glassy state [40]; thus, the higher that we can elevate 𝑇𝑔, the more likely 

that we can obtain a glass that is stable against crystallization during storage [41, 42], 

explaining in part why polymer excipients have been commonly used with amorphous 

drugs despite their drawbacks with respect to hygroscopicity and processing [43-48].   

Perhaps more importantly, and less well explored, the 𝑇𝑔 of a co-amorphous solid 

is reflective of the interactions between the two components [16, 23, 24, 49], and one of 

the goals of the present work is to develop the framework to predict and understand the 

relationship between the synergistic 𝑇𝑔 increases in some co-amorphous systems and the 

molecular level interactions. Based on the early work in polymeric systems, in the case of 

no interactions, the 𝑇𝑔 of a miscible amorphous binary mixture is well described by the 

Gordon-Taylor [50, 51] or Kelley-Bueche equation [52]:  
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 𝑇𝑔 =
𝑋1𝑇𝑔1 + 𝑋2𝑘𝑇𝑔2

𝑋1 + 𝑋2𝑘
 (5.1) 

where 𝑋𝑖 and 𝑇𝑔𝑖 are the mole fraction and 𝑇𝑔of species 𝑖, respectively, and the parameter 

𝑘  is equated to the ratio of the step change in (𝑑𝑉/𝑑𝑇)𝑇 = 𝑉∆𝛼  at 𝑇𝑔  of the two 

components (𝑉2∆𝛼2/𝑉1∆𝛼1) or the ratio of the step change in the heat capacity at 𝑇𝑔 

(∆𝐶𝑃2/∆𝐶𝑃1), depending on whether equation 5.1 is derived from free volume theory [53] 

or configurational entropy theory [54].  Couchman and Karasz [55, 56] have also derived 

equation 5.1 by  considering the nominal glass transition to be an Ehrenfest second order 

transition with entropy (or enthalpy or volume) being continuous at 𝑇𝑔.  A simplification 

of equation 5.1 involving the Simha-Boyer approximation that ∆𝛼𝑇𝑔  is constant [57], 

results in the widely used Fox equation [58]: 

 
1

𝑇𝑔
=

𝑤1

𝑇𝑔1
+

𝑤2

𝑇𝑔2
 (5.2) 

where 𝑤𝑖 is the weight fraction of component 𝑖.   

Importantly, equations 5.1 and 5.2 predict that the 𝑇𝑔 of a mixture lies between the 

component 𝑇𝑔 values and varies monotonically between them.  However, in the case of 

strong interactions [59], the possibility of non-monotonic or synergistic behavior exists as 

is observed in a number of molecular systems, including carvedilol with benzoic, maleic, 

and citric acids [25], and several drug/amino acid systems [26, 27, 30, 31, 34, 35, 37].  The 

effect of specific interactions was recognized by Kwei [49], who modified the Kelley-

Bueche equation (equation 5.1) to account for hydrogen-bonding in polymeric mixtures: 

 𝑇𝑔 =
𝑤1𝑇𝑔1 + 𝑤2𝑘𝑇𝑔2

𝑤1 + 𝑤2𝑘
+ 𝑞𝑤1𝑤2 (5.3) 
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where 𝑞 is an adjustable parameter and the second term represents the influence of the 

number of hydrogen bonds or specific interactions in the system, similar to the 

concentration second-order power term used in the Jenckel-Heusch [60] equation. 

Equation 5.3 is similar to the Braun-Kovacs [61] equation that was developed based on the 

assumption of the additivity of the parameter 𝐵 in Doolittle’s [62] viscosity equation at the 

glass transition, leading to an iso-free volume surface at 𝑇𝑔,  with the excess volume also 

given by the concentration second-order power form, 𝑞𝑋1𝑋2, to yield 

 𝑇𝑔𝑥 =
𝑋1𝑇𝑔1 + 𝑋2𝑘𝑇𝑔2 + 𝑞𝑋1𝑋2

𝑋1 + 𝑋2𝑘
 (5.4) 

where 𝑞 also is an adjustable parameter.  Notably, the weight fractions used in equations 

5.2 and 3 are interchangeable with the mole fractions used in equations 5.1, with the units 

of 𝑉𝛼 or 𝐶𝑃, for estimating the 𝑘 value, being either per gram or per mole, respectively.  

Both the Kwei and Braun-Kovacs equations can predict non-monotonic increases in 𝑇𝑔; 

however, the equations assume that the interactions are a maximum for a 50/50 weight and 

mole fraction mixture, respectively.  Then, without taking the parameter k as a fitting 

parameter, they are unable to describe systems in which there is unusual synergy such that 

the 𝑇𝑔  change relative to the ideal case of the Gordon-Taylor or Fox equation is 

asymmetrical with respect to composition.  Perhaps, someone may ask that a symmetrical 

model in terms of mole fraction will become an asymmetrical model in terms of weight or 

volume fraction and can be applied for the asymmetrical synergetic 𝑇𝑔; however, we found 

out that when the low 𝑇𝑔 components have lower or much higher molecular weight than 

the high 𝑇𝑔 components, which are the cases in the present study, these empirical equations 

still cannot capture the asymmetrically composition-dependent 𝑇𝑔.   
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From a theoretical perspective, the synergistic elevation of 𝑇𝑔  has also been 

considered in the Flory-Huggins framework, in addition to a configurational entropy 

framework. However, as shown by Kim et al. [63], the model requires the knowledge of 

lattice coordination number and still uses the strength of the specific interactions as fitting 

parameters.  On the other hand, the synergistic interactions were theoretically interpreted 

in the Painter-Coleman association model [59], where the Couchman and Karasz’s [55] 

approach was extended by counting the self- and cross- association interactions in the 

liquid state; the model successfully predicts the maximum 𝑇𝑔  for the co-amorphous 

mixture of poly(vinyl pyridine) and poly(vinyl phenol) and requires no fitting parameters, 

although the association strength and population need to be pre-determined by infrared 

spectroscopic measurements. 

In this study, we aim to develop a framework to predict the synergistic 𝑇𝑔 behavior 

while maintaining the physical significance of the parameters.  The intermolecular 

interactions, or nonideal mixing, are accounted for by activity coefficient models.  Such 

activity coefficient models have been extensively used to describe and predict phase 

equilibria in nonideal systems, including but not limited to polymer solutions [64-67], 

hydrogen-bonding fluids [68-71], and ionic solutions [72-75].  Furthermore, activity 

coefficient models can be combined with perturbation theories to describe complex 

association interactions [76, 77].  Here, we develop our model and then show predictions 

of 𝑇𝑔 as a function of the composition for multiple pharmaceutical co-amorphous systems 

within a framework that uses activity coefficient models to describe the nonideal mixing.  

The results are compared to predictions using the Gordon-Taylor, Kwei, and Braun-Kovacs 

equations.  The investigation includes four co-amorphous systems: indomethacin-
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glibenclamide, indomethacin-arginine, acetaminophen-indomethacin, and fenretinide-

cholic acid. The data come from calorimetric measurements of the glass transition 

temperature as a function of composition either measured in this study by our collaborator 

or obtained from the literature. 

5.2 Methodology 

Derivation of the model 

The model is derived as shown below for a binary mixture, and extrapolation to a 

multiple component-system is unchallenging and will not be shown.  Based on the Painter-

Coleman association model’s [59] framework, we interpret the specific interactions in the 

liquid state by the excess enthalpy, ∆𝐻𝑙𝑖𝑞
𝐸 , a well-defined thermodynamic property that 

represents the enthalpy difference between the real and ideal mixtures: 

 𝑇𝑔 =
𝑋1𝑇𝑔1 + 𝑋2𝑘𝑇𝑔2 − ∆𝐻𝑙𝑖𝑞

𝐸 /∆𝐶𝑃1 

𝑋1 + 𝑋2𝑘
 (5.5) 

and 

 𝑘 =
∆𝐶𝑃2

∆𝐶𝑃1
 (5.6) 

Notably, Painter et al. attributed the temperature-dependence of ∆𝐶𝑃 to the self-association 

among species themselves, and this temperature-dependent association strength can be 

accounted for when assuming ∆𝐻𝑙𝑖𝑞
𝐸  to be temperature-dependent in our method, such as 

for the association-NRTL model that will be shown below. 

 The excess enthalpy is theoretically expressed in terms of mole faction and activity 

coefficient, 𝛾, of species: 
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  ∆𝐻𝑙𝑖𝑞
𝐸 = 𝑅𝑇(𝑋1 ln 𝛾1 + 𝑋2 ln 𝛾2) (5.7) 

where 𝑅 denotes the gas constant.  The activity coefficient as a function of composition (or 

temperature) can be estimated, empirically or theoretically, by activity coefficient models 

[78, 79], of which the simplest one is the empirical one-parameter Margules model [80]: 

 ∆𝐻𝑙𝑖𝑞
𝐸 = 𝑅𝑇𝐴12𝑋1𝑋2 (5.8) 

Here, 𝐴12 is a constant that indicates the strength of the specific interactions.  Equation 5.8 

results in a correction similar to the Braun-Kovacs equation, equation 5.4.  The two-

parameter Margules model [80] adds more complexity: 

 ∆𝐻𝑙𝑖𝑞
𝐸 = 𝑅𝑇𝑋1𝑋2(𝐴21

′ 𝑋1 + 𝐴12
′ 𝑋2) (5.9) 

where 𝐴12
′  and 𝐴21

′  are adjustable parameters that describe a composition-dependent 

strength of the binary interactions.  Moreover, expressions for the interactions that are of 

higher orders, such as the three-suffix Redlich-Kister activity coefficient model [81], may 

be useful to describe more complex binary interactions: 

 ∆𝐻𝑙𝑖𝑞
𝐸 = 𝑅𝑇𝑋1𝑋2[𝐵12 + 𝐶12(𝑋1 − 𝑋2) + 𝐷12(𝑋1 − 𝑋2)2] (5.10) 

where 𝐵12, 𝐶12, and 𝐷12 are adjustable parameters. 

