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ARTICLE INFO ABSTRACT

Keywords: An energy-based theory of the glass transition is described and validated by evaluation of crystallization and
Glass viscosity data of sixteen diverse systems, ranging from the fragile o-terphenyl to the strong SiO, glass formers,
Glass transition including glass formation in non-crystallizing polymers. Transition zone theory demonstrates an inverse tem-
Crystallization perature dependence of the entropy of activation for crystallization and viscous relaxation which results in a
Viscosity temperature at which their free energies of activation are equivalent. Below this temperature there is a greater
probability of crystallization than of relaxation. Under such conditions, crystal-like organization can propagate
only over the internal length scales for which the system has relaxed, i.e. a few nanometers. However, that
structural organization makes the barrier to bulk liquid relaxation insurmountable, resulting in glass formation.
The temperature of the crystallization-relaxation free energy of activation equivalence point, defines the glass
transition temperature. The temperature dependent slope of the free energy of activation for relaxation at the
equivalence point reflects the fragility of the system. The time-temperature dependence of viscous relaxation
shifts the crystallization-relaxation free energy of activation equivalence point, consistent with the sample
history dependence of Tg. Crystal-like formation over nanometer-length scales, which can still occur below Ty, is

shown to account for glass aging.

1. Introduction

Glasses, both naturally occurring and synthetic, have captured
human imagination for millennia, with artisans and industrialists per-
fecting strategies to fabricate and manipulate them for diverse pur-
poses. Nevertheless, an understanding of the atomic and molecular
processes and structures that create and define the glassy state has been
much more difficult to resolve [1-11]. Divergent viewpoints wrestle
with the question whether the glass transition is a kinetic or thermo-
dynamic phenomenon. Many presume the definition of the glass tran-
sition temperature (T,) to be arbitrary, occurring when the average
relaxation time slows to about © = 102 s or the viscosity () increases to
10'® Poise. Some authors have also suggested that the glassy slowing
down ought to be accompanied by the growth of some internal length
scale [5]. Furthermore, while a liquid's internal relaxation rate may be
an intrinsic property, the observed relaxation or viscosity is sig-
nificantly dependent on the frequency of the experimental probe used
to measure it. As a result, agreement on standard experimental condi-
tions from which to report Ty is required; typically heat/cool at 10K/
min for DSC, 5K/min for dilatometry [9]. Nevertheless, most theories
seem to recognize some “ideal” glass for which the “ideal” Ty is likely
related to the Kauzmann temperature, Ty, where the configurational
entropy of the supercooled liquid extrapolates to that corresponding to
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the crystalline state [12].

A majority of theories used to describe the glass transition are sig-
nificantly based on the classic Vogel-Fulcher-Tammann (VFT) theory of
liquid relaxation and viscosity [13-15]. VFT theory reasonably de-
scribes viscous relaxation within 50 to 100K above T,, but requires
some cross-over between distinct VFT regions, or between VFT and
Arrhenius behavior to describe viscous relaxation in higher temperature
liquids [1,16]. However, our recently articulated Transition Zone
Theory (TZT) [17], which integrates Kauzmann's configurational en-
tropy [12] with Adam and Gibbs conception of cooperativity [18] to
establish a condensed matter analog to Eyring's transition state theory
[19], more accurately describes viscous relaxation across the liquid
temperature range from Ty to the critical temperature T.. Based on an
understanding of the distinct temperature dependence of configura-
tional entropy and cooperativity, TZT also accurately describes the rate
of crystal growth across the temperature range from T, to T, [17]. Key
to TZT is a recognition that because of the temperature dependence of a
system's configurational entropy and cooperativity, the enthalpic and
entropic activation parameters also are temperature dependent. Inter-
estingly, an inverse temperature dependence is observed for the entropy
of activation for crystallization and viscous relaxation, which, as will be
demonstrated herein, generally results in a temperature at which the
free energies of activation for crystallization and viscous relaxation are

Received 24 October 2017; Received in revised form 14 March 2018; Accepted 16 March 2018

Available online 04 April 2018
0022-3093/ © 2018 Published by Elsevier B.V.


http://www.sciencedirect.com/science/journal/00223093
https://www.elsevier.com/locate/jnoncrysol
https://doi.org/10.1016/j.jnoncrysol.2018.03.037
https://doi.org/10.1016/j.jnoncrysol.2018.03.037
mailto:Jim_Martin@ncsu.edu
https://doi.org/10.1016/j.jnoncrysol.2018.03.037
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnoncrysol.2018.03.037&domain=pdf

J.D. Martin, F. Hou

Journal of Non-Crystalline Solids 491 (2018) 24-33

Abbreviations

Tg glass transition temperature
n shear viscosity

Tk Kauzmann temperature

VFT Volgel-Fulcher-Tamman theory of liquid relaxation and
viscosity

TZT transition zone theory

(e subscript c refers to crystal growth

(JDrx subscript rilx refers to viscous relaxation

APC aperiodic crystallization

CTON  chemically and topologically ordered network

Tinax temperature of maximum rate of crystal growth

AH* enthalpy of activation

AS* entropy of activation

AG* free energy of activation

Sconfig configurational entropy

w number of configurations: W* of the activated state, W, of

the reactant
A characteristic wavelength of vibrations that lead to crystal
growth, equal to twice the average lattice dimension