Further complexity, in comparison to the two-parameter Margules model, and with 

a theoretical connection to the underlying interactions, is obtained using the non-random 

two liquid theory (NRTL) [82] that is similar to Wilson’s local composition theory [83]: 

 ∆𝐻𝑙𝑖𝑞
𝐸 = 𝑅𝑇𝑋1𝑋2 (

𝜏12𝐺12

𝑋1𝐺12 + 𝑋2
+

𝜏21𝐺21

𝑋1 + 𝑋2𝐺21
) (5.11) 

and 
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 𝐺𝑖𝑗 = exp(−𝛼𝑖𝑗𝜏𝑖𝑗) (5.12) 

Here, the 𝜏𝑖𝑗 are the normalized local interaction energies between the component 𝑖 around 

𝑗 relative to those among the component 𝑗 themselves, which is assumed to be temperature-

independent in the present study; 𝐺𝑖𝑗 represents a weighting factor that accounts for the 

local composition relative to the overall composition; 𝛼𝑖𝑗 is a non-randomness parameter 

that has been shown to be related to the reciprocal of the coordination number of the lattice, 

which is expected to be a positive constant of the order 0.1-0.3 for coordination numbers 

of the order of 6-12.  In the present study, 𝛼𝑖𝑗 is taken to be 0.3 as is often suggested in the 

literature [82, 84, 85]. 

 On the other hand, NRTL alone has been shown to insufficiently correlate the 

association interactions [77, 86], as it requires multiple sets of parameters to separately 

predict the liquid-liquid and vapor-liquid phase equilibria for hydrogen bonding mixtures.  

This problem can be mitigated by separating the association (chemical) interactions from 

the NRTL model [82, 83].  Moreover, the association interactions can be effectively 

predicted using perturbation theories [87] without knowing the association energy or the 

equilibrium constant of the 'reaction'; technically, the association interactions are 

approximated by perturbation expansions from a reference fluid.  Here, we follow the 

approach outlined in a recently published association-NRTL (A-NRTL) activity coefficient 

model [77] in order to improve the interpretation of the additive physical and chemical 

interactions in the synergistic co-amorphous systems: 

 ln 𝛾𝑖 = ln 𝛾𝑖
𝑁𝑅𝑇𝐿 + ln 𝛾𝑖

𝐴𝑠𝑠𝑜 (5.13) 
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where ln 𝛾𝑖
𝑁𝑅𝑇𝐿 accounts for the physical dispersion and/or repulsion force and is expressed 

using equation 5.11 but with different sets of 𝜏𝑖𝑗; ln 𝛾𝑖
𝐴𝑠𝑠𝑜 accounts for hydrogen bonding 

or similar association interactions and is expressed using a simplified model [88] of the 

statistical associating fluid theory (SAFT) [89] that originates from Wertheim’s 

thermodynamic perturbation theory [90, 91] .  According to Hao and Chen [77], the overall 

association interaction is reflected by the concentration of unbonded hydrogen bond 

acceptor and donor sites in the mixture (𝑋𝐵) and in the pure component (𝑋𝑖
𝐵): 

 𝑙𝑛 𝛾𝑖
𝐴𝑠𝑠𝑜 = ∑ 𝜈𝐵,𝑖 [𝑙𝑛 (

𝑋𝐵

𝑋𝑖
𝐵) +

𝑋𝑖
𝐵 − 1

2
]

𝐵
+ 𝑟𝑖 ∑ 𝜌𝐵 (

1 − 𝑋𝐵

2
)

𝐵
 (5.14) 

Here, 𝐵 denotes hydrogen bond acceptor (𝐴) and donor (𝐷) sites among all species; 𝜈𝐵,𝑖 is 

the number of the 𝐵 site in molecule 𝑖; 𝑟𝑖  is the normalized van der Waals volume of 

molecule 𝑖 ; and 𝜌𝐵  (=
∑ 𝜈𝐵,𝑖𝑋𝑖

∑ 𝑟𝑖𝑋𝑖
) is the dimensionless molar density of the 𝐵  site in the 

mixture.  𝑋𝐵 and 𝑋𝑖
𝐵 are in units of mole fraction and are obtained from the mass balance, 

 𝑋𝐴 =
1

1 + ∑ 𝜌𝐷∆𝐴𝐷𝑋𝐷
𝐷

 𝑎𝑛𝑑 𝑋𝐷 =
1

1 + ∑ 𝜌𝐴∆𝐴𝐷𝑋𝐴
𝐴

 (5.15) 

and 

 𝑋𝑖
𝐴 =

1

1 + ∑ 𝜌𝐷𝑖∆𝐴𝐷𝑋𝑖
𝐷

𝐷,𝑖

 𝑎𝑛𝑑 𝑋𝑖
𝐷 =

1

1 + ∑ 𝜌𝐴,𝑖∆𝐴𝐷𝑋𝑖
𝐴

𝐴,𝑖

 (5.16) 

Here, 𝜌𝐵,𝑖 (=
𝜈𝐵,𝑖

𝑟𝑖
) is the dimensionless molar density of the 𝐵 site in pure component 𝑖.  

∆𝐴𝐷 is the normalized association strength between an acceptor site and a donor site, and 

is approximated by a product of the association strength parameters, 𝛿𝐴  and 𝛿𝐷 , 
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respectively, for the acceptor site and donor site, relative to a normalized reference 

association strength (
∆𝑟𝑒𝑓

𝐴𝐷

𝛿𝑟𝑒𝑓
𝐴 𝛿𝑟𝑒𝑓

𝐷 ): 

 ∆𝐴𝐷=
𝛿𝐴𝛿𝐷

𝛿𝑟𝑒𝑓
𝐴 𝛿𝑟𝑒𝑓

𝐷 ∆𝑟𝑒𝑓
𝐴𝐷  (5.17) 

Moreover, ∆𝑟𝑒𝑓
𝐴𝐷  is chosen as that of the self-association in water molecules, as is 

recommended in the A-NRTL model, giving that 𝛿𝑟𝑒𝑓
𝐴 = 1 and 𝛿𝑟𝑒𝑓

𝐷 = 1, and 

 ∆𝑟𝑒𝑓
𝐴𝐷 = 0.034 [𝑒𝑥𝑝 (

1960

𝑇
) − 1] (5.18) 

In the present study, 𝑟𝑖 is estimated by Bondi’s group-contribution method [92].  𝜈𝐵,𝑖 is the 

number of acceptor and donor sites for each species as obtained from the PubChem 

database [93-98].  Furthermore, for a given species, all acceptor sites have the same 𝛿𝐴 

and the same is true for donor sites.  𝛿𝐴, 𝛿𝐷, 𝜏12, and 𝜏21 are determined from the best fit 

to the 𝑇𝑔 data.  

In what follows we compare the two-parameter Margules, NRTL, A-NRTL, and 

three-suffix Redlich-Kister activity coefficient models with the Gordon-Taylor, Kovacs-

Braun, and Kwei equations in their description of the synergistic 𝑇𝑔 data for four binary 

pharmaceutical co-amorphous mixture: indomethacin-glibenclamide, indomethacin-

arginine, acetaminophen-indomethacin, and fenretinide-cholic acid.  𝑘 is estimated using 

equation 5.6 along with experimental values of ∆𝐶𝑃𝑖 , as are listed in Table 5.1 for the 

systems studied.  All adjustable parameters are determined from the best prediction of the 

composition-dependent 𝑇𝑔 data using the gradient descent method [99].  The uncertainties 

in the parameters are estimated from a biased-error of ± 5% on the 𝑇𝑔 data.   
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Materials 

Indomethacin (≥ 99%), glibenclamide (≥ 99%), acetaminophen (≥ 99%), and 

cholic acid (≥ 99%) are used as obtained from Sigma-Aldrich (St. Louis, MO, USA) for 

the investigation.  Fenretinide (≥ 98%) is obtained from Apexbio (Houston, TX, USA) 

and used for the composition dependence study, whereas fenretinide (≥ 99%, Sigma-

Aldrich) is used to measure the thermal properties for the pure compound.  All materials 

were received and initially used in the crystalline state. 

DSC measurements and analysis 

A conventional DSC (Mettler Toledo DSC 823e, Switzerland), equipped with 

Freon cooling system and nitrogen purge, was used to measure 𝑇𝑔, 𝑇𝑚 (melting point), and 

∆𝐶𝑃𝑖  for all pure compounds and for the co-amorphous mixtures as a function of 

composition.  Prior to measurements, the DSC temperature and heat flow were calibrated 

using indium.  Samples were sealed in 20 𝜇𝐿 aluminum hermetic pans under nitrogen with 

sample mass ranging from 2 to 5 𝑚𝑔. 

All DSC measurements included two heating cycles.  Samples were first heated at 

10 𝐾/𝑚𝑖𝑛  from room temperature to 10 𝐾  above the 𝑇𝑚  of the pure glibenclamide, 

indomethacin, and cholic acid for the indomethacin-glibenclamide, acetaminophen-

indomethacin, and fenretinide-cholic acid samples, respectively, followed by an isothermal 

hold for 1 minute.  Samples were then cooled at 10 𝐾/𝑚𝑖𝑛 to 40 𝐾 below the 𝑇𝑔 of the 

pure indomethacin, acetaminophen, and fenretinide for the indomethacin-glibenclamide, 

acetaminophen-indomethacin, and fenretinide-cholic acid samples, respectively, with no 

re-crystallization observed during cooling.  A second heating scan was then performed at 

10 𝐾/𝑚𝑖𝑛 to 10 𝐾 above 𝑇𝑚, and 𝑇𝑔 was obtained on this scan.  None of the scans showed 
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degradation or decomposition endotherm or exotherm.  The scans also did not show any 

melting endotherms on the second heating indicating the complete co-amorph formation.  

The data for indomethacin-glibenclamide and acetaminophen-indomethacin systems are 

compared with those from Pajula et al. [100], and the data for the indomethacin-arginine 

system is taken from Jensen et al. [31]. 

The melting points, 𝑇𝑚 , for the pure compounds were obtained from the onset 

temperature of the melting endotherms and results are provided in Table 5.2.  𝑇𝑔 values are 

obtained on the second heating by determining the fictive temperature, 𝑇𝑓  [101], using 

Moynihan’s method [102], and they are also provided in Table 5.2.  𝑇𝑓 , measured on 

heating after cooling at a given rate in the absence of isothermal aging in the glassy state, 

is equivalent to 𝑇𝑔 [103, 104] measured on a cooling at that same rate; 𝑇𝑓 also represents 

the vitrified structure where the glassy enthalpy intersects the extrapolated supercooled 

liquid enthalpy in a plot of enthalpy versus temperature.  The DSC heat flow data for the 

second heating of the pure compounds are shown in Figure 5.1, where overshoots are 

obviously observed such that Moynihan’s method is needed for the consistent analysis.  

However, since many researchers analyze such data using the midpoint method and 

ignoring the overshoot, we also provide midpoint 𝑇𝑔  values in Table 5.2 in order to 

compare with those from the Moynihan’s method.  The 𝑇𝑓 values from Moynihan’s method 

are lower than the 𝑇𝑔 values from the midpoint method by as little as 0.6 °𝐶 for fenretinide 

to as much as 3.0 °𝐶 for glibenclamide; the difference is related to the magnitude of the 

overshoot relative to the significance of the step change ∆𝐶𝑃 at 𝑇𝑔, the latter of which is 

calculated at 𝑇𝑓 and is also provided in Table 5.2.  In the current study, the 𝑇𝑓 values are 

used as and referred to as 𝑇𝑔 for further modeling. 
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5.3 Results 

Experimental 𝑇𝑔 data for indomethacin(1)-glibenclamide(2) obtained in the present 

work (cross markers) are shown in Figure 5.2A, along with the data from Pajula et al. [100] 

(circular markers) and model predictions.  For this co-amorphous pharmaceutical mixture, 

the 𝑇𝑔 data manifest a maximum in the glibenclamide-rich region near 𝑋1 = 0.30, 14 to 

18 °𝐶  above the Gordon-Taylor prediction.  The two sets of experimental data are 

consistent with each other with respect to the composition dependence, although the 𝑇𝑔 

data measured by Pajula et al. is on average 7.9 °𝐶 higher than our data, as is indicated by 

the secondary y-axis in Figure 5.2A.  The difference is presumably due to the fact that 

Pajula et al. cooled their samples at an uncontrolled and faster rate resulting in a higher 𝑇𝑔 

[103], and they took the midpoint 𝑇𝑔 rather than using the 𝑇𝑓 from Moynihan’s method, 

which also raises 𝑇𝑔 by roughly 3 °𝐶.  The 𝑇𝑔 data measured in the present study and the 

shifted Pajula et al.’s data were fitted to equation 5.5, with ∆𝐻𝑙𝑖𝑞
𝐸  given by the A-NRTL, 

NRTL, and two-parameter Margules activity coefficient models and with the 𝑘  value, 

which is equated to the ratio of ∆𝐶𝑃1/∆𝐶𝑃2 in equation 5.6, experimentally found here to 

be 1.37.  The adjustable parameter values, along with the root-mean-square error (𝑅𝑀𝑆𝐸) 

from the model fits to the 𝑇𝑔 data are reported in Table 5.3.  For the A-NRTL model, the 

values of 𝑟𝑖, 𝜈𝑖
𝐵, 𝛿 𝐴, and 𝛿𝐷 parameters are reported in Table 5.4; of particular note, the 𝛿𝐴 

and 𝛿𝐷 values for indomethacin were optimized by simultaneously fitting the 𝑇𝑔 data for 

the three co-amorphous systems that contain indomethacin.  The A-NRTL, NRTL, and 

two-parameter Margules models quantitatively predict the off-center maximum 𝑇𝑔  near 

𝑋1 = 0.30, with its magnitude well captured, giving 𝑅𝑀𝑆𝐸 values of 1.8, 1.4, and 1.6 °𝐶, 
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respectively.  The activity coefficient models parameters are further used to estimate ∆𝐻𝑙𝑖𝑞
𝐸  

based on equations 5.10, 5.11, and 5.13, with the predictions of ∆𝐻𝑙𝑖𝑞
𝐸  plotted in Figure 

5.2B against mole fraction indomethacin.  Also shown is ∆𝐻𝑙𝑖𝑞
𝐸  data obtained from 

equation 5.5 using the 𝑇𝑔  data.  The A-NRTL, NRTL and Margules models predict 

negative bell-shape curves that agree well with the data and indicate the miscibility 

between the two species in the liquid state.  The fits of the Kwei and Braun-Kovacs 

equations are also shown in Figure 5.2A using the experimental 𝑘 value of 1.37, and both 

models predict a maximum close to the equimolar composition rather than the observed 

asymmetrical synergistic behavior, resulting in larger 𝑅𝑀𝑆𝐸  values of 2.8 and 3.3 °𝐶 , 

respectively. 

Experimental 𝑇𝑔 data for indomethacin(1)-arginine(2) from Jensen et al. [31] are 

shown in Figure 5.3A, along with model predictions.  The corresponding excess enthalpy 

plots are shown in Figure 5.3B.  For this co-amorphous pharmaceutical mixture, the 𝑇𝑔 

data manifest a maximum near 𝑋1 = 0.45, 69 °𝐶  above the Gordon-Taylor prediction, 

which is seven times higher than 𝑇𝑔2 − 𝑇𝑔1.  The composition dependence, indicated as the 

slope of 𝑑𝑇𝑔/𝑑𝑋1, gradually strengthens when approaching the maximum.  The 𝑇𝑔 data  

measured by Jensen et al. were fitted to the activity coefficient models using the 

experimental 𝑘 value of 0.469, which is approximated by 𝑇𝑔1/𝑇𝑔2 [31] and then further 

normalized by the ratio of the molecular weights in order to convert the units from per 

gram to per mole.  The model parameters, along with the 𝑅𝑀𝑆𝐸 values for the fits to the 

data are reported in Table 5.3 and the A-NRTL model parameters are reported in Table 5.4.  

The A-NRTL, NRTL, and two-parameter Margules models qualitatively predict a 

maximum 𝑇𝑔  near 𝑋1 = 0.45 , but its magnitude is underestimated and the gradually 
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increasing 𝑑𝑇𝑔/𝑑𝑋1 when approaching the maximum is not captured.  The 𝑅𝑀𝑆𝐸 values 

for all three models are over 5 °𝐶, although the fit of the A-NRTL model is slightly better 

than the other two.  The A-NRTL, NRTL and Margules models also predict negative bell-

shape curves of ∆𝐻𝑙𝑖𝑞
𝐸  versus composition that qualitatively agree with the data, as shown 

in Figure 5.3B, indicating the miscibility between two species in the liquid state, but the 

magnitude of the minimum is not captured.  The fits of the Kwei and Braun-Kovacs 

equations are also shown in Figure 5.3A using the experimental 𝑘 value of 0.469; neither 

are satisfactory, giving 𝑅𝑀𝑆𝐸 values of 8.4 and 6.5 °𝐶, respectively. 

Experimental 𝑇𝑔  data for acetaminophen(1)-indomethacin(2) obtained in the 

present work (cross markers) are shown in Figure 5.4A, along with the data from Pajula et 

al.’s [100] (circular markers) and model predictions.  The corresponding excess enthalpy 

plots are shown in Figure 5.4B.  For this co-amorphous pharmaceutical mixture, the 𝑇𝑔 

data manifest a monotonically descending inflection behavior, showing a gradually 

diminished negative 𝑑𝑇𝑔/𝑑𝑋1  followed by a gradually strengthened one, with the 

inflection point located in the acetaminophen-rich region near 𝑋1 = 0.30.  The two sets of 

experimental data are consistent with each other with respect to the composition 

dependence, although the 𝑇𝑔 data measured by Pajula et al. is on average 4.5 °𝐶 higher than 

our data, as is indicated by the secondary y-axis in Figure 5.4A, due to the same reasons 

regarding the cooling rate and analysis method that have been described above for the 

indomethacin-glibenclamide system.  The 𝑇𝑔 data measured in the present study and the 

shifted Pajula et al.’s data were fitted to the activity coefficient models using the 

experimental 𝑘 value of 1.39.  The model parameters, along with the 𝑅𝑀𝑆𝐸 values for the 

fits to the data are reported in Table 5.3 and the A-NRTL model parameters are reported in 
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Table 5.4.  The A-NRTL, NRTL, and two-parameter Margules models quantitatively 

predict the inflection point near 𝑋1 = 0.30, with its curvature well captured, giving 𝑅𝑀𝑆𝐸 

of 0.82 , 0.73 , and 0.80 °𝐶 , respectively.  In Figure 5.4B, the A-NRTL, NRTL and 

Margules models predict an 'unlike' (positive ∆𝐻𝑙𝑖𝑞
𝐸  maximum) interaction in the 

indomethacin-rich region followed by a 'like' (negative ∆𝐻𝑙𝑖𝑞
𝐸  minimum) interaction that 

qualitatively agree with the data.  The fits of the Kwei and Braun-Kovacs equations are 

also shown in Figure 5.4A using the experimental 𝑘 value of 1.39, and neither predict 

inflection behavior. 

Experimental 𝑇𝑔 data for fenretinide(1)-cholic acid(2) obtained in the present work 

are shown in Figure 5.5A, along with model predictions.  The corresponding excess 

enthalpy plots are shown in Figure 5.5B.  For this co-amorphous pharmaceutical mixture, 

the 𝑇𝑔 data manifest a descending inflection behavior similar to that of the acetaminophen-

indomethacin system, except that the inflection point is located in the cholic acid-rich 

region near 𝑋1 = 0.65, and for 𝑋1 > 0.80 the gradually strengthened negative 𝑑𝑇𝑔/𝑑𝑋1 is 

much stronger than is observed for acetaminophen-indomethacin, leading to an elevation 

of 14 °𝐶 above the Gordon-Taylor.  The 𝑇𝑔 data measured in the present study were fitted 

to the activity coefficient models using the experimental 𝑘  value of 1.11.  The model 

parameters, along with the 𝑅𝑀𝑆𝐸 values for the fits to the data are reported in Table 5.3 

and the A-NRTL model parameters are reported in Table 5.4.  The best description of the 

inflection behavior is given by the two-parameter Margules model with an RMSE value of 

2.9 °𝐶.  The A-NRTL and NRTL models do not capture the location of the inflection point, 

although the A-NRTL model improves the correlation of the NRTL model with the 

prediction of the inflection point right-shifted from 𝑋1 = 0.20 to 𝑋1 = 0.30.  In Figure 



Texas Tech University, Xiao Zhao, May 2021 

122 
 

5.5B, although all three of these activity coefficient models predict the 'unlike' (positive 

∆𝐻𝑙𝑖𝑞
𝐸  maximum) interaction in the cholic acid-rich region followed by the 'like' (negative 

∆𝐻𝑙𝑖𝑞
𝐸  minimum) interaction in the fenretinide-rich region, none quantitatively describe the 

strength or position of the strong 'like' interaction.  Again, the two-parameter Margules 

model gives the closet description of this ∆𝐻𝑙𝑖𝑞
𝐸 , predicting a −2100 𝐽/𝑚𝑜𝑙 minimum near 

𝑋1 = 0.75, compared to the data, a −2300 𝐽/𝑚𝑜𝑙 minimum at 𝑋1 = 0.85.  The fits of the 

Kwei and Braun-Kovacs equations are also shown in Figure 5.5A using the experimental 

𝑘 value of 1.11, and neither predict inflection behavior. 