Vob velocity of the phase boundary of a phase transition

AH* intrinsic (i.e. temperature independent) component of the
enthalpy of activation

AS* intrinsic (i.e. temperature independent) component of the
enthalpy of activation

z a fitting parameter of TZT that modulates the temperature
dependence of AS*

OTP o-terphenyl

p density

Ve characteristic velocity; the speed of sound for most sys-
tems

tTS time Temperature Superposition

T3 temperature at which the viscosity reaches 10® Poise

To fitting temperature parameter from VFT theory, similar in
value to Tx

f(Av) frequency dependent perturbation

fAT) temperature dependent perturbation

NOC nano ordered crystal

Ty Kauzamann-type temperature where nonergodic liquid
and APC are iso-entropic

GC glass-to-crystal transition

equivalent. This observation led us to further explore the extent to
which TZT for relaxation and crystallization (TZT,;x and TZT.) can be
used to describe both the slowing of viscous relaxation and growth over
some internal length scales, which subsequently defines the glass
transition. As described below, the free energy equivalence temperature
for viscous relaxation and crystal growth is remarkably equivalent to
experimentally reported glass transition temperatures.

Specifically in this manuscript, in Section 2 we provide background
theory that summarizes the most germane aspects of TZT for Section 2.1
crystal growth rates and Section 2.2 viscous relaxation, exemplified by
fitting to experimental data for o-terphenyl. Section 3 describes the TZT
approach to the glass transition by fitting our proposed model to
fourteen diverse systems, from the fragile o-terphenyl to the strong
SiO,. We begin with, Section 3.1, an articulation of the transition zone
theory of glass formation, TZTgae, for which we: Section 3.1.1 de-
monstrate that the temperature of the equivalence point in the free
energy of activation for crystallization and viscous relaxation is
equivalent to T,; Section 3.1.2 demonstrate how this physically defined
glass transition relates to the previous arbitrary definition as the tem-
perature at which the viscosity reaches 103 Poise; Section 3.1.3 show
the time-temperature superposition of viscous relaxation accounts for
the experiment-dependent range of observed T; Section 3.1.4 suggest
that below the crystallization-viscosity free energy equivalence point
where the probability of crystallization is greater than the probability of
viscous relaxation, aperiodic crystallization (APC), analogous to that
described by random first-order transition theory of glass formation
[6,7,10,20,21], or chemically and topologically ordered network for-
mation (CTON) [22], likely occurs, consistent with glass aging. Finally,
Section 3.2 the glass transition in non-crystallizing polymer systems is
described as the intersection of the free energy of activation for viscous
relaxation and APC formation, with atactic polystyrene and poly-
propyleneoxide as example systems.

2. Background theory

While transition state theory [23] provides an effective framework
with which to understand molecular reactions in dilute media, it does
not adequately describe reactivity in the condensed phase. The unique
temperature dependence of condensed matter reactions (e.g. the rate of
crystallization increases above Tg to a maximum, T, then slows as Ty,
is approached) results in descriptions of temperature regimes said to
exhibit Arrhenius and non-Arrhenius behavior. Both Arrhenius [23]
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and Eyring [19] approaches to transition state theory presume tem-
perature independent activation constants, E,, or AH* and AS”, respec-
tively. However, as Kauzmann described, the configurational entropy,
Sconfigy Of condensed matter systems is temperature dependent, with
ASjiquid-sotia — 0 at the Kauzmann temperature, Tx [12]. We noted the
further condition that ASjg,iq.¢qs — O at the critical temperature, T, the
upper limiting temperature at which a liquid can exist [17]. Re-
cognizing that the activation parameters for condensed matter reactions
must similarly be temperature dependent led to our development of
transition zone theory, TZT. A transition zone being the zone of mate-
rial involved in the transition configuration of a collective process, such
as occurs in condensed matter reactions, as opposed to a transition state
which describes discrete transition configurations observed in dilute
media. Full details of the transition zone theory for crystal growth,
TZT,, and viscous relaxation, TZT,,, can be found in our previous
manuscript [17]. However, principles of TZT that are essential to un-
derstand the glass transition are summarized here.

Like Eyring's molecular based transition state theory [19], TZT is
based on the attempt frequency and probability of the transforming
events. Instead of events being independent molecular collisions, i.e. a
transition state, TZT recognizes that the structural reorganization re-
quired for crystallization and viscous relaxation requires Adam-Gibbs-
type [18] cooperative interactions of phonons [24,25], i.e. a transition
zone. Both theories recognize the probability of the transforming events
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to be described by exp (%). Furthermore, Boltzmann's relation de-

ret

ol
fines AS¥ =R ln(:VV—[), where W* is the number of configurations in the

activated state (zone) and W, is the number of configurations in the
reactant state (zone). In dilute media, the ratio W*/W,, is essentially
temperature independent, leading to the constant AS” of transition state
theory. By contrast, this ratio is significantly temperature dependent for
condensed phase reactions, and thus a temperature dependent AS* be-
comes a primary unique feature of TZT.

2.1. Transition zone theory of crystallization, TZT,

The attempt frequency for crystallization is the product of the
number of lattice vibrational modes that lead to formation of the
transition zone for crystal growth, %T, and the velocity of the transition
zone, Av, where A\ is a characteristic wavelength of vibrations that lead
to growth, equal to twice the average lattice dimension. Thus, the TZT,

. S kpT
prefactor is 27~
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