5.4 Discussion 

Perhaps, one may ask questions for the model parameters of indomethacin(1)-

arginine(2) that the sign of 𝜏21 changes from the negative for NRTL to the positive for A-

NRTL.  This change of the sign is due to the flexibility of this parameter in terms of its 

contribution to the overall interactions because a major portion of the 'like' interactions are 

captured by the statistical association theory in A-NRTL, as roughly 90% of ∆𝐻𝑙𝑖𝑞
𝐸  is 

attributed to the summation of 𝑋𝑖𝛾𝑖
𝐴𝑠𝑠𝑜.  And this explanation is corroborated by our results 

that the 𝜏𝑖𝑗 values show decreased magnitudes for the A-NRTL in comparison to those for 

the NRTL, which is also observed by Hao and Chen’s [77], indicating that the 

intermolecular interaction is separately accounted for as the chemical associations and 

physical dispersions/repulsions. 

Furthermore, the scenario of the chemical interactions can be qualitatively revealed 

by the values and uncertainties of 𝛿𝐴 and 𝛿𝐷.  For indomethacin(1) and glibenclamide(2), 

the values of 𝛿𝐴 are 4.17 and 4.09, respectively, indicating comparably strong associating 

ability towards donor sites, especially with those in glibenclamide, whose 𝛿𝐷 is 3.97, three 
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times higher than that the donors in indomethacin.  Hence, competitions exist between the 

self-association within glibenclamide and the cross-association between two species, 

leading to weak net association interactions.  Thus, the  magnitudes of 𝜏12 and 𝜏21 for A-

NRTL are only slightly reduced in comparison to those for NRTL.  Similarly, for 

acetaminophen(1)-indomethacin(2), competition between the self- and cross-associations 

also exists and the result is weak association interactions. 

For indomethacin(1)-arginine(2), our results for 𝛿𝐴 and 𝛿𝐷 indicate a strong cross-

association between the acceptor site in indomethacin and the donor site in arginine, which 

is consistent with the anticipated 'like' interactions between the guanidine and carboxylate 

group in the arginine and indomethacin molecules, respectively, as observed by Jensen et 

al. [31] using Fourier transform infrared spectroscopy (FTIR).  However, the statistical 

association-NRTL model does not well describe the gradually strengthened 𝑑𝑇𝑔/𝑑𝑋1 

when approaching the maximum 𝑇𝑔 , due to two potential reasons.  First, ∆𝐴𝐷  is not a 

constant parameter but, rather, decreases as temperature increases (~
1

𝑇
); invalidating this 

temperature dependence to the model results in an improved fit that qualitatively captures 

the gradually steepened slope giving an 𝑅𝑀𝑆𝐸 value of 3.0 °𝐶.  A second potential issue 

is that each site is assumed to establish only one single association with another site [87] 

and all acceptor and donor sites on a given molecule are assumed to be identical.  Thus, 

using a model that can describe more complex and higher order interactions, such as the 

three-suffix Redlich-Kister activity coefficient model [81], equation 5.10, a quantitative 

description of both 𝑇𝑔  and ∆𝐻𝑙𝑖𝑞
𝐸  is obtained, as shown in Figure 5.6, where both the 

gradually steepened slop and the level of the maximum 𝑇𝑔 are captured, giving an 𝑅𝑀𝑆𝐸 

value of 2.1 °𝐶; the three-suffix Redlich-Kister model also use the experimental 𝑘 value of 
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0.47 and the fitting parameters values of 𝐵12, 𝐶12 , and 𝐷12  are −8.34, 0.27, and 5.91, 

respectively. 

For fenretinide(1)-cholic acid(2), our results of 𝛿𝐴 and 𝛿𝐷 also indicate a strong 

cross-association between the acceptor site in fenretinide and the donor site in cholic acid.  

The association interaction is extremely strong for 𝑋1 > 0.70 as is manifested by the large 

positive deviation of 𝑇𝑔 from the Gordon-Taylor prediction.  Neither the NRTL nor A-

NRTL models predict the strong 'like' interaction in this range.  On the other hand, the 

three-suffix Redlich-Kister model, can again capture this large positive deviation, as also 

shown in Figure 5.6, giving an 𝑅𝑀𝑆𝐸 of 1.6 °𝐶, which similarly implies more complex or 

higher order interactions in the fenretinide-rich region; the three-suffix Redlich-Kister 

model also use the experimental 𝑘 value of 1.11 and the fitting parameters values of 𝐵12, 

𝐶12, and 𝐷12 are −0.42, −4.31, and −5.11, respectively. 

As was pointed out in the introduction, the Kwei and Braun-Kovacs equations can 

better describe the 𝑇𝑔  data when 𝑘 is taken a fitting parameter.  In this case, the Kwei 

equation, equation 5.3, quantitatively captures the inflectional 𝑇𝑔  data for 

acetaminophen(1)-indomethacin(2) with 𝑘 and 𝑞 equal to 0.35 ± 0.11 and 35.6 ± 6.8 °𝐶, 

respectively, giving an 𝑅𝑀𝑆𝐸  value of 0.74 °𝐶 ; in addition, the Kwei equation can 

quantitatively capture the inflectional 𝑇𝑔  for fenretinide(1)-cholic acid(2) with 𝑘  and 𝑞 

equal to 9.2 ± 3.3 and −57.0 ± 13.7 °𝐶, respectively, giving an 𝑅𝑀𝑆𝐸 value of 0.76 °𝐶.  

Similarly, Kwei [49] applied the equation to describe the inflection behavior for the 

mixture of poly (methyl methacrylate) and Novolac B with 𝑘 equal to 12, compared to the 

experimental value of 0.94 (estimated by 𝑇𝑔1/𝑇𝑔2.  However, the Kwei equation cannot 

describe the synergistic off-center maximum 𝑇𝑔 even when 𝑘 is taken as a fitting parameter, 



Texas Tech University, Xiao Zhao, May 2021 

125 
 

because the term 𝑞𝑤1𝑤2, in equation 5.3, always favors an extremum at 𝑋1 = 0.50.  On 

the other hand, the Braun-Kovacs equation, equation 5.4, quantitatively captures the off-

center maximum of 𝑇𝑔  for indomethacin(1)-glibenclamide(2) with 𝑘  and 𝑞  equal to 

0.32 ± 0.12 and 51.2 ± 4.9 °𝐶, respectively, giving an 𝑅𝑀𝑆𝐸 value of 1.4 °𝐶.  However, 

the Braun-Kovacs equation cannot describe inflectional 𝑇𝑔 data.  Thus, both the Kwei and 

Braun-Kovacs equations have significant limitations in describing the composition 

dependence of 𝑇𝑔 for co-amorphous systems with strong interactions, even when 𝑘 is taken 

as a fitting parameter.  Furthermore, when 𝑘 is adjusted, the physical meaning is lost and 

the equations do not provide the insight needed to understand and predict co-amorphous 

systems. 

Activity coefficient models have been used to solve the solid-liquid equilibrium 

problems, in order to predict the aqueous solubility [79, 105, 106] of pharmaceutical 

molecules and the miscibility [100, 107, 108] between co-amorphous or co-crystal species.  

However, the connection between thermodynamic properties and the synergistic 𝑇𝑔 data 

has not been studied for pharmaceutical co-amorphous glasses.  Moreover, currently, the 

pharmaceutical co-amorphs are discovered by a trial and error process that is inefficient 

and costly, and predictive methods are needed to guide discovery of new and useful co-

amorphous.  From this perspective, our models provide a methodology to bridge the gap 

as the activity coefficient model parameters can be obtained directly from molecular 

dynamics simulations [109, 110], or can be predetermined by correlating the solid-liquid 

equilibria data in simple liquids, such as using the UNIFAC [111], NRTL-SAC [112, 113], 

and association-NRTL-SAC [114].  For example, the NRTL-SAC model, which has been 

used to predict the drug solubility in complex solvents [115-117], focuses on the 
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characteristic hydrophobicity, hydrophilicity, and polar attractivity and repulsivity of 

single molecules, sophisticatedly accounting for the overall intermolecular interactions, 

which can be obtained by fitting equilibria data with simple molecular liquids.  The 

association-NRTL-SAC model shares similar advantages and improves the describption 

for association interactions.  The NRTL-SAC and association-NRTL-SAC models are 

anticipated to be useful, with all segmental characteristics pre-determined from the simple 

phase equilibria data, for developing an entire predictive approach to guide co-amorphous 

pharmaceutical candidate selections. 

5.5 Conclusions 

 The synergistic glass transition temperature (𝑇𝑔) of the binary  pharmaceutical co-

amorphous mixtures is well described by extending Couchman and Karasz’s approach and 

using activity coefficient models for the excess enthalpy in the liquid state.  The off-center 

maximum in 𝑇𝑔 data as a function of composition is captured by the A-NRTL, NRTL, and 

two-parameter Margules models, quantitatively for indomethacin-glibenclamide and 

qualitatively for indomethacin-arginine.  The inflectional 𝑇𝑔 behavior for acetaminophen-

indomethacin is quantitatively predicted by these three activity coefficient models, whereas 

that for fenretinide-cholic acid is poorly captured due to the insufficient description of the 

strong 'like' interaction in the fenretinide-rich region.  The three-suffix Redlich-Kister 

activity model quantitatively describes the non-ideality for indomethacin-arginine and 

fenretinide-cholic acid indicating complex or higher order binary associations.  Our 

methodology assumes that the 𝑘 parameter in the 𝑇𝑔 vs composition equations is equal to 

experimental value of ∆𝐶𝑃2/∆𝐶𝑃1 .  On the other hand, the Kwei and Braun-Kovacs 
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equations, can capture only the inflectional or asymmetrical maximum behavior, 

respectively, with 𝑘 treated as a fitting parameter and losing its physical significance. 

The statistical association theory, which requires no knowledge of the associating 

'reaction', is consistently applied, to provide insight of the physical and chemical 

interactions for synergistic pharmaceutical co-amorphs.  The remarkable advantage of A-

NRTL is that the associating characteristics of each species is defined by a unique set of 

parameters, that can be obtained and optimized by correlating with multiple sets of excess 

enthalpy data, as is shown for indomethacin in the present study.  Importantly, the 

framework developed is anticipated to also allow predictions of 𝑇𝑔 and miscibility of co-

amorphous mixtures from the solubility data, such as for the A-NRTL and A-NRTL-SAC 

models, that will provide predictive guidance for discovering and selecting pharmaceutical 

co-amorphous systems. 
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Formation mechanism of coamorphous drug–amino acid mixtures. Molecular 

Pharmaceutics 2015, 12 (7), 2484-2492. 

34. Lim, A. W.; Lobmann, K.; Grohganz, H.; Rades, T.; Chieng, N., Investigation of 

physical properties and stability of indomethacin-cimetidine and naproxen-

cimetidine co-amorphous systems prepared by quench cooling, coprecipitation and 

ball milling. Journal of Pharmacy and Pharmacology 2016, 68 (1), 36-45. 

35. Mesallati, H.; Conroy, D.; Hudson, S.; Tajber, L., Preparation and characterization 

of amorphous ciprofloxacin-amino acid salts. European Journal of Pharmaceutics 

and Biopharmaceutics 2017, 121, 73-89. 

36. Gao, Y.; Liao, J.; Qi, X.; Zhang, J., Coamorphous repaglinide–saccharin with 

enhanced dissolution. International Journal of Pharmaceutics 2013, 450 (1-2), 

290-295. 

37. Ueda, H.; Muranushi, N.; Sakuma, S.; Ida, Y.; Endoh, T.; Kadota, K.; Tozuka, Y., 

A strategy for co-former selection to design stable co-amorphous formations based 

on physicochemical properties of non-steroidal inflammatory drugs. 

Pharmaceutical Research 2016, 33 (4), 1018-29. 



Texas Tech University, Xiao Zhao, May 2021 

131 
 

38. Hu, Y.; Gniado, K.; Erxleben, A.; McArdle, P., Mechanochemical reaction of 

sulfathiazole with carboxylic acids: Formation of a cocrystal, a salt, and 

coamorphous solids. Crystal Growth & Design 2014, 14 (2), 803-813. 

39. Ojarinta, R.; Heikkinen, A. T.; Sievänen, E.; Laitinen, R., Dissolution behavior of 

co-amorphous amino acid-indomethacin mixtures: The ability of amino acids to 

stabilize the supersaturated state of indomethacin. European Journal of 

Pharmaceutics and Biopharmaceutics 2017, 112, 85-95. 

40. Koh, Y. P.; Gao, S.; Simon, S. L., Structural recovery of a single polystyrene thin 

film using Flash DSC at low aging temperatures. Polymer 2016, 96, 182-187. 

41. Zhou, D.; Zhang, G. G.; Law, D.; Grant, D. J.; Schmitt, E. A., Physical stability of 

amorphous pharmaceuticals: Importance of configurational thermodynamic 

quantities and molecular mobility. Journal of Pharmaceutical Sciences 2002, 91 

(8), 1863-1872. 

42. Hancock, B. C.; Shamblin, S. L.; Zografi, G., Molecular mobility of amorphous 

pharmaceutical solids below their glass transition temperatures. Pharmaceutical 

research 1995, 12 (6), 799-806. 

43. Gupta, P.; Thilagavathi, R.; Chakraborti, A. K.; Bansal, A. K., Role of molecular 

interaction in stability of celecoxib− PVP amorphous systems. Molecular 

Pharmaceutics 2005, 2 (5), 384-391. 

44. Taylor, L. S.; Zografi, G., Spectroscopic characterization of interactions between 

PVP and indomethacin in amorphous molecular dispersions. Pharmaceutical 

Research 1997, 14 (12), 1691-1698. 

45. Kestur, U. S.; Lee, H.; Santiago, D.; Rinaldi, C.; Won, Y.-Y.; Taylor, L. S., Effects 

of the molecular weight and concentration of polymer additives, and temperature 

on the melt crystallization kinetics of a small drug molecule. Crystal Growth & 

Design 2010, 10 (8), 3585-3595. 

46. Ishida, H.; Wu, T.; Yu, L., Sudden rise of crystal growth rate of nifedipine near Tg 

without and with polyvinylpyrrolidone. Journal of Pharmaceutical Sciences 2007, 

96 (5), 1131-1138. 

47. Yu, L., Amorphous pharmaceutical solids: preparation, characterization and 

stabilization. Advanced Drug Delivery Reviews 2001, 48 (1), 27-42. 

48. Cai, T.; Zhu, L.; Yu, L., Crystallization of organic glasses: effects of polymer 

additives on bulk and surface crystal growth in amorphous nifedipine. 

Pharmaceutical Research 2011, 28 (10), 2458-2466. 

49. Kwei, T., The effect of hydrogen bonding on the glass transition temperatures of 

polymer mixtures. Journal of Polymer Science: Polymer Letters Edition 1984, 22 

(6), 307-313. 



Texas Tech University, Xiao Zhao, May 2021 

132 
 

50. Gordon, M.; Taylor, J. S., Ideal copolymers and the second‐order transitions of 

synthetic rubbers. I. Non‐crystalline copolymers. Journal of Applied Chemistry 

1952, 2 (9), 493-500. 

51. Gordon, J.; Rouse, G.; Gibbs, J.; Risen Jr, W. M., The composition dependence of 

glass transition properties. The Journal of Chemical Physics 1977, 66 (11), 4971-

4976. 

52. Kelley, F. N.; Bueche, F., Viscosity and glass temperature relations for polymer‐

diluent systems. Journal of Polymer Science 1961, 50 (154), 549-556. 

53. Williams, M. L.; Landel, R. F.; Ferry, J. D., The temperature dependence of 

relaxation mechanisms in amorphous polymers and other glass-forming liquids. 

Journal of the American Chemical Society 1955, 77 (14), 3701-3707. 

54. Gibbs, J. H.; DiMarzio, E. A., Nature of the glass transition and the glassy state. 

The Journal of Chemical Physics 1958, 28 (3), 373-383. 

55. Couchman, P.; Karasz, F., A classical thermodynamic discussion of the effect of 

composition on glass-transition temperatures. Macromolecules 1978, 11 (1), 117-

119. 

56. Couchman, P., Compositional variation of glass-transition temperatures. 2. 

Application of the thermodynamic theory to compatible polymer blends. 

Macromolecules 1978, 11 (6), 1156-1161. 

57. Simha, R.; Boyer, R., On a general relation involving the glass temperature and 

coefficients of expansion of polymers. The Journal of Chemical Physics 1962, 37 

(5), 1003-1007. 

58. Fox, T. G., Influence of diluent and of copolymer composition on the glass 

temperature of a poly-mer system. Bulletin of the American Physical Society 1956, 

1, 123. 

59. Painter, P. C.; Graf, J. F.; Coleman, M. M., Effect of hydrogen bonding on the 

enthalpy of mixing and the composition dependence of the glass transition 

temperature in polymer blends. Macromolecules 1991, 24 (20), 5630-5638. 

60. Jenckel, E.; Heusch, R., Die erniedrigung der einfriertemperatur organischer gläser 

durch lösungsmittel. Kolloid-Zeitschrift 1953, 130 (2), 89-105. 

61. Braun, G.; Kovacs, A., Proceedings of the international conference of the physics 

of non-crystalline solids. Delft, North Holland, Amsterdam 1964. 

62. Doolittle, A. K., Studies in Newtonian flow. II. The dependence of the viscosity of 

liquids on free‐space. Journal of Applied Physics 1951, 22 (12), 1471-1475. 

63. Kim, J. H.; Min, B. R.; Kang, Y. S., Thermodynamic model of the glass transition 

behavior for miscible polymer blends. Macromolecules 2006, 39 (3), 1297-1299. 

64. Flory, P. J., Thermodynamics of high polymer solutions. The Journal of Chemical 

Physics 1942, 10 (1), 51-61. 



Texas Tech University, Xiao Zhao, May 2021 

133 
 

65. Huggins, M. L., Some properties of solutions of long-chain compounds. The 

Journal of Physical Chemistry 1942, 46 (1), 151-158. 

66. Oishi, T.; Prausnitz, J. M., Estimation of solvent activities in polymer solutions 

using a group-contribution method. Industrial & Engineering Chemistry Process 

Design and Development 1978, 17 (3), 333-339. 

67. Chen, C.-C., A segment-based local composition model for the Gibbs energy of 

polymer solutions. Fluid Phase Equilibria 1993, 83, 301-312. 

68. Fu, Y.-H.; Sandler, S. I.; Orbey, H., A modified UNIQUAC model that includes 

hydrogen bonding. Industrial & Engineering Chemistry Research 1995, 34 (12), 

4351-4363. 

69. Hilal, S.; Karickhoff, S.; Carreira, L., Prediction of the solubility, activity 

coefficient and liquid/liquid partition coefficient of organic compounds. QSAR & 

Combinatorial Science 2004, 23 (9), 709-720. 

70. Bharti, A.; Banerjee, T., Enhancement of bio-oil derived chemicals in aqueous 

phase using ionic liquids: Experimental and COSMO-SAC predictions using a 

modified hydrogen bonding expression. Fluid Phase Equilibria 2015, 400, 27-37. 

71. Frank, T. C.; Anderson, J. J.; Olson, J. D.; Eckert, C. A., Application of MOSCED 

and UNIFAC to screen hydrophobic solvents for extraction of hydrogen-bonding 

organics from aqueous solution. Industrial & Engineering Chemistry Research 

2007, 46 (13), 4621-4625. 

72. Chen, C. C.; Song, Y., Generalized electrolyte‐NRTL model for mixed‐solvent 

electrolyte systems. AIChE Journal 2004, 50 (8), 1928-1941. 

73. Lewis, G. N.; Randall, M., The activity coefficient of strong electrolytes. Journal 

of the American Chemical Society 1921, 43 (5), 1112-1154. 

74. Lin, Y.; Kate, A. t.; Mooijer, M.; Delgado, J.; Fosbøl, P. L.; Thomsen, K., 

Comparison of activity coefficient models for electrolyte systems. AIChE journal 

2010, 56 (5), 1334-1351. 

75. Raatikainen, T.; Laaksonen, A., Application of several activity coefficient models 

to water-organic-electrolyte aerosols of atmospheric interest. Atmospheric 

Chemistry and Physics 2005, 5 (9), 2475-2495. 

76. Tan, S. P.; Adidharma, H.; Radosz, M., Generalized procedure for estimating the 

fractions of nonbonded associating molecules and their derivatives in 

thermodynamic perturbation theory. Industrial & Engineering Chemistry Research 

2004, 43 (1), 203-208. 

77. Hao, Y.; Chen, C. C., Nonrandom two‐ liquid activity coefficient model with 

association theory. AIChE Journal 2021, 67 (1), e17061. 

78. Domańska, U., Experimental data of fluid phase equilibria-correlation and 

prediction models: a review. Processes 2019, 7 (5), 277. 



Texas Tech University, Xiao Zhao, May 2021 

134 
 

79. Mirheydari, S. N.; Barzegar-Jalali, M.; Acree, W. E.; Shekaari, H.; Shayanfar, A.; 

Jouyban, A., Comparison of the models for correlation of drug solubility in 

ethanol + water binary mixtures. Journal of Solution Chemistry 2019, 48 (7), 1079-

1104. 

80. Margules, M., Uber die zusammensetzung der gesattigten dampfe von mischungen. 

Sitzungsber Akad Wiss Wien 1895, 104, 1243-1278. 

81. Redlich, O.; Kister, A., Algebraic representation of thermodynamic properties and 

the classification of solutions. Industrial & Engineering Chemistry 1948, 40 (2), 

345-348. 

82. Renon, H.; Prausnitz, J. M., Local compositions in thermodynamic excess functions 

for liquid mixtures. AIChE journal 1968, 14 (1), 135-144. 

83. Wilson, G. M., Vapor-liquid equilibrium. XI. A new expression for the excess free 

energy of mixing. Journal of the American Chemical Society 1964, 86 (2), 127-130. 

84. Zhang, Z.-g.; Huang, D.-h.; Lv, M.; Jia, P.; Sun, D.-z.; Li, W.-x., Entrainer selection 

for separating tetrahydrofuran/water azeotropic mixture by extractive distillation. 

Separation and Purification Technology 2014, 122, 73-77. 

85. Kamgar, A.; Esmaeilzadeh, F., Prediction of H2S solubility in 

[hmim][Pf6],[hmim][Bf4] and [hmim][Tf2N] using UNIQUAC, NRTL and 

COSMO-RS. Journal of Molecular Liquids 2016, 220, 631-634. 

86. Lee, M.-J.; Tsai, L.-H.; Hong, G.-B.; Lin, H.-M., Multiphase equilibria for binary 

and ternary mixtures containing propionic acid, n-butanol, butyl propionate, and 

water. Fluid Phase Equilibria 2004, 216 (2), 219-228. 

87. Müller, E. A.; Gubbins, K. E., Molecular-based equations of state for associating 

fluids: A review of SAFT and related approaches. Industrial & Engineering 

Chemistry Research 2001, 40 (10), 2193-2211. 

88. Ferreira, O.; Macedo, E.; Bottini, S. B., Extension of the A-UNIFAC model to 

mixtures of cross-and self-associating compounds. Fluid Phase Equilibria 2005, 

227 (2), 165-176. 

89. Chapman, W. G.; Gubbins, K. E.; Jackson, G.; Radosz, M., New reference equation 

of state for associating liquids. Industrial & Engineering Chemistry Research 1990, 

29 (8), 1709-1721. 

90. Wertheim, M., Fluids with highly directional attractive forces. II. Thermodynamic 

perturbation theory and integral equations. Journal of Statistical Physics 1984, 35 

(1), 35-47. 

91. Wertheim, M., Fluids with highly directional attractive forces. IV. Equilibrium 

polymerization. Journal of Statistical Physics 1986, 42 (3), 477-492. 

92. Bondi, A. A., Physical properties of molecular crystals liquids, and glasses. Wiley: 

New York 1968. 



Texas Tech University, Xiao Zhao, May 2021 

135 
 

93. National Center for Biotechnology Information, PubChem compound summary for 

cid 3715, indomethacin. PubChem, 

https://pubchem.ncbi.nlm.nih.gov/compound/Indomethacin#section=Computed-

Properties&fullscreen=true. Accessed 22 February, 2021. 

94. National Center for Biotechnology Information, PubChem compound summary for 

cid 3488, glyburide. PubChem, 

https://pubchem.ncbi.nlm.nih.gov/compound/Glyburide#section=Computed-

Properties&fullscreen=true. Accessed 22 February, 2021. 

95. National Center for Biotechnology Information, PubChem compound summary for 

cid 6322, arginine. PubChem, 

https://pubchem.ncbi.nlm.nih.gov/compound/Arginine#section=Computed-

Properties&fullscreen=true. Accessed 22 February, 2021. 

96. National Center for Biotechnology Information, PubChem compound summary for 

cid 1983, acetaminophen. PubChem, 

https://pubchem.ncbi.nlm.nih.gov/compound/Acetaminophen#section=Computed

-Properties&fullscreen=true. Accessed 22 February, 2021. 

97. National Center for Biotechnology Information, PubChem compound summary for 

cid 5288209, fenretinide. PubChem, 

https://pubchem.ncbi.nlm.nih.gov/compound/Fenretinide#section=Computed-

Properties&fullscreen=true. Accessed 22 February, 2021. 

98. National Center for Biotechnology Information, PubChem compound summary for 

cid 221493, cholic acid. PubChem, 

https://pubchem.ncbi.nlm.nih.gov/compound/Cholic-acid#section=Computed-

Properties&fullscreen=true. Accessed 22 February, 2021. 

99. Curry, H. B., The method of steepest descent for non-linear minimization problems. 

Quarterly of Applied Mathematics 1944, 2 (3), 258-261. 

100. Pajula, K.; Wittoek, L.; Lehto, V. P.; Ketolainen, J.; Korhonen, O., Phase separation 

in coamorphous systems: in silico prediction and the experimental challenge of 

detection. Molecular Pharmaceutics 2014, 11 (7), 2271-9. 

101. Tool, A. Q., Relation between inelastic deformability and thermal expansion of 

glass in its annealing range. Journal of the American Ceramic society 1946, 29 (9), 

240-253. 

102. Moynihan, C. T.; Easteal, A. J.; De BOLT, M. A.; Tucker, J., Dependence of the 

fictive temperature of glass on cooling rate. Journal of the American Ceramic 

Society 1976, 59 (1‐2), 12-16. 

103. Badrinarayanan, P.; Zheng, W.; Li, Q.; Simon, S. L., The glass transition 

temperature versus the fictive temperature. Journal of Non-Crystalline Solids 2007, 

353 (26), 2603-2612. 



Texas Tech University, Xiao Zhao, May 2021 

136 
 

104. Plazek, D. J.; Frund Jr., Z. N., Epoxy resins (DGEBA): The curing and physical 

aging process. Journal of Polymer Science Part B: Polymer Physics 1990, 28 (4), 

431-448. 

105. Domanska, U.; Pobudkowska, A.; Pelczarska, A.; Gierycz, P., pKa and solubility 

of drugs in water, ethanol, and 1-octanol. The Journal of Physical Chemistry B 2009, 

113 (26), 8941-8947. 

106. Bowden, N. A.; Sevillano, D. M.; Sanders, J. P. M.; Bruins, M. E., Modelling the 

effects of ethanol on the solubility of the proteinogenic amino acids with the NRTL, 

Gude and Jouyban-Acree models. Fluid Phase Equilibria 2018, 459, 158-169. 

107. Lobmann, K.; Strachan, C.; Grohganz, H.; Rades, T.; Korhonen, O.; Laitinen, R., 

Co-amorphous simvastatin and glipizide combinations show improved physical 

stability without evidence of intermolecular interactions. European Journal of 

Pharmaceutics and Biopharmaceutics 2012, 81 (1), 159-69. 

108. Abu-Diak, O. A.; Jones, D. S.; Andrews, G. P., Understanding the performance of 

melt-extruded poly (ethylene oxide)–bicalutamide solid dispersions: 

characterisation of microstructural properties using thermal, spectroscopic and drug 

release methods. Journal of Pharmaceutical Sciences 2012, 101 (1), 200-213. 

109. Ravichandran, A.; Khare, R.; Chen, C. C., Predicting NRTL binary interaction 

parameters from molecular simulations. AIChE Journal 2018, 64 (7), 2758-2769. 

110. Ravichandran, A.; Tun, H.; Khare, R.; Chen, C.-C., Prediction of thermodynamic 

properties of organic mixtures: Combining molecular simulations with classical 

thermodynamics. Fluid Phase Equilibria 2020, 523, 112759. 

111. Fredenslund, A.; Jones, R. L.; Prausnitz, J. M., Group‐contribution estimation of 

activity coefficients in nonideal liquid mixtures. AIChE Journal 1975, 21 (6), 1086-

1099. 

112. Chen, C.-C.; Crafts, P. A., Correlation and prediction of drug molecule solubility 

in mixed solvent systems with the nonrandom two-liquid segment activity 

coefficient (NRTL− SAC) model. Industrial & Engineering Chemistry Research 

2006, 45 (13), 4816-4824. 

113. Chen, C.-C.; Song, Y., Solubility modeling with a nonrandom two-liquid segment 

activity coefficient model. Industrial & Engineering Chemistry Research 2004, 43 

(26), 8354-8362. 

114. Hao, Y.; Chen, C.-C., Nonrandom Two-Liquid Segment Activity Coefficient 

Model with Association Theory. Industrial & Engineering Chemistry Research 

2019, 58 (28), 12773-12786. 
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Table 5.1. List of sources and values of 𝑘. 

Co-amorphous drug Source Value 

Indomethacin-Glibenclamide Measured in this study 1.37 

Indomethacin-Arginine Retrieved from Ref. [31] 0.469 a 

Acetaminophen-Indomethacin Measured in this study 1.39 
Fenretinide-Cholic acid Measured in this study 1.11 

a In Ref. [31] 𝑘 is determined as 𝑇𝑔1/𝑇𝑔2 for a gram-based unit. 

 

 

 

Table 5.2. DSC results of 𝑇𝑚𝑖, 𝑇𝑓𝑖, 𝑇𝑔𝑖 and ∆𝐶𝑃𝑖 for indomethacin, glibenclamide, and 

acetaminophen. 

𝑖 𝑇𝑚𝑖  (°𝐶) 𝑇𝑓𝑖 (°𝐶) a 𝑇𝑔𝑖 (°𝐶) b ∆𝐶𝑃𝑖 (𝐽 𝑚𝑜𝑙−1 𝐾−1) c 

Indomethacin 160.1 38.7 41.5 142.0 
Glibenclamide 168.8 52.5 55.5 194.6 
Acetaminophen 169.3 17.1 20.0 101.8 

Cholic Acid 201.4 123.0 125.1 193.7 
Fenretinide 155.2 77.7 78.3 177.4 

a 𝑇𝑓 is obtained using the Moynihan’s method [102]. 
b 𝑇𝑔 is obtained using the midpoint method. 
c ∆𝐶𝑃 is obtained at the corresponding 𝑇𝑓. 
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Table 5.3. Values of fitting parameters and mean square errors for four co-amorphous 

pharmaceuticals. a 

 
Indomethacin(1)-

Glibenclamide(2) 

Indomethacin(1)-

Arginine(2) 

Acetaminophen(1)-

Indomethacin(2) 

Fenretinide(1)-

Cholic Acid(2) 

A-NRTL 

𝜏12 -3.21 ± 0.24 -1.49 ± 0.44 -1.52 ± 0.23 -1.10 ± 0.66 
𝜏21 2.13 ± 0.88 0.362 ± 0.80 2.81 ± 0.86 6.76 ± 4.30 

𝑅𝑀𝑆𝐸 (°𝐶) 1.76 5.01 0.817 4.25 
NRTL 

𝜏12 -3.54 ± 0.23 -2.44 ± 0.34 -1.72 ± 0.22 -2.03 ± 0.53 

𝜏21 2.28 ± 0.94 -2.88 ± 0.35 3.54 ± 1.22 8.33 ± 4.50 

𝑅𝑀𝑆𝐸 (°𝐶) 1.44 5.77 0.734 5.70 

Margules 

𝐴12
′  -6.48 ± 0.96 -7.07 ± 1.03 0.187 ± 0.663 3.46 ± 1.63 

𝐴21
′  -1.20 ± 0.92 -8.10 ± 1.22 -0.755 ± 0.626 -6.05 ± 1.61 

𝑅𝑀𝑆𝐸 (°𝐶) 1.62 5.57 0.797 2.94 

Kwei 

𝑞 (°𝐶) 62.7 ± 7.2 227 ± 18 6.16 ± 6.76 25.9 ± 13.8 

𝑅𝑀𝑆𝐸 (°𝐶) 2.76 8.41 0.953 6.02 

Braun-Kovacs 

𝑞 (°𝐶) 72.8 ±8.3 163 ± 13 7.62 ± 8.05 28.1 ± 14.5 

𝑅𝑀𝑆𝐸 (°𝐶) 3.29 6.53 0.920 5.93 
a Uncertainties of parameters are estimated by implementing a biased-error of ± 5% on fitting 
the 𝑇𝑔 data. 

 

 

 

Table 5.4. Values of A-NRTL parameters 𝑟𝑖, 𝜈𝐵,𝑖, and 𝛿𝐵 for species studied here. a 

𝑖 𝑟𝑖 𝜈𝐴,𝑖 𝜈𝐷,𝑖 𝛿𝐴 𝛿𝐷 

Indomethacin b 12.1 4 1 4.17 ± 0.36 1.33 ± 0.31 
Glibenclamide 17.1 5 3 4.09 ± 0.57 3.97 ± 0.25 

Arginine 6.45 4 4 0.754 ± 0.149 8.54 ± 1.17 
Acetaminophen 5.60 2 2 6.05 ± 0.70 0.213 ± 0.094 

Cholic Acid 17.5 5 4 1.09 ± 0.41 4.52 ± 3.80 
Fenretinide 16.1 2 2 4.98 ± 2.64 0.112 ± 0.604 

a Uncertainties of parameters are estimated by implementing a biased-error of ± 5% on 
fitting the 𝑇𝑔 data. 

b For indomethacin, values of 𝛿𝐴 and 𝛿𝐷 are obtained by simultaneously fitting the 𝑇𝑔 

data for three systems, indomethacin-glibenclamide, indomethacin-arginine, and 
acetaminophen-indomethacin. 
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Figure 5.1. DSC heat flow data for pure acetaminophen, indomethacin, glibenclamide, 

fenretinide, and cholic acid measured on the second heating scan at 10 𝐾/𝑚𝑖𝑛. 
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Figure 5.2. (A) 𝑇𝑔 data and model predictions for indomethacin(1)-glibenclamide(2) as 

a function of mole fraction indomethacin (𝑋1).  The 𝑇𝑔 data measured in the present study 

are marked as the crosses and plotted with respect to the left y-axis.  The 𝑇𝑔 data obtained 

from Pajula et al.’s [100] work are marked as the hollow circles and plotted with respect 

to the right y-axis, which is shifted downwards 7.9 °𝐶 relative to the left y-axis.  All 

model predictions are plotted with respect to the left y-axis as well. (B) Excess enthalpy 

for indomethacin(1)-glibenclamide(2) as a function of 𝑋1 estimated using equation 5 and 

predicted by activity coefficient models.  The excess enthalpy data are estimated from 

the 𝑇𝑔 data measured in the present study (crosses) and the 𝑇𝑔 data obtained from Pajula 

et al.’s work (hollow circles).  
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Figure 5.3. (A) 𝑇𝑔  data and model predictions for indomethacin(1)-arginine(2) as a 

function of mole fraction indomethacin (𝑋1).  The 𝑇𝑔 data are obtained from Jensen et 

al.’s [31] work. (B) Excess enthalpy for indomethacin(1)-arginine(2) as a function of 𝑋1 

estimated using equation 5 and predicted by activity coefficient models.  The excess 

enthalpy data are estimated from the 𝑇𝑔 data obtained from Jensen et al.’s work. 
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Figure 5.4. (A) 𝑇𝑔 data and model predictions for acetaminophen(1)-indomethacin(2) as 

a function of mole fraction acetaminophen (𝑋1).  The 𝑇𝑔 data measured in the present 

study are marked as the crosses and plotted with respect to the left y-axis.  The 𝑇𝑔 data 

obtained from Pajula et al.’s [100] work are marked as the hollow circles and plotted 

with respect to the right y-axis, which is shifted downwards 4.5 °𝐶 relative to the left y-

axis.  All model predictions are plotted with respect to the left y-axis as well. (B) Excess 

enthalpy for acetaminophen(1)-indomethacin(2) as a function of 𝑋1  estimated using 

equation 5 and predicted by activity coefficient models.  The excess enthalpy data are 

estimated from the 𝑇𝑔  data measured in the present study (crosses) and the 𝑇𝑔  data 

obtained from Pajula et al.’s work (hollow circles). 
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Figure 5.5. (A) 𝑇𝑔  data and model predictions for fenretinide(1)-cholic acid(2) as a 

function of mole fraction fenretinide (𝑋1).  The 𝑇𝑔 data are measured in the present study. 

(B) Excess enthalpy for fenretinide(1)-cholic acid(2) as a function of 𝑋1 estimated using 

equation 5 and predicted by activity coefficient models.  The excess enthalpy data are 

estimated from the 𝑇𝑔 data measured in the present study. 
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Figure 5.6. (A) 𝑇𝑔 data and the three-suffix Redlich-Kister activity coefficient model 

predictions for indomethacin(1)-arginine(2) (hollow squares) and fenretinide(1)-cholic 

acid(2) (axes).  (B) Excess enthalpy data for indomethacin(1)-arginine(2) (hollow 

squares) and fenretinide(1)-cholic acid(2) (axes) estimated using equation 5 and 

predictions of the three-suffix Redlich-Kister activity coefficient models. 
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CHAPTER 6                                                                        
CONCLUSIONS 

 In this dissertation, the equilibrium dynamics of glass-forming materials in the 

super-Arrhenius region are examined as a function of temperature, pressure, and 

intermolecular interactions, in order to explore the relationship between dynamics and 

thermodynamics for the kinetic glass transition events.  Moreover, the non-equilibrium 

dynamics that are manifested by the structural recovery of a polystyrene glass is also 

investigated with respect to a combination of pressure and temperature cycles, in order to 

reveal the limitation of conventional structural recovery models, along with the essential 

physics that are overlooked in the temperature domain studies. 

 The dependence of equilibrium dynamics on configurational thermodynamic 

properties is analyzed in the super-Arrhenius region for ortho-terphenyl and several linear 

or branched polymers from the literature data involving several measurement methods, 

using a methodology that is not biased by any imposition of a linear reciprocal model or 

other specific functions.  Moreover, the error associated with the Kauzmann temperature 

for the ideal glass is eliminated by referring the configurational property to an isochronal 

state.  The results include the following conclusions: 

• The scaling ability of a given configurational property strongly depends on the 

material, such that the relaxation times scale well with 𝑈𝑐 for ortho-terphenyl, with 

𝑇𝑆𝑐 and 𝐻𝑐 for poly(vinyl acetate), with 𝑇𝑆𝑐, 𝐻𝑐 and 𝑈𝑐 for poly(vinyl chloride), 

and with 𝑉𝑐, 𝑇𝑆𝑐 and 𝐻𝑐 for the linear and star polystyrene, of which the latter one 

also indicates that the scaling ability is independent of the measurement method 

and the linear/star shape for polystyrene.   
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• The sensitivity analysis demonstrates that the results of scaling ability is insensitive 

to the small errors in glassy heat capacity, glassy thermal expansion, and liquid 

compressibility with magnitudes up to 10%, but it is quantitatively influenced by 

the choice of the reference state for poly(vinyl acetate) and polystyrene, although 

these quantitative influences do not qualitatively affect the goodness of scaling.   

• This work strongly implies that the existence of a configurational (or excess) state 

property that universally determines the equilibrium dynamics of polymers is 

debatable from the perspective of a non-biased methodology. 

 The non-equilibrium mobility of pressure-densified and pressure-expanded glasses 

are experimentally investigated for a high-molecular weight polystyrene by measuring the 

PVT data using a custom-built pressurizable dilatometer.  Four types of temperature and 

pressure cycles have been conducted, including isobaric temperature scans at various 

pressures, isothermal pressure scans at various temperatures, non-isobaric pressure jump 

and temperature scans, and isothermal isobaric aging experiments.  The PVT data obtained 

by these temperature and pressure cycles is further described using the KAHR structural 

recovery model in order to test the limitations and reveal missing physics in the model.  

The results include the following conclusions: 

• The PVT behavior of polystyrene during isobaric temperature scans for pressures 

from 32 to 112 𝑀𝑃𝑎 are well described using the Tait equation with parameters 

consistent with values in the literature.  The isobaric glass transition shows a 

pressure-dependence of around 0.3 𝐾/𝑀𝑃𝑎, which is excellently predicted using 

the KAHR model.  
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• Pressure-densified and pressure-expanded glasses are obtained after non-isobaric 

pressure jumps up to 40 𝑀𝑃𝑎, with the density higher and lower, respectively, than 

that of the corresponding conventional glass.  Subsequent heating scans show an 

increased and slightly reduced apparent thermal expansion in the glassy state for 

the pressure-densified and expanded glasses, respectively, followed by the early 

devitrification for both glasses with respect to the corresponding conventional glass, 

which indicates increased mobility. 

• The KAHR model with the incorporation of a linear pressure dependence of the 

glassy modulus, that is obtained from the isothermal pressure scan, well captures 

the experimental density immediately after the pressure jump.  Moreover, the 

KAHR model reasonably predicts the observed early devitrification for the 

pressure-expanded glass, but fails for the pressure-densified glass with the model 

showing an obvious overshoot and late devitrification. 

• The assumption in the conventional KAHR model, that the relaxation time depends 

on the instantaneous liquid state, is modified by assuming a time-dependent 

"memory" of the liquid state from which the glass was vitrified (i.e. where it came 

from) towards the liquid state to which the glass is going.  The modification is 

implemented using a time-dependent fictive pressure, and significantly improves 

the KAHR model prediction for the early devitrification of the pressure-densified 

glass. 

• Another assumption often made for the conventional KAHR model, that the 

relaxation kinetics of the pressure and temperature perturbations are the same, is 

modified by assuming that temperature and pressure relax independently.  The 
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modification results in an excellent description including for the increase in the 

apparent thermal expansion coefficient and the devitrification during heating of the 

pressure-densified glass. 

Finally, in chapter 5, the synergistic 𝑇𝑔 as a function of composition is modeled for 

pharmaceutical co-amorphous glasses.  In particular, this study examines the ability to 

describe the off-center maximum observed for co-amorphous indomethacin-glibenclamide 

and indomethacin-arginine and the inflection behavior for co-amorphous acetaminophen-

indomethacin and fenretinide-cholic acid.  The data are modeled using Couchman and 

Karasz’s approach with the non-ideal enthalpic change determined by the activity 

coefficient models, including the two-parameter Margules, NRTL, association-NRTL, and 

Redlich-Kister.  The results include the following conclusions: 

• The off-center maximum for indomethacin-glibenclamide is quantitively predicted 

by the activity coefficient models, whereas that for indomethacin-arginine is 

qualitatively predicted with the gradually strengthened 𝑑𝑇𝑔/𝑑𝑋1  not captured 

except by the Redlich-Kister model. 

• The inflection behavior for acetaminophen-indomethacin is quantitatively 

predicted by the activity coefficient models, whereas that for fenretinide-cholic acid 

is poorly captured due to the insufficient description of the strong 'like' interaction 

in the fenretinide-rich region except by the Redlich-Kister model. 

• The three-suffix Redlich-Kister activity coefficient model, suggesting higher order 

intermolecular interactions over the single-bonded binary associations, 

quantitatively predicts the synergistic 𝑇𝑔  data for indomethacin-arginine and 

fenretinide-cholic acid, implying the presence of higher order interactions. 
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• The activity coefficient models are able to describe the synergistic 𝑇𝑔 data using the 

experimentally determined value of the parameter 𝑘 (= ∆𝐶𝑃2/∆𝐶𝑃1), whereas the 

conventional Kwei and Braun-Kovacs equations are able to describe the data only 

by taking 𝑘 as a fitting parameter with the parameter values losing the physical 

meaning. 
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CHAPTER 7                                                                                     
FUTURE WORK 

7.1 Aging of pressure-densified glass (PDG) at low temperatures 

 In chapter 4, an independent relaxation rate is assumed for the pressure 

perturbations for PDG and the reverse-engineered relaxation time agrees well with the 

order of magnitude of values reported in the literature.  Although some studies have shown 

that the effective relaxation time during the low temperature aging of PDG is a function of 

the size of pressure jump [1-4], rarely studies show the temperature and pressure 

dependence of this effective relaxation time [2, 5].  Hence, the effective relaxation time is 

suggested to be measured by aging PDG at various low temperatures and at various 

pressures, of which the results are supposed to be compared with the reverse-engineered 

independent relaxation time for the pressure perturbations.  Specifically, the longest time 

scale of the aging experiment should be that in this dissertation that is around 106 𝑠, so the 

aging experiments are executable.   

Moreover, the heating rate dependence of the apparent thermal expansion for PDG 

is also suggested to be studied in order to confirm that the increased apparent thermal 

expansion for PDG is a kinetic outcome.  A heating rate of 0.05 𝐾/𝑚𝑖𝑛 has been tested 

whereas no obvious difference of the apparent thermal expansion is found in comparison 

to the result of the 0.1 𝐾/𝑚𝑖𝑛  in chapter 4.  Hence, a slower heating rate, such as 

0.01 𝐾/𝑚𝑖𝑛, is suggested.  Notably, the current pressurizable dilatometer has limited 

electric signal stability that might influence the long-term experiments, as is very sensitive 

to the vibrational disturbance and electromagnetic interference, which needs to be fixed 

with a better-shielded data acquisition board. 
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7.2 Pressure-densified crosslinked glass 

 The mobility of a relaxation chain segment can be tuned by the crosslink density 

for the epoxy glass [6], which can be reflected such as the crosslink density-dependent 

relaxation time distribution [7] and relaxation rate during the physical aging [8], with the 

shear and bulk time-crosslink density superposition also maintained [9, 10].  However, the 

knowledge of the anomalous relaxation of PDG at low temperatures have not been studied 

as a function of the crosslink density, which can provide effective insight of the molecular 

structure influence.  Moreover, the laboratory alumnus Dr. Jiaxi Guo has prepared two 

dilatometry samples for two polycyanurate glasses with different crosslink densities 

(sufficiently different to lead to different 𝑇𝑔).  So, measurements of the pressure-densified 

crosslinked glass are also suggested. 

7.3 Pressure-densified nanoconfined PDG 

 Roe et al. [3, 11] tends to explain the anomalous recovery of pressure-densified 

polystyrene as a healing of the microcavities that are formed after pressure-densification.  

In their work, the length-scale of 1 − 10 𝑛𝑚 is suggested for these microcavities after the 

pressure jump up to 500 𝑀𝑃𝑎 at 40 − 50 °𝐶.  The nanoconfinement effect also affects the 

non-equilibrium dynamics for the glass-forming materials [12-14].  So, investigation of the 

influence of the length-scale confinement on the structural recovery of PDG is of great 

interest, especially for the order of the magnitude of single nanometers. 

 Here, the stacked ultrathin polystyrene films [12] are selected for this future work; 

the hydrostatic pressure must be isotropically exerted onto the confined materials, so the 

rigid confinement matrixes are not favorable, such as mesoporous carbon, anodic 

aluminum oxide and borosilicate controlled pore glass.  On the other hand, the 
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pressurizable dilatometer used in this dissertation requires a mass load around 1 𝑔, which 

is non-feasible for the ultrathin polystyrene film, so the stacked films need to be pre-

pressure-densified followed by the DSC measurement; the stacked films can be measured 

using the conventional DSC, which requires no long-term sample preparation steps as are 

often encountered in the Flash DSC.  According to the Roe et al.’s work mentioned above, 

the pressure jump needs to reach more than 200 𝑀𝑃𝑎, which also exceed the experimental 

range of the pressurizable dilatometer in this dissertation; the diamond anvil cell [15] 

allows the extremely high-pressure cycles to the magnitude of 𝐺𝑃𝑎 with small sample 

amount.  Importantly, the high molecular weight is essential to prevent the interlayer 

diffusion [12], which needs to be considered into the work. 

7.4 Isochoric cooling and heating 

 Colucci et al. [16] have shown the isochoric glass transition, which has a weaker 

transition strength and lower PVT plane.  The cooling of the isochoric glass is presumably 

considered as a consecutive collection of the pressure densification process, i.e. 

infinitesimal size of cooling followed by immediately pressurizing, which is reasonable to 

explain the lower PVT plane as the densification is continuously taking place; however, no 

such explanations have been found in the literature.  On the other hand, the heating of the 

isochoric glass has never been conducted using the dilatometry to our knowledge; the 

isochoric nanoconfined glass transition temperature and fragility have been reported during 

heating in thermal analysis [17, 18] (the isochoric fictive temperature under 

nanoconfinement is independent of the length scale, of which the contribution from the 

pressure-densification effect maybe is of interest to investigate, although people have 

attributed this mainly to the interfacial effects).  The heating of the isochoric glass can be 
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presumably considered as a consecutive collection of the infinitesimal pressure expansion 

process followed by heating.  If the pressure expansion is not able to compensate the 

pressure densification effect, a deviation of the isochoric heating line will be observed in 

comparison to the isochoric cooling line.  Therefore, studies of the isochoric structural 

recovery is highly proposed to enlarge the picture of the pressure-dependent non-

equilibrium dynamics for glass forming materials.  And the structural model should be 

extended to predict these isochoric structural recoveries as well. 

 In fact, the isochoric cooling and heating have been tested using the pressurizable 

dilatometer in addition to this dissertation work.  The data is problematic that the observed 

isochoric transition strength is roughly 1.1 and agrees poorly with Colucci et al’s result of 

roughly 1.5.  Moreover, the data bears a periodic and considerably large noise that is 

comparable to the resolution of transition regions.  These two problems are presumably 

due to the computation power of the LabVIEW program running on the low-performance 

desktop; the program needs to execute heavy computation tasks for the Tait equation and 

the sample specific volume, which badly lagged the data stream in the program.  Either the 

encapsulation of a faster machine language, like C++, or an upgradation of the hardware 

needs to be conducted to facilitate the isochoric function in this dilatometer. 
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